This is a reproduction of a library book that was digitized 
by Google as part of an ongoing effort to preserve the 
information in books and make it universally accessible. 


Google books 


https://books.google.com 


e 


D 
$ " 9? 
TE © 
* 
M i 
+ 4 
&'4 


~% 


-4 


— 0€ 


. 
* J,- 
22 X 
XE: 
, 
B * 
* > 
d 
t 3 
» s f 
"3 
" * $ 
à à 


A 


TIE EE 


oe 


Ae 


A VE IT 


"s 
M N 
WEN, 

A Jf 
A 

S 

S 


x 
| W 
(A 
AA 


M 


— 


SUG SS N 


AN Marcdan&dit So 


— — en D - 
LM as — am. PE » 


—————— Lam a — = que 


‘Digitized by Google | 


| WERICAN HANDEO: 


| 
| FUR 
| 


| LCTRICAL ENGIN 


| ENGINEERS ANY) at EENE 
| 


OF ENGINE Re !N, 


COMPILED PY 4 STARR o) 


! | nn ENDER be 


“NERDIAG > 
ms Liter 


1t roy 
Al ING ‘flee. ga, ù > 
OT TES E edt! BINI te a AE OEN 


FIRST EDITION 
FIVE Tot: Np 


ARN 


CBE. aces 


- 


AMERICAN HANDBOOK 


FOR 


ILECTRICAL ENGINEERS 


i 
A REFERENCE BOOK FOR PRACTICING 
ENGINEERS AND STUDENTS 
OF ENGINEERING 


COMPILED BY A STAFF OF SPECIALISTS 


HAROLD PENDER, EDITOR-IN-CHIEF 


! 

| OFESSOR OF ELECTRICAL ENGINEERING, UNIVERSITY OF PENNSYLVANIA ; FORMERLY 

DIRECTOR OF ELECTRICAL ENGINEERING RESEARCH LABORATORY, 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY 


Dan a 
a 


FIRST EDITION 
FIVE THOUSAND 


> oa. 2 t vast 

3 s ^ z - ^ ^ 
Li ^ V^ 
i b P M e 
H ^ 6 e. bi - too 
4 we ` 4 

3 ` 

\ a 9 ae cr * " ^ 
| . as ^ 
` 3 ` ? 
] 
i 


JOHN WILEY & SONS, Inc. 
| LoNboN; CHAPMAN & HALL, LIMITED 


I9IA4 


e 


` 
a ————— A-— A— — — 


mission therein. 


‘he Publishers and the Editor-in-Chief will be grateful to reader: 
; volame who will kindly call attention to any errors of omission 
It is intended to: make our publications stand: 
ks of study and reference, and, to that end, the greatest accuracy 
ght. It rarely happens that the early editions of books are free fro 
ors; but it is the endeavor of the Publishers to have them remove 
l it is therefore desired that the Editor-in-Chief may be aided in hi 
k of revision, from time to time, by the kindly criticism of readers. - 


JOHN WILEY & SONS, Inc. 
432 Fourth Avenue, New York. 


Tbe d 


e. A 
\ " 


COPYRIGHT, 1914, 
BY 
JOHN WILEY & SONS, Inc. 
Copyrighted in Great Britain 
All rights reserved 
First Edition printed in 
September, 1914 


ù + to * . e o 
e * ° e DUE VEM | i 
cer e € e PR e Fone $9.9. e 
e = ter a e eol. f? 
run rr ^ 7@ e.c ocw e 
- noue - ec e * e* e 
e , f s. e e e 
c fu fe e e ee @ 
© t e PP e *, 9 o * 
P fet as "t. e a. © e; 


Composition and Electrotyping by the STANHOPE Press, Boston, Mass. 
Printing and Binding by BRAUNWORTH & COMPANY, Brooklyn, N Y. 


DO i mam es 


Pender, Provessur of Elta! 
NL. 
ASSISTANT ED 


5t Thomson, NUOCUI Ut La 
Liston, Massach ts Iun 


EDITORIAL STAFF 


EDITOR-IN-CHIEP 


Ense: 


ITOR 


* 
25 P i ES B 
* 1 r 
E t Ju [: * 


ASSOCIATE EDITORS 


LM Mar, lakia Asus 


. tov a : 
Nx Ye Cer iH. Rae R Ri 
V ln, wert E gure (c 
CE boston, Mu 

T (uz Print of Fey ard I 

ikg ris aec T he + 

é che 
Allan S Gg, Phris: N oT mE 
i EM Hose i be! [SS mate "m « f 

it) Hayes, Cerera] TM Le, Wes: 

" E b VEL 
n "Nr Co, : 
dim 

dui 
d: ~ F- M ey: Ue. "EN 
eR al E z 


wx vr Fain e RENE VIAE CURRENTE S 
- - 
4 t _ 


ON 


EDITORIAL STAFF 


EDITOR-IN-CHIEF 


arold Pender, Professor of Electrical Engineering, University of 
Pennsylvania. 
ASSISTANT EDITOR 


arry F. Thomson, Secretary of Electrical Engineering Research 
Laboratory, Massachusetts Institute of Technology. 


ASSOCIATE EDITORS 


m. A. Del Mar, Technical Assistant, Electrical P Epa TOER 
New York Central and Hudson River R. R, Cor ~ 

nil A. Ekern, Hydroelectrical Engineer, Chas. T. Main, En- 
gineer, Boston, Mass. ~~ 

. M. Goodwiz, Professor of Physics and Electrochemistry, 
Massachusetts Institute of Technology. 

illiam S. Gorton, Physicist to The Brady Urological Institute, 
Johns Hopkins Hospital, Baltimore, Md. 

ephen Q. Hayes, General Engineer, Westinghouse Electric and 
Manufacturing Co. 

Frederic Howard, Chief Engineer, Union Switch and Signal 
Co., Swissvale, Pa. 


iph G. Hudson, Instructor in Electrical Engineering, Massa- 


chusetts Institute of Technology. 

iliam Kent, Consulting Engineer, New York, N. Y. 

ic A. Lof, Electrical Engineer, General Electric Co. 

muel G. McMeen, President , Columbus Railway, Power and 
Light Company and Ohio State Telephone Company. 

liaferro Milton, District Engineer, The Electric Storage Bat- 
tery Company, Chicago. 

wis E. Moore, Bridge and Signal Engineer, Massachusetts 
Public Service Commission. 

bert A. Philip, Chief Electrical Engineer, Stone and Webster 
Engineering Corporation. 


Vll T 


E ~ 


Seer ee 


— Eee + al 


Too e Pt mes 
aM. 


ks toy ee 


=. lm» " = 


m 
w 


Editorial Staff IN 


, W. Pierce, Assistant Professor of Physics, Harvard Universi 


arold R. Ranken, Engineering Department, The Leeds 
Northrup Co. PREFACE 


T. Robinson, General Electric Company, Schenectady, N. giis c on ov 
zwm Dur Bice at cU ny Cmm d 


avid B. Rushmore, Chief Engineer, Power and Mining Depa: —-..:- 


cu inven Ser a bus 


ment, General Electric Co. ea heer kannn mas. 
eorge E. Russell, Associate Professor of Hydraulic Enginceri P dre x = - . M | 

Massachusetts Institute of Technology. BEAT ubt enun A 
. R. Schurig, Instructor in Electrical Engineering, Massac "d a cree 

setts Institute of Technology. Tue dee te eo qn orans 
rthur Simon, Electrical Engineer, Cutler-Hammer Manufact Lu E 

ing Co., Milwaukee. pe uM lem -. 


alter i hter, Professor of Electrical Engineering, Colum, c MEME 
1 SOM. et simt ny 
University | eus. LA 
arles M. Spofford, Hayward xofessor of Civil Engineeringg..... 7. L2 ee 


CAO m ts ee 
i! ve Maley i 


e rU | r ` 
Massachusetts Institute of Technolog SY PED 
g ir " c e LAN "C 
‘bot Stevens, Engineer, Stone and Webster Engineering Cc, — 3 Wi rk pp aue qe. 


LA... E: = 
Pte s p SM ju rin 
: Ed: ki ote lu 


ES] 


poration. org 


. J ales 
. de Kay Thompson, Associate Professor of Electrochemistry. Hae Pete ale: 
Massachusetts Institute of Technology. hi I Li ue s 


a b fan SN fre 3 ` me 
: X : : 5i MET CAD etm b: 
illiam E. Wickenden, Assistant Professor of Electrical Eng. seins 


gineering, Massachusetts Institute of Technology. 


m T mstr 
" i 
d tme i m 
a lt 
CONES ‘a E * 
ES i^ L íi ‘vw 
RR eue es, 
iri tothe suns E id 
TAS E MS 
zu MT A 


, Sken Metar: ; 
E b imde lesa [rr 


a 
a i Fi | m 


PREFACE 


. In the summer of 1910 the writer was invited by the publishers of Kent's 
Mechanical Engineers’ Pocket-Book and of the American Civil Engineers’ Pocket- 
Bok (Mansfield Merriman, Editor-in-Chief), to act as Editor-in-Chief of a Hand- 
wk of Electrical Engineering. Although there were at that time two elec- 
ital engineering handbooks in general use in this country, it seemed that a 
new handbook of electrical engineering, treating in a somewhat different manner 
the various subjects which naturally come within the scope of such a reference 
kok, would fill a want felt by both practicing engineers and students of en- 
giacering. 

The Handbook here offered to the engineering profession embodies the fol- 
loving features: 

_1. The Handbook has been prepared primarily for the practicing engineer. 
^h this end in view the matter has been so arranged as to be most readily 

ad, and all theoretical discussions have been segregated into separate articles. 
it {s fully realized that the practicing engineer sometimes is desirous of finding 

a clear and concise SteteMfene ot tundamenta~—principies aud iheory, but when 
he wants specific data or practical information he does not care to search 

through a maze of theoretical discussions. Consequently, in this book funda- 
mental or “theoretical” principles are fully but concisely treated in articles deal- 
ing with such matters and nothing else, e.g., such articles as Electricity and 

AMagnetism, Principles of; Alternating Currents; Electrochemistry, Principles of; 
alechanics, Principles of; Hydraulics; etc. Therefore, in articles dealing with 
practical matters only enough is said of theory to indicate the general principle 
of which the matter in hand may be a specific application. 

2. The Handbook is primarily for Electrical Engineers, but the general 
arrangement of the subject matter and the method of treatment adopted will 
make the book a useful reference book for mechanical, civil, mining and other 
engineers who have occasion to utilize any of the numerous applications of 
electricity in their special fields. Considerable space has been devoted to those 
matters pertaining to the applications of motors in all branches of modern in- 
dustry; see the article on Motors, Industrial Applications of, and the numerous 
cross references there given. 

3. Although the Handbook deals primarily with electrotechnical matters, a 
large amount of space has been devoted to those mechanical and civil engineer- 
inz subjects which are closely related to electrical engineering practice. To an 
electrical engineer who is fortunate enough to possess a good mechanical en- 
fineer’s handbook and a good civil engineer's handbook, this may seem a dupli- 
ation of effort. However, young engineers at the beginning of their pro- 
fessional careers usually seem satisfied with a handbook covering only their 
particular “brand” of engineering. To such electrical engineers a concise 
treatment of the elements of mechanical and civil engineering should prove 
particularly helpful. Moreover, the convenience of having under one cover 
the essential mechanical and civil engineering data will prove a convenience even 
to those electrical engineers who may possess other reference books dealing 
with these matters in greater detail. 

4. Numerous mathematical tables and relations are given in the Handbook. 
Among these may be mentioned the articles on Logarithms, Trigonometric 
Functions, Hyperbolic Functions, Exponential Functions, Derivatives, Integrals, 
Indeterminate Forms, Equations, etc. The table of trigonometric functions is 


v 
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vi Preface 
wee TL SH AD e! 
so arranged that the three functions, sine, cosine and tangent, of each tenth «i; o^ à 
a degree are given at one place on the page; this arrangement will be fou -isimt us z- 
particularly useful in alternating-current calculations, since usually at le _, 
two of these functions are needed simultaneously. The table of hyperbe uc» v. 
functions, together with a statement of the meaning of such functions and !- erm e en ce 
various formulas used in their application, should provevaluable to those ht; - : oc 6 4 
ing to make calculations of long-distance power-transmission lines. The tal... seet , 
of exponential functions will be found very useful in making calculations: s-re ,. - 
transient electrical phenomena and also for other calculations in which € or e-- 6., ,- .. 
occur. bie. 
s. In spite of the fact that this book contains upwards of 2009 pages, mą. - zs 
of the articles have been greatly condensed. However, it has been the a AQ 
sistent endeavor of the editorial staff to make each article sufficiently co----,. uu. 
plete so that the information given therein should be of the greatest pract;. 
value. A handbook is not a treatise, and one should therefore not expect: .. 
find such detail as is given in an ordinary textbook; yet, on the other hand, .. 
reference book of this kind should contain enough explanation and examp. 
to make clear the application of the data given. This idea has been kept 
mind throughout. 
6. Although this book has .been prepared primarily for ihe practic 
engineer, it 1s believed that the method of treatment adopted will render ma 
of the articles suitable as the bases for courses of lectures in technical scho 
A teacher usually has his own method of presenting a subject, and sometimes 
textbook proves more of a handicap than a help; yet every teacher recogni 
the desirability of putting in the hands of his students some sort of synopsis DD 
syllabus which will serve as a general guide. ioci eee MAU 
7. The encyclopedic arrangement of this book is a departure in handbook’ VE 
construction, but now that the book is completed the writer is more firmly; cea 
convinced than ever that it is the rational arrangement. A handbook i3. .. 
reference book. Therefore the object of any arrangement is to render the data bo ine a Ho 
given in the book readily accessible. Experience has shown that the alpha ' j 
betical arrangement is eminently fitted for an encyclopedia of general infor a a 
mation; a like arrangement is equally applicable to a reference book dealing - - li u” 
only with engineering topics. The subject matter of this book has therefore Mr BERGE uy 
been disposed of in articles. At the beginning of each article is given a list of - E Munus 
references to related articles. Besides, there is a detailed index covering some a RP, 
54 pages at the end of the book. The user of the book will undoubtedly find Y RET 
it more convenient at first to refer directly to this detailed index, but as soon , 
as he becomes acquainted with the main article headings, he will be able to 
turn directly to the article containing the information he may be seeking | 
without referring to the index. ks 
8. One feature of this Handbook which should prove particularly helpful is : s Tbe tae, 


fl. ie 


8. 


that the same plan of treatment has been consistently followed in all the articles, — is lan SIM 

at least wherever possible. This applies particularly to articles dealing with d CEA rj Re " 

apparatus or machinery, the plan of treatment being: b : = TAT iogem 
a. General Description and Definitions. ae er en 
b. Brief Statement of Application. | f Ei. 
C. Principle of Operation. : POLIT e 
d. Design. ee Wt aa 
e. Testing. Ti i 
f. Performance. o WS an gi 
g. Specifications. MEL 
h. Installation. — dann. Md : 
i. Operation, — — ho Rn, 
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sme instances it was found advisable to vary this scheme more or less, 
of eachtet the general sequence of topics was adhered to as closely as possible. At 
: will k of beginning of each article occupying more than fifteen pages is given a brief 
sually at $e of contents. 
: of deel. It is believed that the cost data given in the various articles will prove ` 
xüosz:kicularly valuable when properly used. These data in most instances are 
eto n as unit costs, and usually the ordinary range of cost is given. It has been 
es. Dt experience of the writer that students and recent technical graduates are 
calcukticyly lacking in even the roughest idea of the cost of apparatus and structures. 
vhich@tis primarily to supply a rough idea of such costs that the cost curves and 

res are given in the various articles. The cost data given will also be found 
E for preliminary estimates; but for close estimating, current prices 
been th Suld of course be obtained from the makers of the apparatus, or, in the case 
licen &construction work, some one having personal experience in similar work 
itest puswuld be consulted. 
not ewe: 10. The bibliography given at the end of each article is intended to direct 
other hatse reader to more extended information in treatises and current periodicals. 
nd ewe space available for these bibliographies has made it necessary to omit 
ny important works and technical articles The references are usually 
se with which the writer of the article in question is most familiar and which 
has found most useful. They are therefore in no sense complete, but will be 
und a very useful guide in the search for additional information. In many 
tances a blank space of a half page or more is left after the bibliography; 


nical s^ 


| some fthis space may be advantageously utilized by the insertion of references to new 

yer tev fDOoks and articles as they appear. 

Xs» 1t The articles in this Handbook have been prepared by an editorial staff 
of experts; this staff is given on pp. III and IV. The name of the writer of each 

in by-farticle is given at the end of the article. 

mc: 12. The preparation of the various articles has extended over a period of 


ichs approximately three years. However, none of the plates were cast until the 
wert? Summer of 1914. Before casting, all the galleys were carefully revised in order 
t ilo to bring the articles up-to-date, and in some instances large sections of the 
ax articles were rewritten.’ In particular, all the articles dealing with electrical 
xe». apparatus and machinery were revised in July, 1914, to bring them into agree- 
gs tte ment with the new Standardization Rules of the American Institute of Elec- 
ven | trical Engineers (see p. 1295), presented to the Board of Directors of the 
vei! Institute on July 1o, 1914. 


The Editor-in-Chief wishes to take this opportunity of expressing his sincere 
ckt Appreciation of the hearty coöperation of the entire editorial staff. Naturally, 
p. to make the treatment of the various articles in a work of this kind uniform 
aligi throughout, much rearrangement of material and modification in its original 

' presentation has been necessary. Each associate editor has been quick to 
realize this point, and has been unsparing in his efforts to bring about a concise 
and uniform treatment of the various subjects covered in the book. To Mr. 
H. F. Thomson, who has acted as Assistant Editor during the past two years, 
the Editor-in-Chief is particularly indebted for valuable assistance through- 
out the most arduous part of the editorial work. 

The writer also wishes to express the appreciation of the associate editors for 
the valuable assistance given by their personal friends, and by various engi- 


de. firms and manufacturing companies, in the preparation of the various 
Icies, 7 "b 


Vill Preface 


The plate proof of the entire book has been carefully read by Mr. N. S. M 
ton of the Massachusetts Institute of Technology. He has done this wo 
with extreme thoroughness, checking every formula and table either by dired 

. calculation, or by reference to its original source. It is hoped that all serious 
errors have thus been eliminated. 

In conclusion, the writer wishes to express his appreciation of the spirit d 


coöperation and generosity shown by the publishers throughout the preparati 
of this book. l 


East BLUEHILL, ME., 
September 5, 1914. 


HAROLD PENDER ` 
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t 

2l ABBREVIATIONS AND SYMBOLS. — (See also Units and Conversion 

sox Factors.) At the meeting of the International Electrotechnical Commission 
bo in Berlin, in 1913, a list of 36 symbols for electrotechnical and related quan- - 

” tities was adopted. The American Institute of Electrical Engineers has also 

1139", adopted (1914) a list of such symbols, which for the most part is in agreement 

<--. with the list of the I.E.C., but contains certain additional symbols not included 


i in the I.E.C. list. In the following table both lists are given. See paragraph 
ii 495 of the Standardization Rules of the A.I.E.E. for symbols for photometric 


| quantities. 
STANDARD SYMBOLS AND ABBREVIATIONS 
T » Abbreviation for the 
, Symbol for the quantity unit to be used only 
1) Name of after numerical 
Tn : EL LN ore y it, values 
3 Name of quantity adopted PREDA ET CREE 
r5 gry By „Adopted by A.LE.E. | , aopted | Adopted 
yt (See Note rj PY. 4-1-E-E. by LE.C. res " 
rir : centimeter cm. 
, | Acceleration due to 
" g [4 per second E per sec. 
gravity....... ses wer second rC 
Acceleration due to PERE P N- EM 
gravity, Standard -— 0 per second — er et 
(2980.66$ cm. per 8 s d E ef 
oie scd UN ade) per secon | per sec. 
Admittance. ......... — Y,y mho — Eo 
Angles................ a, B, y, etc. — = — -— 
' | Angular velocity radian = 
Cs) eee j xi * n odi | v 
pan dM NE. C’ [| farad F — 
tance).............. : 
Conductance......... G [4 mho — — 
h 
Conductivity (Note 6) ! m Y REA P f Ta x si 
Current. ............. I I,i ampere A — 
Dielectric constant € eor k — -— — 
Dielectric field inten- } mA F = — — 
| sity or electric force. 
| Dielectric flux........ E y cs = — 
| Dielectric flux density D D — — — 
| | Efficiency............ "7 7 percent | — | (Note 7) 
| Electromotive force \ E E.e volt V = 
(e.m.f.).......... 
| joule or 
| LBüergy iaa creme \ W (U) U or W rca: — — 
cycle per 
Fiequency........... \ fo) f f ae — ~ 
Impedance........... Z (Z) Z.z ohm (Note 2) — 
Inductance (or coeffi- 
11 cient of self-induc- L (£) E henry H as 
tion) eli caius ; 
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STANDARD SYMBOLS AND ABBREVIATIONS (Continued) 


Abbreviations foi 
unit to be used à 


Symbol for the quantity neca 


Name of quantity 


(See Note 1) 


Inductance, mutual 
(or coefficient of L (NO 
mutual induction) . 
l (Note 3) 
t (tf) 


Magnetic flux density } B (R) 
Magnetization, in- 
tensity of.......... j J (J) 


H (FC) 


Magnetic flux (Note 4) 


Magnetizing force or 
magnetic field in- 
tensity............. 

Magnetomotive force \ 
(niumE) o 

m (Note 3) 


Permeability......... m 
Phase displacement } " 
(or phase angle)...... 
Potential difference \ 


Quantity of elec- 
CHICItY eec cre 


Reluctance........... 
Resistance........... 


Resistivity (Note 6) |} 
Revolutions per unit 
Susceptance.......... 


Susceptibility........ 
Temperature, 


P 
Q 
Reactance............ x (SX) 
S (CR) 
R 
p 
n 
K 


Turns or number of 
conductors......... 
Voltage......... eee — 


Adopted wy 


after numerica 
unit values 
adopted 
Adopted | PYA-LE-E.| Adopted | Adop 
by A.I. E. Ẹ. by I.E.C. ALR. 
M henry H m 
l centimeter cm. . } Lam 
®,¢ maxwell — IE 
gauss 
B, B (Note 4) um 
F. 
J — — — Í 
gilbert per : 
H, IC tin gilbert 
per cm. 
or gauss 
f gilbert "m _ 
F l (Note 4) 
m . gram — g. 
u Ee = = xd 
degree 
: = 8 
my ie radian NOT 
V,vor E,e volt V — 
P. watt Ww — 
coulomb 
Q.q orampere| C — 
hour 
G x ohm (Note 2) -— 
R,r ohm (Note 2) — 
fohm-centi- 
p i — ohm-cm. 
meter 
» peda _ rev. per 
per second sec. 
b mho -— — 
K — — — 
L degree m = 
centigrade 
Ti { degree E deg.cent. 
j centigrade (Note 8) 
t second = sec, 
N convolution _ E 
or turn 
E,eor V,v volt Vv pue 
WorA jouleor |- — 


| Work, mechanical... \ A (W) 


watt-hour 
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nui) Notes. — (1) The symbols in brackets are recommended in case the principal symbol 
is unsuitable; instead of the script letters heavy-faced or other special type may be 
itionsfet USC (2) One or other of the symbols O and Q is recommended provisionally to rep- 
evsedg resent the ohm. The symbol Q should no longer be employed for the megohm. (3) In 
wumeni dimensional equations the capital letters L, M and T for length, mass and time respec- . 
dues tively are to beemployed. (4) An additional unit for m.m.f. is the."ampere-turn" for flux 
7. the “line”, and for magnetic flux density “ maxwell per sq. in." (s) This has been the. 
Ay accepted standard value for many years and was formerly considered to correspond 
AB accurately to 45? latitude and sea level. Later researches, however, have shown that the 
most reliable value for 45° and sea-level is slightly different; but this does not affect the 
standard value given above. (6) The numerical values of these quantities are ohms re- 
sistance atid mhos conductance between two opposite faces of a cm. cube of the material 
in question, but the correct names are as given, not ohms and mhos per cm. cube as 
commonly stated. (7) The symbol % is commonly.used for per cent, but is not recom- 
mended by the A.L.E.E. (8) The symbol ° is commonly used for degree, ° C. for degree 
centigrade and ° F, for degree Fahrenheit; these, symbols are not recommended by the 
ALE.E. 
In addition to the symbols for the units given in the above table, the I.E.C. 


adopted (1913) the following signs to be used only after numerical values. 


d — 


————— tacts Kilovolt-ampere............ iss. 
gil: DOR OR RNC RUR Kilowatt-bour........... sese 
: Sign for milli-.............suees. 
Sign for kilo-.................... 
Sign for micro- or micr-......... 
Sign for mega- or meg-........ NE 


Milliampere.,............5-- 
Kilowatt.........00-eceeeees 


SPECIAL RULES IN REGARD TO SYMBOLS. — The following rules 

___ Were also adopted at the Berlin meeting (1913) of I.E.C., and are concurred in 

M^ by the Standards Committee of the A.I.E.E. The latter committee also récom- 
mends that vector quantities be printed in bold-face capitals. . 

^ Instantaneous values of electrical quantities which vary with the time to be 

represented by small letters. In case of ambiguity they may be followed by 


the subscript “t.” 
Virtual ($.e., effective or r.m.s.) ot constant values of electrical quantities to be 


represented by capital letters. 

Maximum values of periodic electrical and magnetic quantities to be repre- 
sented by capital letters followed by the subscript “m.” 

In cases where it is desirable to distinguish magnetic quantities from electric 
quantities, magnetic quantities should be represented by capital letters of either 
"* script, heavy-faced or other special type. Script letters should not be used 
„x except for magnetic quantities. 

Angles should be represented by small Greek letters. 

Dimensionless and specific quantities should be represented wherever possible. 
by small Greek letters. ` | 

Ordinary numerals as exponentials shall exclusively be employed to represent 
powers. (In consequence, it is desirable that the expression sin—4, tan—x, 
employed in certain countries, be expressed by arc sin x, arc tan x.) 

The comma and the full-stop shall be employed for separating decimals ac- 
cording to the custom of the country, but the separation between any three 
digits constituting a whole number shall be indicated by a space and not by a 
fullstop or a comma(1 ooo ooo). 

For the multiplication of numbers and geometric quantities indicated by 
two letters, it is recommended to use the sign X and the full-stop only when - 
there is no possible ambiguity. 

. To indicate division in a formula it is recommended that the horizontal bar 
~ and the colon be employed. Nevertheless the oblique line may be used when 


pH — E 


> A -— 


` 


there is no possibility of ambiguity; when necessary, ordinary brackets ( ), ,, 


4 Abbreviations and Symbols 


square brackets [ ], and braces} { may be employed to obtain clearness. 


INSTITUTE (A.LE.E.) STYLE. — The Editing Committee of the Ameri- {= 
can Institute of Electrical Engineers issues a little pamphlet called “Sug | 
gestions to Authors," in which are given the rules of the Institute in regard to ' ^ 
manuscript submitted for publication. The following list of abbreviations is 


taken from the last edition (1913) of these rules. 


Name A.LE.E. 
style 
spell out, or 
Alternating current... a-c. as 
adjective. 
Amperes.............. spell out 
Brake horse power..... b.h.p. 
Boiler horse power..... boiler h.p. 
British thermal units..| B.t.u. 
Candle power......... c.p. 
Centigrade............ cent. 
Centimeters........... cm. 
Circular mils......... cir. mils 
Counter electromotive 
Se | counter ema 
CUDI6. sire xa cu. 
Diameter............ spell out 
spell out, or 
Direct current....... d-c. as 
adjective. 
Electric horse power... e.h.p. 
Electromotive force....| e.m.f. 
Fahrenheit............ fahr. 
Hégtloos cedido us ft. 
Foot-pounds........... ft-Ib. 
Gallons..............- gal. 
Grains... sioe rr ena gr. 
Grams.«..iv rr g. 
Gram-calories......... g-cal. 
High-pressure cylinder | spell out 
HoütsS.:5. ger ru hr. 
Inches... 2st etn in. 
Indicated horse power.| i.h.p. 
Kilogram.........---- kg. 
Kilogram-meters. .....| kg-m. 
Kilogram-calories..... kg-cal. 
Kilometers...........- km. 
Kilovolts........... kv. 


Kilovolt-amperes. ..... 


Name style 
Kilowatts............... kw. 
Kilowatt-hours.......... kw-hr. 
Magnetomotive force. ...| m.m.f. 
Mean effective pressure..| spell out 
D A mi. 

Miles per hour per second] i hr: e 
Millimeters.............. mm. 
Milligrams.............. mg. 
Minutes................. min. 
Meters. ............... e m. 
Meter-kilograms......... m-kg. 
Microfarad. ............. spell out 
OHMS 6.4605 teens oe iaces spell out 
)u- PKT spell out 
per cent, or 
Percentage............ % in tabu- 
lar matter. 
Pounds. eos eon Ib. 
Power-factor............ spell out 


rev. per min., 
or r. p. m. in 


tabular mat- 

ter. 
Seconds................. sec. 
DOqUuate.-iiieedaxes er ers Sq. 
Square-root-of-mean- effective, or 

SQUATC isset uen r.m.s. 

Ton-mile............ ....| spell out 
TONS, dos seu tee us ES spell out 
Volts aces setae epis spell out 
Volt-amperes............ spell out 
Watts... obe ERE spell out 
Watt-hours............. watt-hr. 
Watts per candle power | watts per c.p- 
NMafds cede buisse enced yd. 


Ab 


Ve ` 
. 
ae t r 


ackets 
ness, 

the ie 
lled ^ 
LIC 
vate 


Abbreviations and Symbols 5 


I. Use “Fig.” not “Figure.” Example: “Fig. 3” and not “Figure 3.” 

2. In all decimal numbers having no units, a cipher should be placed before 
the decimal point. Example: ‘‘o.32 lb." not “.32 Ib.” 

3. Use the word “by” instead of “x” in giving dimensions. Example: 
“8 by 12 in." not “8x12 in." 

4. Never use the characters (’) and (") to indicate either feet and inches, 
or minutes and seconds as period of time. 

$. Do not use the expression "rotary" or "rotary converter"; use “con- 
verter" or "synchronous converter." ~ 

6. Do not use a descriptive adjective as a synonym for the noun described. 
Example: a “spare transformer,” not a “spare”; a “portable instrument,” 
not a “portable”; “automatic apparatus,” not “automatics”; a “short cir- 
cuit,” not a “short.” 

7. Do not use the words “primary” and "secondary" in connection with 
transformer windings. Use instead '' high-tension" and ‘‘low-tension.”’ 


[(H. PENDER.] 
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precipitate formed by the addition of barium chloride. 
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ACIDS. — The properties of some of the more important acids used in the : 


arts are given in the following paragraphs. 


Aqua Regia is a mixture of one part of nitric acid and three parts of hydro- » 


chloric acid. It obtains its name from the fact that it will dissolve gold. Itis 
used as an oxidizing agent and for dissolving metals, such as platinum, gold, 
etc, which are insoluble in other acids. It should be used as soon as possible 
after being prepared since it loses its characteristic properties after standing a 
short time. It is distinguished- by its reddish yellow color and its chlorine-like 
odor. 


Hydrochloric Acid or Muriatic Acid (HC!) is an aqueous solution of hydro- 
gen chloride, a colorless, pungent gas. While the pure acid is colorless, the 
commercial acid is a yellowish liquid, the color being due to impurities. The 
concentrated acid has a specific gravity of 1.16 and contains 32 per cent of HCl. 
The dilute acid has a specific gravity of 1.09 and contains 18.4 per cent of HCl. 
Hydrochloric acid is used extensively in the manufacture of chlorine, hydrogen 
and bleaching powder and is prepared as a by-product of the soda manufacture. 


The acid is recognized by its odor and by the dense fumes it makes with ammonia. ' 


Hydrofluoric Acid (HF) is an aqueous solution of anhydrous hydrogen 
fluoride, a colorless, fuming liquid. The acid, when saturated, has a specific 
gravity of 1.25. Its gas is poisonous if inhaled and causes swellings and pain 
if applied to the skin. It readily dissolves glass and must be kept in platinum, 
lead, rubber or wax vessels. The acid is most commonly used for etching 
glass. 

Nitric Acid (HNO3) is a colorless fuming liquid with a specific gravity of 
1.55 ato°C. Commercial nitric acid has a specific gravity of 1.414 at 15° C. and 
contains 68 per cent of the pure acid. The commercial acid is yellowish in 
color and the pure acid becomes yellow if exposed to the light. Nitric acid is 
powerful oxidizing agent and decomposes organic substances. The acid is used 
in the manufacture of many chemical substances. Concentrated nitric acid 
is best recognized by the red fumes, which are given off when the acid is acting 
upon a metal. 

Sulphuric Acid or Oil of Vitriol (H2SO) is a colorless oily liquid. The con- 
centrated acid has a specific gravity of 1.854 at o° C. and contains 1.5 per cent of 
water. Commercial sulphuric acid, sometimes known as “brown acid," has à 
specific gravity of 1.720 and usually contains arsenic as an impurity. Sulphuric 
acid boils at 290° C., the temperature increasing to 338? C. as the boiling con- 
tinues. The acid has a strong affinity for water and is frequently used as a 
drying agent. When diluted with water, the mixing should be performed grad- 
ually as great heat is evolved. "The acid should be added to the water as the 
addition of water to the acid may produce violent explosions due to the ebulli- 
tion of the water. 

Sulphuric acid is used in the manufacture of many chemical substances, in 
dyeing and in refining petroleum. It is a fairly good conductor of electricity 
and is used in the lead type of storage batteries (q.v.). The acid is recogni 
by its weight, by its carbonizing action upon organic bodies and by the white 


[R. G. Hupson.] 
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n ALLOYS. — In this article is given a brief description of some of the more 
common alloys used in engineering work, together with specific data on some of 
their more important properties. It should be noted that there may be a 
soli: considerable departure from the quantitative values given. Traces are not in- 
gold cluded in the chemical compositions given. The various alloys are listed alpha- 
iM? petically, Additional data on their various physical properties will be found in 
579 the articles on Heat and Thermal Properties; Resistance and Conductance; 
san: Strength and Elasticity; Weight of Materials; Wires, Resistor; etc. 
tinae Aluminum Brass (70.5 Cu, 26.4 Zn, 3.1 Al). — The tensile strength is about 
21 tons per square inch, the elastic limit 8.5 tons per square inch and the elonga- 
nok: tion co per cent. Aluminum brass is used when very accurate castings are 
lors’ desired, e.g., for pumps, valves, pinions and propellers. It can be rolled and 
itis. © forged while hot but is not easily worked when the aluminum content exceeds 


toll 4 per cent. 
at d Aluminum Bronze (95 Cu, 5 Al). — The tensile strength is about 28 tons 
j i per square inch, the elastic limit 12 tons per square inch and the elongation 
dic 7$ per cent. Aluminum bronze containing less than 7.5 per cent Al is very 
13355 ductile. With more than 7.5 per cent Al the alloy becomes brittle but increases 
hyd in tensile strength. Tubes, propellers and propeller shafts are sometimes made 
-43 of aluminum bronze. It has not been found to withstand intense heat for any 
sai length of time without fracturing. It is sometimes drawn into wire for use as 
phuc an electrical resistance. 
aal  Amalgamsg are alloys of mercury and other metals. When newly made 
amalgams are plastic but harden in a short time without appreciable expansion 
ga’ orcontraction. The common metals combined with mercury to form amalgams 
iC am tin, copper, cadmium, bismuth, silver and gold. Amalgams are used for 
lo: silvering glass and as a cement for metals and porcelain. 
cx’ Amti-frietion Metals are alloys of copper, tin, zinc, lead and antimony in 
iË- various combinations. These alloys are commonly used in bearings for revolv- 
i. "ing shafts and for valve packings. See Babbitt and Bearing Metals below. 
H^ ^ Babbitt Metal (4 Cu, 69 Zn, 19 Sn, 5 Pb, 3 Sb) is used extensively for 
.— bearings, the composition stated being that used for car bearings of the Pennsyl- 
Ts vania Railroad. 
ü j Bearing Metals for use in specific cases are illustrated by the following exam- 
ie ples: Locomotive (82 Cu, 8 Zn, 1o Sn), railway car (90 Cu, 10 Sn), low-speed bear- 
js: ing (16 Sn, 84 Pb). There are a large number of anti-friction metals in use, the 
"object in the composition of each of them being to procure a metal which is as 
*'^ hard as possible but plastic enough to be moulded by the shaft into a shape 


offering a minimum friction. 

Brags is an alloy of copper and zinc and often contains small percentages of 
lead, tin, arsenic, antimony, bismuth and iron. Cast brass usually consists of 
66 per cent of copper and 34 per cent of zinc. Low brasses, suitable for hot 
. tolling, contain from 55 per cent to 63 per cent of copper. High brasses, suitable 
.- lercold rolling and drawing, contain from 60 per cent to 70 per cent of copper, 

In drawing brass it must be annealed and cle£ned in acid at frequent intervals 

to prevent fracture. The ductility of brass is impaired if the lead content 

exceeds 0.1 per cent, but in the case of brasses intended for turning about 2 per 
cent of lead is often added so that the brass may be turned at higher speed and 
possess a better finish. Brass is made harder by the addition of about 1 per cent 
of tin and is found to better withstand corrosion due to salt water. The 
' presence of small quantities of arsenic, antimony or bismuth in brass is liable to 
cause jt to crack when rolled. The addition of x per cent to 3 per cent of iron to 
brass produces a harder and stronger alloy. The tensile strength of commercial 
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brass ranges from 15 to 40 tons per square inch and the elongation varies fron 
IO per cent to 40 per cent depending upon the composition. 


Fusible (Low Melting Point) Metals consist of various alloys of bismuth, - 
lead, tin and cadmium. The chemical composition of the common fusible |. 
metals and their melting points are given in the following table: To 


Newton's alloy................. 50.0 31.25 | 18.258 | ..... 95 

Rose's alloy. basres es uvas 50.0 26.00 | 24.00 | ..... Too 
Darcet's alloy.................. 50.0 25.00 | 25.00] ..... 93 = 
Wood's alloy... eee soccer 50.0 24.00| 14.00| 12.00 66-71 : 
Lipowitz' alloy................. 50.0 21.00 13.00 10.00 60 


Lower melting points are obtained by the addition of mercury. 


German Silver is an alloy of copper, nickel and zinc in various combinations. -- : 
It is sometimes called nickel silver, argentan, packfong, silveroid, silverite or 
‘electrum. German silver is extensively used because of its ductility; it can 
be readily rolled, hammered and drawn. It is hard, tough and not easily cor- 
roded. Its composition varies from (so Cu, 3o Ni, 20 Zn) to (57 Cu, 7 Ni, 
36 Zn), the nickel content decreasing as the zinc increases. The usual impurities 
found in German silver are iron, lead and tin. The presence of iron in the alloy 
makes it stronger, harder and more elastic. Tin makes the alloy brittle. Lead 
is sometimes added to render the alloy more workable but should not be added 
when the alloy is to be rolled. German silver is drawn into wires for use as an 
electrical resistance and has been drawn into tubes for use in locomotive boilers. 
See Wires, Resistor. 


Gun Metal is a bronze consisting of about 9o per cent of copper and 10 per 
cent of tin. The tensile strength varies from 12 to 16 tons per square inch, 
depending upon the method of working. It is mechanically strong and elastic 
and withstands severe shocks without fracture. If a small amount of lead is 
added to gun metal, the alloy is more easily turned or filed. Better castings 
are made by the addition of a small amount of zinc and the alloy is made harder 
by adding a small percentage of iron. 


Manganese Bronze is an alloy containing copper, tin, zinc, lead, iron and 
manganese in various combinations. Alloys containing from 4 per cent to 6 pel 
cent of manganese possess high tensile strength at high temperatures and are 
therefore used for fire-box stays. High tensile strength at ordinary temper 
atures is obtained, however, by the addition of very small quantities of man- 
ganese. The composition of manganese bronze for certain specific uses is as 
follows: For hydraulic machinery (82 Cu, 8 Sn, 5 Zn, 3 Pb, 2 Mn); for forging 
(58.6 Cu, 38.4 Zn, 1.6 Fe, 0.02 Mn). The tensile strength ranges from 27 t0 
38 tons per square inch but if the alloy is cold-rolled, a tensile strength of 50 tons 
per square inch may be obtained. Manganese bronze is often used in place of 
brass or copper, when a higher tensile strength is required. It is not easily 
corroded and may be bent when hot or cold. 


Non-expansive Alloys are composed of iron; nickel ahl carbon. Platinile 
contains 46 per cent of nickel and 0.15 per cent of carbon. Invar contains 36 pet 
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ean from 8 X 107 to 25 X 1077 per degree centigrade. These alloys are used exten- 
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sively in scientific instruments for standard measures of length and in incandes- 
cnt lamps where the wire connections fused into the glass must not expand 
enough to fracture the glass. 


Phosphor Bronze consists of copper, tin and phosphorus in various propor- 
tions, the phosphorus content rarely exceeding 2 per cent. The most useful 
property of phosphor bronze is its hardness and resistance to wear. Phosphor 
bronzes containing (A) 8 to ro per cent of tin and o.5 to 0.7 per cent of phos- 
phorus are used for valves, pumps, propellers and boiler fittings, (B) 10 to 12 per 


' cent of tin and 0.7 to 1 per cent of phosphorus are used for worms and gears 


— 
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and (C) 10 to 12 per cent of tin and r to 1.5 per cent of phosphorus are used for 
worms, gears and bearings where the wear is excessive. The tensile strength 


_ Tanges from 1o to 15 tons per square inch, the elastic limit from 5 to 7 tons per 


square inch and the percentage elongation from 2 to 6 per cent. 
Resistance Alloys. — See article on Wires, Resistor. 


Solder is an alloy of tin and lead. Hard or tin solder contains 5o per cent of 
tin and 5o per cent of lead and melts at 370° F. Soft or plumber's solder con- 
tains 33.3 per cent of tin and 66.6 per cent of lead and melts at 441° F. 


BIBLIOGRAPHY. — Law, E. F., Alloys, London, 1909; Brannt, W. T. 


Metallic Alloys, Philadelphia, 1908. 
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ALTERNATING CURRENTS. — (See also Electricity and Magnetism, »-- 


Principles of; Generators, Alternating-current; Motors, Alternating-current; Re ~: 


sistance and Conductance, Electric; Skin Effect; Transformers; Wave Analysis, 


eic.). The following is a brief table of contents giving the main divisions of : 


this article: 


General Definition i356 sso sane Ep a ra et d COR gd ce ete p. 10 
Simple Harmonic or Sine-wave Currents and Voltages................eueese I4 
Non-sinusoidal Currents and Voltages............ eee erre 22 
Symbolic-NotablloDss eo X ooe Hd e cient d vata ba red ime Pees 21 
Polvpliase-S95LerTiSud retta a OPER MU dece EI RE OA Dux afa text o Rp ied 26 
Bibliograply ecol D este ee aea t es S EE E E ass 19 


GENERAL DEFINITIONS. — (See also Standardization Rules of tk - 


A.I.E.E.). To avoid repetition the following definitions are given in terms of 


electric current; they also apply to electromotive forces, potential differences 
or to any other functions of time. 


An alternating current is defined as a current which varies continuonsdy .. , 


with time from a constant maximum value in one direction to an equal .. 


maximum value in the opposite direction and back again to the same mari- 
mum in the first direction, repeating this cycle of values over and over again 
in equal intervals of time. 

Period, Frequency and Alternations. — The period of an alternating cur 
rent is the time taken for the current to pass through a complete cycle of 
positive and negative values. 

The frequency or number of cycles per second is the number of periods 
per second. 

The number of alternations per minute is the total number of times per 
minute that the current changes in direction, from positive to negative and 
from negative to positive. In engincering practice the number of cycles is 
usually referred to the second as the unit of time and the number of alterna- 
tions is referred to the minute as the unit of timc. 

Let T be the period, f the frequency or number of cycles per second and 6 
the number of alternations per minute, then 


I 120 
=F and a = 120f= 


; (1) 
The constant . w= anf = — (1a) 


is sometimes called the angular velocity or angular frequency of the current. 
The name periodicity for this quantity is not recommended. 


Instantaneous, Maximum and Average Values. — The instantaneous 
value of an alternating current is the value of the current at any instant. In- 
stantaneous values of current, potential difference and electromotive force will 
be designated by small letters throughout this article, viz., 7, v and e. 

The maximum value of an alternating current is the numerical value of its 
maximum instantaneous value. Maximum values will be designated by capi 
letters with the subscript “ 

The average value of an alternating current for which the positive and nega- 
tive half cycles are equal, which is usually the case, is defined as the numerical 
value of the average of its instantaneous values for a half cycle; the average 
over a complete cycle is of course zero. The general expression for the average 
value of a symmetrical current wave over a half cycle is 


S3 3T 
laver. = = -f 4 dt, (a) 
T Jt 
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Effective or R.M.S. Values. — The square root of the mean of the squares 
of the instantaneous values of an alternating current over a complete period is 
called the effective or r.m.s. value of the alternating current. In specifying the 
value of an alternating current as so many amperes this effective value is 
always meant unless specifically stated otherwise. In the same manner the 
square root of the mean of the squares of the instantaneous values of an alter- 
nating potential difference over a complete period is called the effective value 
of the alternating potential difference. When the value of an alternating 
potential difference is specified as so many volts, this effective value is always 
meant unless specifically stated otherwise. 

The reason for selecting this particular function of the instantaneous values 
of an alternating current or potential difference as the measure of the current 
or potential difference is that the deflection of all instruments used in alternating- 
current measurements is a function of this effective value. See Ammeters, 
Electrodynamometers, Voltmeters, eic. Moreover, the average power dissipated 
as heat in a resistance r, when an alternating current of effective value J flows 
through it, is r72. 

Effective values will be designated throughout this article by capital letters 
without subscripts. 

The general expression for the effective value of an alternating current is 


I I f T 2 di ) 
a T ; 1 , (3 
and similarly for an alternating potential difference. | 


Form Factor. — The form factor of an alternating current is defined as the 
ratio of its effective to its average value, viz., 


, i , (4) 


and similarly for an alternating potential difference. 

Crest or Peak Factor. — The crest factor, also called the peak factor or 
amplitude factor, of an alternating current is defined as the ratio of its maxi- 
mum to its effective value, viz., 


-= Form factor = 
laver. 


Crest factor = T- . (s) 


Instantaneous and Average Power. — Let » be the value at any instant of 
the potential drop from any point 1 to any other point 2, and let 7 be the instan- 
taneous value of the current from 1 to 2 at this same instant; then the power 
input at this instant is : 

p= vi. . (6) 
When v and i are both positive (i.c., in the direction from r to 2, say) or when 
they are both negative, the power input is positive, but when v is positive and 
$ negative or vice versa, the power input is negative, i.e., there is an actual 
power output. 

The average value of the product vi over a complete period for both v and j 
(or over any whole number of periods) is the average power input or output, 
usually called simply the power input or output (input when the average of vi 
is positive, output when the average of vi is negative), the word average being 
understood. "That is, the average power input is 


Pal (puel ("rid | 
i ma " 


T being a complete period. For the actual measurement of alternating-current 
power see Walttmeters. 
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Power Factor.— Only in certain special cases (see below) is the average powet 
input P equal to the product of the effective value V of the potential difference 
by the effective value J of the current; it can never be greater and as a rule 
isless. The ratio of the average power P to the product of the effective value 
V of the potential difference by the effective value J of the current is called the 
power factor of the circuit between the terminals considered, i.e., 


P 
p ESL 
Power factor VI (8) 
When V is expressed in volts and J in amperes then P must be in watts; when V 
is expressed in kilovolts and 7 in amperes P must be in kilowatts. 
Volt-Amperes, Kilovolt-Amperes (kv-a.) — The product of the effective 
volts across the terminals of a circuit by the effective amperes through it is 
called the volt-amperes taken by the circuit; this product divided by rooo is 
called the kilovolt-ampere input. Or, when V is in volts and Z in amperes 


volt-amperes = VJ, (9) 
VI 
(9a) 


1000 
Kilovolt-amperes are usually abbreviated kv-a. or K.V.A., the former ab- 
breviation being that recommended by the American Institute of Electrical 
Engineers and used in this book. 


Effective Resistance (r) and Conductance (g). — The effective resistance 
of any portion of a circuit to an alternating current is the quotient of the 
average rate Pj, at which heat is developed by this current, either directly in 
the substance through which it passes or indirectly as a consequence of the 
hysteresis and eddy-current losses produced by its magnetic field (see Magnelic 
Properties. of Iron), divided by the square of the effective value J of the total 
current (conduction plus displacement or charging current) through this por- 
tion of the circuit, viz., 


kilovolt-amperes = 


r=—. (10) 


Similarly, calling V the effective value of the potential difference across the 
given portion of the circuit the effective conductance g of this portion of the 
circuit is defined by the relation 


ERI. (11) 


In general, both and g depend upon both the frequency and the wave-shape 
(see below) of the current and voltage but in many instances they may be con- 
sidered as practically constant irrespective of the frequency or wave-shape. 
See the articles on Resistance and Conductance and Skin Effect for further 
discussion. 


Impedance (z) and Admittance (y). — Let V be the effective value of 
the potential drop through any portion of a circuit due to its effective resistance, 
self-inductance and capacity (see Eleciricity and Magnetism, Principles of), i.e., if 
there is any other source of e.m f. in the given portion of circuit (e.g. a generator 
or motor) V is the effective potential drop which the same current would pro- 
duce through this portion of circuit were this external source of e.m.f. removed. 
Then the quotient of the potential drop V by the current 7 in this portion of 
the circuit, viz., y 


eR | (12) 
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The reciprocal of the impedance, viz., 
1 I 
ye (13) 


is defined as the admittance of the given portion of the circuit. 


. Impedance and admittance, as thus defined, both depend upon the frequency 


and wave-shape. Impedance is expressed in the same units as resistance (e.g. 
ohms), and admittance in the same units as conductance (e.g. mhos); see Units 
and Conversion Factors. — 

Reactance (x) and Susceptance (b). — The square root of the difference 
between the square of the impedance and the square of the effective resistance 
of a given portion of an electric circuit is defined as the reactance x of this por- 
tion of the circuit, viz., 


z= Vz — rt, ; ` (14) 


. The reactance of a coil of inductance Z to a sine-wave current of frequency f is 


x= anfL. (14a) 


Similarly, the susceptance 5 of the given portion of the circuit is defined by the 
relation — 


b = vy -g. (15) 
The susceptance of.a condenser of capacity C to a sine-wave voltage of fre- 


quency f is 
b= anfC. (15a) 


The simple relations expressed by (14a) and (15a) hold only for sine-wave cur- 
rents and voltages; see Pender, H., Principles of Electrical Engineering, N. Y., 
1912, See also the articles in this book on Capacity and Charging Current and 
Inductance and Inductive Reactance. 


Inductive and Condensive (or Capacity) Reactance and Susceptance. — 
The reactance of a circuit may be due either to the back e.m.f. set up as a 
consequence of the varying magnetic field of the current or to a back e.m.f. set 
up by a condenser or its equivalent, or to both. In the first case the reactance 
and susceptance are said to be “inductive” and in the second case “ ¢on- 
densive.” A condensive reactance or susceptance is equivalent to a negative 
inductive reactance or susceptance; e.g. the inductive susceptance of a con- 
denser to a sine-wave voltage is — zz/C. 


Equivalent* Resistance, Impedance and Reactance. — Sometimes in cal- 
culating alternating-current circuits it is convenient to consider a motor or other 
load developing a back e.m.f. as equivalent to a single resistance and reactance. 
Let P be the total power taken by the load, V the voltage between its terminals, 
l the current; then the equivalent resistance is defined as 


DE E P i 
R= rz " |. (16) 
the equivalent impedance as - 
Da 6 
I (16a) 


and the equivalent reactance as 
X= VZ- R (16b) 
The difference between the effective resistance and the equivaleni* resistance is 


* The distinction here made between equivalent and effective is not always observed; 
the term equivalent resistance is frequently used in the same sense as effective resistance, 
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that the first takes into account only the power dissipated as heat, whereas the 73 
latter takes into account the total power, of which only a part is heat, the pis 
rest being converted into some other form, 'e.g. mechanical power. 


SIMPLE HARMONIC OR SINE-WAVE CURRENTS AND VOL- 
TAGES. — A simple harmonic or sine-wave current is one which varies with 
time according to the sine formula ES 


i= Im sin («i 4- 0), T 


where ¢ represents time in seconds, measured from any arbitrarily chosen on 


peN 


zu 


instant, Im the maximum value of the current, w = 2mf = "where Jisthe ' 


frequency in cycles pér second and T the period as a fraction of a second, and 
a constant, called the “phase angle," which depends upon the instant chosen 
as the zero of time. See the section on Harmonic Motion in the article on 
Mechanics, Principles of, for a full discussion of this equation and its physical 
significance. 

Difference in Phase Between a Sine-wave Current and a Sine-wave 
Voltage of the Same Frequency. — In general, when a sine-wave electro- 
motive force is impressed on a circuit the resulting current is likewise a sine 
function of time (after a very brief interval, see Transient Electric Phenomena 
and Oscillations) having the same frequency, but the e.m.f. and current do not :_ 
reach their maximum values simultaneously. Let the current and the potential :. . 


drop in the direction of the current be represented respectively by the two ,,. 
equations 


tal. m sin wl, 
v= Vm sin (wh + 6), 
where 4 is the time measured from the instant when 4 — o and is increasing in 
e e e e . T 
the pasitive direction. The current reaches its maximum value when t= a 


ü 


while the potential drop reaches its maximum value when ?- P 


Hence when @ is positive the potential drop reaches its maximum value 
seconds before the current reaches its maximum, or the current reaches its 


0 
maximum value P seconds after the potential drop reaches its maximum; when 


: : ; 0 
0 is negative the current reaches its maximum value — seconds befare the poten- 
C9 


tial drop reaches its maximum. In the first case the current is said to “lag 
behind” the potential drop, and in the second case the current is said to “lead” 
the potential drop. The angle 0 is called the ‘‘difference in phase," or simply 
the phase'angle, between the current and potential drop. 

In general, when i and v are expressed by the formulas 


i= Im sin (wt + 6;), 
v= Vm sin (wt + 0,), 
¢ reaches its first maximum at an interval of time - (0; — Oy) ahead of v, and there- 


fore leads v by the angle 0; — 0,. Note the order of the subscripts: éleadsy C 
by the angle 0; — ĝu; or v leads i by 0, — Oio A negative. lead is of course 
equivalent to an actual lag, and a negative lag is equivalent to an actual lead. 
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Currents and Voltages in Phase, iri Quadrature and in Opposi- 
tion. — When the phase difference is zero the current and potential drop are 
said to be “in phase”; when the phase difference 1s 2 radians or 90° the current 
and potential drop are said to be “in quadrature”; when the phase difference 


isr radians or 180° the current and potential drop are said to be “in opposition. " 


Effective and Average Values, Form Factor and Crest Factor of Sine- 
wave Currents and Voltages. — When the current and voltage vary accord- 
ing to the sine law, as explained above, the following relations hold: 


Maximum value , 


Effective value = = (17) 
| V> , 

Average value = = x (maximum value); (17a) 
: a , 
Form factor — 2 = ILIIj (17b) 

2 V2 l 
Crest factor = y3 = 1.414. (17€) 


For any other relation between the instantaneous values of the current or 
voltage and time, i.e., for any other shape of current or voltage wave, these 
relations do not hold; see definitions above and article on Wave Analysis. 

Power and Power Factor for Sine-wave Current and Voltage. — Let 
the voltage drop from terminal No. x to tetminal No. 2 through any piece of 
apparatus be 9 = Va V sin (wi+ Oy) and the current from terminal No. 1 to 
terminal No. 2 be Lis Val sin (tof + 0;), where V and 7 ate the effective values 
and therefore V/2 V and V2 I are the maximum values. Then the instanta- 
neous power input is 

p = vi = VI [cos (8; — 0;) — cos (2 wt + 6, + 0;)]: (18) 
A study of Fig. 1 will show the physical meaning of this expression. The 
awrage power input is. 
P= VI cos (a = 0j), (18a) 


where (0, — 0;) is the dif- 
ference in phase between 
the current and voltage. 

Putting ô for this difference Á 

in phase, viz., 9 = 0, — 0,, 7; fare Sort : 
equation (182) may be VI NN. 
written 0 Ue 
P=VIcos@. (18b) 


Whence the power fac- 
tor of the load supplied to 
the apparatus is, from 
equation (8), 


cos 0 = T (19) 

Power-factor Angle. — Sifice in the case of síné-wave currents and 
voltages the power factor is equal to the cosine of the angle which expresses 
the diferencë in phase between them, this difference in phase is frequently 
called the “power-factor angle." When the wave shape is not a pure sine 


eee 
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curve, the power factor cannot be interpreted as the cosine of the phase differ- 
ence, for phase difference has no definite meaning except in reference to sine 
waves; sec definitions above. A non-sinusoidal voltage and current may both 
reach their zero values at the same instant, as in the case of an arc (see Arc, 
Electric), and in a sense may be said to be “‘in phase," but the power factor as 
defined by equation (8) may be far from unity. 


Leading and Lagging Power Factor. — The power factor is always a 
positive quantity, but the power-factor angle may be either positive or negative, 
i.e., the current may lag behind or lead the voltage drop by any angle between o° 
and 90°, or lag behind or lead the potential drop by any angle between o 
and go’.* When the current Jags behind the reference voltage by an angle 
between o? and 9o? the power factor is stated as such a fraction or percentage, 
lagging, e.g., a power factor of 80% lagging, and when the current leads the 
power factor is stated as such a fraction or per cent, leading. In the first case 
the power-factor angle is taken as positive, and in the second case negative. 


Equivalent Sine-wave Currents and Voltages. — In very few instances 
.are the actual currents and voltages in a circuit pure sine-waves, but many of 
the ordinary calculations of alternating-current circuits may be made with 
sufficient accuracy by assuming them as sine-waves of the same effective 
values as the actual waves, and differing in phase by the angle whose cosine is 
equal to the actual power factor, i.e., by the angle 


P 
0 = cos“! VI (192) 


where P is the average power, V the effective value of the actual voltage and 
I the effective value of the actual current. 


Vector Representation of Sine-wave Currents and Voltages. — Con- 
sider any sine function 
i=]. m sin wl. 


The value of 7 at any instant may be represented graphically, see Fig. 2, by the 
vertical projection (i.e., the vertical dis- 
tance from Pı to OX) of a point Pi at the 
end of a radius OP1 = Im which revolvesf 
at an angular speed w about a fixed point 
O, the angle wi being measured from the 
horizontal fixed line OX. Similarly, any 
other sine function 


v= Vm sin (wt + 0) 


may be represented by the vertical projec- 
tion of the point P» at the end of a radius 
OP: — Vm also revolving about O with an 
- angular speed w, the angle between OP; 
and OP», when the frequency of both i and 


* When there is an actual power input into a portion of a circuit (e.g., a motor) it is 
most convenient to refer the current to the voltage drop through this portion of circuit in 
the direction of the current; when there is an actual power output (e.g., a generator) it's 
most convenient to refer the current to the voltage rise through this portion of the circuit, 
i.e., to the electromotive force in this portion of the circuit, in the direction of the cur- 
rent. When the potential rise is used as the reference, then for a power-factor angle 


a e "A Te 
-7 we 


r 


between — 90° and o° and between o° and -+ go°, the apparatus gives out power, ana 


for a power-factor angle between — 9o? and — 180° and between + 90° and + 180° the 
apparatus absorbs power. 

1 Counter-clockwise rotation has been adopted (1911) as standard by the International 
Electrotechnical Commissión. 
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0 between v and i. That is, v and i may be represented by rotating vectors 
(see article on Vectors) and when of the same frequency the relative position of 
the two vectors remains fixed. Similarly any number of currents and voltages 
of the same frequency may be represented by rotating vectors which remain 
fixed with respect to one another. 

Instead of referring the various rotating vectors to a fixcd line OX, this line 
of reference may also be considered as rotating with the same speed w as the 
various vectors, or any one of the vectors may be chosen as the line of refer- 
ence, for example, the vector OP: in Fig. 2. The rotating vectors referred to 
this rotating line of reference are then fixed with respect to this line of refer- 
ence, and the entire diagram may be considered as fixed, as in Fig. 3, the 
originally chosen fixed line of reference OX rotating in the opposite direction 
with an angular speed w. . 

Instead of making the vectors equal in length to the maximum values of the 
sine functions they may be chosen equal in length to their effective values. This 


merely introduces a factor V2, so that when any vector is considered as rotating 


the instantaneous value of the quantity which it represents is equal to V2 times 
the perpendicular distance from its end to the fixed line of reference. 


Addition of Sine-wave Currents or of Sine-wave Voltages. — Since 
the effective values and phase relations of sine-wave currents and voltages 
may be represented by vectors, sine-wave currents are added in exactly the same 
manner as vectors, or forces, are added, and similarly for sine-wave voltages. 
The addition of vectors is fully treated in the article on Vectors, q.v. To add 
any two sine-wave currents or voltages not only must their effective values be 
known but also their phase relation; the resuliant of two alternating voltages of 
effective values Vy and Va 4s never the arithmetical sum of Vi and V2, except when 
the two voltages are exactly in phase, and similarly for alternating currents. 


In-phase and Quadrature Components. — In Fig. 3, considering OP; as 
equal to the effective value J of the current P. 
and OP: as representing the effective value : 
V of the voltage, the voltage V may be 
considered as made up of two components, V 
vz.: E Q 

Vis V cos 0 in phase with 7, 

Vi V sin in quadrature with J. 


The average power corresponding to the Z \ 
component Vi = V cos 0 is, from equation O 

(18b), IVi- IV cos 0, and is equal to Fig. 3 
the total power corresponding to V and ` is 
I. The average power corresponding to the component V2= V sin 0, since 
the angle between the current and this component of the voltage is 90°, 
is equal to zero. The voltage component Vı= V cos 0 is therefore fre- 
quently called the “power” component of the voltage, and the component 
Vi» V sin 0 is frequently called the “wattless” component of the voltage. 
These terms, however, are not recommended. It is preferable to refer to 
these two components as the in-phase and quadrature components respectively. 

€ terms active and reactive components are also used. 


Similarly, the current J may be considered as made up of two components, 
viz.: 


Py Qz 


h2lcos0 in phase with V, 
I; [I sin in quadrature with V. 
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The first component is called the in-phase component of the current and the 
second the quadrature component of the current. 


Resistance Drop and Reactance Drop. — When a sine-wave current of 


effective value J is established in a coil which has an effective* resistance r and .. 


inductance L, the drop of voltage V through the coil is represented by the vector 
diagram shown in Fig. 4. ‘The reactance of such a coil, from the definition 
given by equation (14a), is then x= i 

anfL. The voltage drop rJ, due to T L 

the resistance of the coil, is in phase ij : 

with the current J, whereas the vol- i- /?Isin (27ft) 


actance of the coil, is 90^ ahead of V 
the current. A "resistance drop" 
ie, the drop of potential due to a 
current through a resistance, is always 
in phase with the current which re 
causes it, and an inductive reactance Fig. 4. 
drop is always 9o? ahead of the current which produces it. (A condensiw 
reactive drop is always 9o? behind the current which causes it, and is there- 
fore directly opposite in phase to an inductive reactance drop produced by 
the same current.) 

Impedance of a Coil to a Sine-wave Current. — From Fig. 4 and the 
definition of impedance, equation (12), it is evident that the impedance of à 
coil of resistance 7 and inductance L is 


s= VP JT: od 


tage drop 2z/LI = xI, duc to the re- , 
m 


Leakage Current and Charging Current of a Condenser. — When a 
sine-wave voltage of effective value V is established across a condenser which 
has an effective conductance g and capacity C, the 
total current J through it is represented by the vector - i 
diagram shown in Fig. 5. The condensive susceptance 
of a condenser from the definition given in equation ey = VE Vein (2mff) 
(rsa) is then b= 2nfC, or the inductive susceptance \ 
isb’ = — b= = 2nfC. The conduction or leakage cur- 
rent gV is in phase with the voltage drop through the 
condenser, whereas the charging or capacity current I 
(or displacement current) 2zfCV = bV is 90° ahead 
of the voltage. 

Admittance, Impedance, Effective Resistance : N 
and Reactance of a Condenser. — From Fig. 5 and MET 
the definitions given by equations (12) to (15) it follows 
that the admittance of a condenser to a sine-wave voltage is 


(2f C)V 


y= V gt (2nfC)?; (21) 
the impedance is 
i I 


22 - = 


¥ Vet Guo 


* When the coil has a non-magnetic core and the frequency is low, say 60 cycles or less 
the effective resistarice is practically equal to its ohmic or d-c. resistance; see article on 
Skin Effect. 

f Even for moderate frequencies, 25 eyeles or níore, the effective conductance of à 
condenser is in general many times its ohmic conductance; see article on Condensers, 


f p OOE PEE ' 


(214) 
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the effective resistance is 
£ 
~ B+ (onfC” eR) 
and the ione condensive reactance is l 
" | 2mfC 
e= TT a0 
which is equivalent to an inductive reactance of 
— C 
X= — te= al (21d) 


£ + (anfC)? 
Only when um effective conductance g is zero is the reactance of a condenser 


equal to. — but in many instances the value of g is so small compared 


iC 
with 27/C that the inductive reactance may be taken as — o ; the error in 


this approximate expression is less than r per cent for g less than ro per cent 
of enfC. 

Relations between Effective destinée: Reactance and Impedance 
and Effective Conductance, Susceptance and Admittance for Sine- 
wave Currents and Voltages. — From the definitions given. above, equa- 
tions (12) to (15), it may be shown that for sine-wave currents and voltages 
of a given frequency the following relations hold for any portion of a circuit: 


p= V rt4 o, y= V g? + b, 


I USE 

£s A 

raf, rM n 
y? z? 
b x 

I= yn ina 


= r= effective resistance, «= reactance (taken positive when inductive), 
2= impedance, g= effective conductance, b= susceptance (taken positive 
when inductive) and y = admittance, all for the given portion of circuit. Equa- 
tions (20) to (21d) are special cases of equation (22). 

Impedances in Series. — Let 21, 22, 23, etc, be the impedances of the several 


portions of a circuit all connected in series (same current through each). Then 
the resultant impedance is 


Z= VR Xs, | | 
where R=n+nt+rs+ etc., (23) 
and X = M+ x24 xat etc., 


where fi, f», rs, etc., are the effective resistances and xi, x», xs, etc., the reactances 

condensive reactances to be considered as negative) of the several impedances. 
When there is no external source of e.m.f. in any portion of the circuit, then the 
resultant power factor is cos 0 where 


AT xı + x2 xs t etc, | | | t ) 
T nt no rt etc. | T US 


+ 


, Example. qs alternating current of 100 amperes is to be supplied to a 
receiver which has an equivalent resistance rı of 2 ohms and an equivalent 


= ponar a e 
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reactance x1 of o.s ohm. The line has a resistance rz of o. ohm and an inductive 
reactance x2 of 1.5 ohms. The equivalent resistance of the line and receiver is 
then R= 2-- o.1 = 2.1 ohms and the equivalent reactance of the line and re- 
ceiver is X = o.5-F 1.5 = 2.0 ohms. Hence the equivalent impedance of the 


line and receiver is Z — v (2.1)? + (2.0)? = 2.90 ohms. The impedance of the 
receiver alone is zi = V (2)?+ (0.5)? = 2.06 ohms and the impedance of the line 


alone is z= V (o.1)?+ (1.5)?= 1.50 ohms. The arithmetical sum of z and a 
is 3.56, which is 23 per cent greater than the true impedance of the line and 
receiver. 

When the current supplied to the receiver is 100 amperes, the voltage at the 
receiver is V = 100 X 21 = 100 X 2.06 = 206 volts and the voltage at the generator 
is Vo = 100 X Z = 100 X 2.90 = 290 volts, see Fig. 6, that is, the voltage at the 
receiver is 290 — 206 = 84 volts less than at the generator. The total potential 
drop in the two wires forming the line, however, is 100 X 22 = 100 X 1.50 = 150 
volts, which is 79 per cent greater than the true difference between the potential 
drops across the generator and across the receiver terminals. 


Cc 


of £, 1=150 
A9 
«To I-:10 
yn AUEN 
7j I= 200 
Fig. 0. Fig. 7. 


Resonance of a Coil and Condenser in Series. — Consider the circuit 
shown in Fig. 7. When a sine-wave current of effective value I is established 
in such a circuit the voltage drop across the resistance is V, =rJ and is in phase 
with Z. The voltage drop across the inductance is Vz = (2r fL) I and leads 
I by 9o? The voltage drop across the capacity (a condenser with negligible 


ELE EF! ; 
conductance) is Ve= ——,and lags behind I by 90°. Hence the resultant 


2v fC 
voltage across the entire circuit is 
V=Vr+Vr+ SIVE (on it E (24) 
an fC 
The reactance is therefore 
s= V2— r= La : . 
: i Gn: 2T c] 
When the inductance L, capacity C and frequency f are so related that 
I 
f= - VIC Gs) 


the reactance of the circuit is zero, the impedance is equal to the resistance, 
the power factor is unity and the current corresponding to a given voltage V 


V ; , 3 
is I = a that is, the current is a maximum and depends only upon the resistance 


MINI 
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of the circuit. The frequency corresponding to this condition is the same as 
the frequency with which the current and p.d. would oscillate were the con- 
"' denser short-circuited by the inductance; i.e., this frequency corresponds* 

œd: the free period of such a circuit (see Transient Electric Phenomena and Oscil- 
edi lations). In general, a condenser and coil in series are said to be in resonance 
f the’; With the impressed frequency when the current for a given impressed voltage 
is a maximum, and the power factor therefore unity. When the conductance 
d of the condenser is negligible the resonant frequency is given by equation (25). 
"When resonance obtains in a series circuit the voltage across the coil and that 
across the condenser may be many times the impressed voltage. For example, 
when the inductance L is 1 henry, the capacity C is 7.04 microfarads, and 
the frequency is 60 cycles, the inductive reactance is xz = 2r X 60X 1 = 377 


. r 
pote: ohms, the condensive reactance is xe = —————— — —————— = 377 ohms, and 
DE 2T X 60 X 7.04 X 10 8 


pie: the circuit is in resonance. For a resistance of 1 ohm in the coil and an im- 
pressed e.m.f. of 100 volts, the voltage across the coil is v (100)? + (377 X 100)? 
= 37,700 volts and the voltage across 
the condenser is 377 X 100 = 37,700 
volts. 


Impedances in Parallel.— Let 21, 22, 
5, etc, be the impedances of several - 
branch circuits as shown in Fig. 8, and 
let the resistances and reactances con- 
stituting these impedances be m, 72, 73, 
etc, and xi, x» xs, etc., respectively.f 
First calculate the corresponding con-: 
ductances gi, g2, £s, etc., and susceptances 
h, bs, bs, etc., using equations (22). Then the resultant admittance, provided 
there ore no external sources of e.m.f. in any of the branches, is 


Ys 


Y = VG? + B Y : 

" where G= git got g+ etc, (26) 
ms B= bh + b+ bs + etc., 
ni and the resultant power factor is cos 0 where 
" tan — Pob bat bst ete., 
GL bit g T 8 + etc. 

Resonance of a Coil and Condenser in Parallel. — When a coil of neg- 
ligible resistance and a condenser of negligible conductance are connected in 
parallel, the resultant current established through the circuit by a given im- 


pressed voltage will be zero (infinite impedance) when the inductance L, capa- 
dty C and frequency f bear the following relation: 


I 
2v V LC 
at Compare with equation (25). Under these conditions the coil and condenser 
, wt said to be in resonance with the impressed frequency. When the coil has 
"an appreciable resistance and the condenser an appreciable conductance they 


are said to be in resonance when the resultant current is a minimum for a 
given impressed voltage, and the power factor therefore unity. 


e ate 


(26a) 


Ev. 


(27) 


i * Approximately only when r is large; see Transient Electric Phenomena and Oscillg-. 
n 4 tons, 


t Condensive reactances to be considered negative. 
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NON-SINUSOIDAL CURRENTS AND VOLTAGES. — The general | 


expression for any alternating current, or in fact of any continuous periodic 
function, is 


i= Va lh sin (wt +1) + V2 Is sin (2 wt + 62) + V2 Igsin (3 cot +04) + . 


where Iı, Fz, Is, etc., represent effective values of each of the terms. That is 
any current or voltage wave may be considered as made up of a “fundamental” 
sine-wave, having the same frequency as that of the actual wave, and “ har- 


5.33 


monic " sine-waves having frequencies which are integral multiples of the fre- 


quency of the fundamental. Alternating currents and voltages in practice | 


usually contain one or more of the odd harmonics; even harmonics practically 
never occur in ordinary electric circuits supplied from commercial forms of 
generators. However, as noted above, it is permissible in most instances to 
assume sine-wave currents and voltages, since the harmonics present are usually 
relatively weak compared with the fundamental. In certain instances, how- 
ever, it is necessary to analyze a wave into its fundamental and harmonic. 
For methods of experimentally determining the shape of current and voltage 
waves see the articles on Oscillographs and Braun Tube; for the analysis of 
the curves themselves see the article on Wave Analysis. 


Effective Value of a Non-sinusoidal Wave. — The effective value of such 
a wave can be obtained directly from equation (3), or if the effective values 
I, D», Is, etc., of the harmonic and fundamentals are known the effective value 


of the resultant wave is 
I= VI+ I2 +I... (28) 


A like relation holds for the effective value of a voltage wave. Similarly, if for 
example a 25-cycle e.m.f., say E», and a direct e.m.f., say Ea, are acting in 
series in the same circuit, the resultant e.m.f. of the combination is 


E= V Es? + Eg?. 


Power Corresponding to Non-sinusoidal Currents and Voltages. — 
Let Jı be the effective value of the fundamental (first harmonic) of the current, 
V; the effective value of the fundamental of the voltage and 6; the difference in 
phase between these two fundamentals, both being of the same frequency; 
let Jo, V» and 62 be the corresponding quantities for the second harmonic; let Js, 
V and 63 be the corresponding values for the third harmonic, etc. Then the 
average power is 

P = Vili cosh + V2 D» cos 62+ Vs 73 cos 63 + etc. 


That is, each harmonic contributes an amount to the total power equal to the 
power it would develop were the other harmonics not present. If, for example, 
the third harmonic is not present in the current wave, then this harmonic con- 
tributes nothing to the average power even though there may be a large third 
harmonic in the voltage wave. Again, when a 25-cycle alternating electro- 
motive force E» and a direct electromotive force Eq are acting in series on the 
same circuit the power developed is the sum of the powers which each would 
develop if they acted separately, but the resultant e.m.f. of the combination 


is not Ex + Ea, but, as noted above, is V Ex? + Eg?. | 

Calculation of Networks when the Currents and Voltages are Non- 
sinusoidal. — See below under Symbolic Notation, equations (31) and (32), and 
the accompanying text. 


SYMBOLIC NOTATION FOR EXPRESSING .SINE-WAVE CUR- 
RENTS AND VOLTAGES. — Since sine-wave currents and voltages may 
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tities and making definite constant angles with one another, two mutually per- 
pendicular axes of references may be chosen, and each current and voltage 
resolved into two components, one along the X-axis or horizontal axis and one 
along the Y-axis or vertical axis. The component along the X-axis may be 
expressed as an ordinary algebraic quantity, and the component along the 
Y-axis may also be expressed as an algebraic quantity with the symbol “7” 
written in front of it to indicate that it is perpendicular to the nnd 
That is, any current may be written 


f=h+jh, 


where J; is the horizontal or X-component of the current and Z: the vertical 
or Y-component. Until one gets familiar with this notation it is best to indicate 
the symbolic nature of the currents, voltages, impedances, etc., by writing 
dots under them; but these dots may be dispensed with in the actual solution 
of problems by this method when one keeps clearly in mind that in all operations 
the varfous quantities He to be treated as complex quantities throughout. 

A voltage drop in symbolic notation is expressed in a similar manner, viz., 


V =Vi4+jV2, 
and an electromotive force as | 
E =Fi+ JjE, 


the same axis of reference being used for the currents, voltage drops and electro- 
motive forces. : 


Impedance and Admittance in Symbolic Notation. — In this notation 
an impedance of resistance r and reactance* x is represented by the complex 
quantity f 

z=r+jx, (29) 
and an admittance of conductance g and susceptance* b by the complex 
quantity 

y= g—jb. (29a) 
These expressions are independent of the ‘axes of reference chosen. 

Currents, Voltages, Impedances and Admittances as Complex Núm- 
bers. — In all operations involving the addition or subtraction of currents or 
voltages and in all operations involving products of currents and impedances 
or products of voltages and admittances, these quantities when written in sym- 
bolic notation may be treated as complex quantities (see article on Complex 
Quantities), provided all the currents and voltages are referred to the same axis 
of references. In all such operations the symbol "7" may be considered as 
mathematically equivalent to V — r. Hence when a Men of the form 41+ 43 
occurs in the denominator of any fraction, the fraction may be “rationalized ” by 
multiplying numerator and denominator by 41 — jA2, which gives 


zii. ae _, Arn Ja | ee 
VS? ry Ai? + As At i a 


In any resulting expression for a curfent or voltage when thus rxtionalized 
the “teal” part represents the actual component of the current of voltage iv 
the diréctioh of the X-axis and the “j” part, iie., the sum of the terms which 
are mitftiplied by j, represents the actual component of the current or Voltage 
along the Y-axis. 


*Taken positive when inductive, negative when condensive, e£, the admittance of a 
condenser is g +7 (2xfC). 
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Solution of Alternating-current Networks. — When all the currents, 
voltages, impedances and admittances are expressed in symbolic notation, the 
following relations hold:* 

1. The sum of all the currents flowing to any point in any network of con- 
ductors is zero. That is, at any point 


ItI'BI"«... —0, (31) 


where the currents are all expressed in symbolic notation and are all referred 
to the same line of reference. 

2. The sum of all the impedance drops in a given direction around any closed 
loop in any network of conductors is equal to the sum of all the externally in- 
duced e.m.f.'s acting in this loop in this direction. That is, around any closed 
loop 

a+’ +2"I" +... =E+E'+E"+..., (32) 


where the currents, impedances and electromotive forces are all expressed in 
symbolic notation, and the currents and e.m.f.'s are all #¥ferred to the same axis 
of reference. That is, the currents are to be expressed as J = + jl, I' = Ij 
+ jl2', etc., and the e.m.f.'s as E = Eı + Es, ẸE' =E + jE’, etc., where all the 
components of the currents and e.m.f.’s with the subscript x are parallel to one 
another and all those with the subscript 2 are parallel to one another and lead 
the first set of components by 9o degrees. 

The electromotive forces due to inductance and capacity are taken account 
of by the impedance; the electromotive forces represented by the E's in equa- 
tion (32) are the externally induced electromotive forces such as those due 
to generators or motors or to the mutual inductance of the two windings of a 
transformer. 

In applying equations (31) and (32) to the calculation of the currents and 
potential drops in any network of circuits, care must be taken to designate 
clearly the sense of the vectors repre- 
senting the currents and e.m.f.'s. This 
is most conveniently done by numbering 
all the junction points in the network, 
and designating each current and e.m.f. 
by a double subscript written in the 
order corresponding to the assumed 
direction of the current or e.m.f. vector. 
For example, in Fig. 9, the e.m.f. from 
o to 1 is represented by Eo while the 
e.m.f. from 1 to o, which is equal to 
— Em, is represented by Ex. In the 
figure, then, the net electromotive force 
from 1 to 2 is 


E = E+ Eo, 
or En = — End Eo. 


Each equation of the form (31) or (32) is in reality equivalent to two equations, 
since the sum of all the “real” terms on one side must be equal to the sum of all 
the real terms on the other side, and similarly, the sum of all the “7” terms on 
one side must be equal to the sum of all the “j” terms on the other side, the 
denominators of all fractions having been cleared of “j” terms by the trans- 
formation given by equation (30). This is merely another way of stating the 
fact that the component in any direction of the resultant of any number of vectors 


* These relations are simply Kirchhoff’s Laws (see Electricity and Magnetism, Prin- 
eiblee of) expressed in a convenient form for alternatino enrronte 
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must be equal to the algebraic sum of the components in this direction of all 
the individual vectors. Applying these two laws to any network enables one, 
therefore, to calculate both components of every p.d. and every current, when 
the impedances and the electromotive forces are known. 

These equations hold only when the currents and e.m.f.'s are all simple harmonic ` 
functions of the same frequency and the resistances and reactances are constant. 
When, however, the resistances, inductances and capacities are constant, a 
similar set of equations holds for each frequency that may be present. Since 
the equations are all linear in the Z’s and E's, the currents and e.m.f.’s of any 
given frequency will be uninfluenced by the presence of currents or e.m.f.’s of any 
other frequency. Hence, when the harmonics present in each e.m.f. are known, 
the harmonics present in each current may be calculated by solving the equa- 
tions corresponding to the frequency of this particular harmonic, these equa- 
tions being exactly the same as would hold were all the other harmonics absent. 

Note particularly that the above equations do not hold for transient currents; 
they apply only after the transient terms have become zero. See Transient 
Electric Phenomena and Oscillations. 


Difference in Phase between a Current and Voltage in Symbolic 
Notation. — Let the current be represented by 
T=ht+gh ~ 
and the voltage drop in the same sense as the current be represented by 
V=Vi+jV2. 


Then the current lags behind the voltage drop by the angle 0, where 
Voli — Via 
tan 9 = —————. 
exis Vili + Vole (33) 
Power Corresponding to a Current and Voltage in Symbolic Notation. — 
Let the current and voltage drop be represented by the same expressions as in 
the preceding paragraphs. Then the average power is 


P= Vili + Vols. (34) 


Note that this expression is equal to the real part of the product of the complex 
numbers Vi+jV2 and J1+-jl2 with the sign between the two terms reversed. 

Example of the Use of the Symbolic Method. — An impedance z has 
a resistance of 3 ohms and an inductive reactance of 4 ohms; a second impedance 
% has a resistance of 8 ohms and a condensive reactance of 6 ohms. zı is then 
represented symbolically as zi = 3 + 74 and ze as z2 = 8 — jô. 

Let these two impedances be connected in series, and let an e.m.f. of 100 
volts be impressed across them. Choosing the vector representing the over- 
all potential drop as the axis of reference, and calling the current J, then 
(3+44+8—j6) I = 100+ jo, whence 

100 . 1100+ j200 
II— 2j 12144 
Hence the effective value of the current is 


I =V (8.8)2+ (1.6)? = 8.94 amperes 


and the current leads the over-all potential drop by the angle 


I = = 8.8 +j1.6. 


tan~ 41$ = 10.3°. 
8.8 


The potential drop across the first impedance is 
V' = (34+ 54) (8.84 71.6) = 26.4 — 6.4 + j (35.2 + 4.8) = 204 j40, 
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which has the effective value 

V' =V (20)! 4- (40)! = 44.7 volts, 
and leads the over-all potential drop V by the angle 

tan"! 2m 63.5°. 
20 
The potential drop across the second impedance is 
V" = (8— j6) (8.8 + 71.6) = 70.4+ 9.6 — j (52.8 — 12.8) = 8o — 540, 

which has the effective value 

V” =V (80)? + (40)? = 89.4 volts, 
and lags behind the over-all potential drop V by the angle 


tan £> = 26.5°. 


The power input into the first impedance is 
W’ = 8.8X 20+ 1.6 X 40 = 240 watts. 
The power input into the second impedance is 
W" = 8.8 X 80— 1.6 X 40 = 640 watts. 
The total power input is 
W = 8.8x 1004+ 1.6 X o = 880 watts, 
which of course is the sum of W’ and W”. 


POLYPHASE SYSTEMS. -- A polyphase alternating-current system is 
a network (i.e., combination of circuits) supplied from a generator or generators 
which develop two or more electromotive forces differing in phase from one 
another by a constant angle; see Distribution of Electric Energy; Generators, 
Alternating-current; Transformers. The two kinds of polyphase circuits com- 
monly employed are the two-phase and three-phase circuits. 


Star and Mesh Connections. — Consider s separate coils or windings, 
which may be mounted on a common armature or be entirely distinct, as for 
example n groups of lamps. When these n windings are connected end to end 
so that they are all in series, forming a closed chain, as in Fig. 10, and terminals 


k 
I 
WB 4 l 
<-——— Neutral, 
Fig. 10. Fig. 11. 


are brought out from the s junctions, they are said to be connected in “mesh.” 
When one terminal of each of these windings is connected to a common junction 

* point, as in Fig. 11, and terminals are brought out frorn the free ends, the wind- 
ings are said to be connected in “star,” and the common point is called the 
“neutral point." 
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fi-Phase System. — When such a group of n windings, as shown in Fig. 10 or 
11, is connected to a generator or other source of e.m.f., having n separate wind- 
ings and therefore developing n different e.m.f.’s which differ in phase from one 
another, the system is called an -phase system, each winding being called a. 
“phase.” For example, when there are three separate windings on the generator, 
three line wires and three windings constituting the load, the system is a three- 
phase system. 


Balanced Systems. — When the e.m.f.’s, if any, in the n-phases of any system 
of connection are all equal in effective value and differ successively in phase by 
360/n degrees and if the currents in these windings are also equal in effective 
value and differ successively in phase by 360/ degrees, the system is said to be 
a" balanced" n-phase system. When the e.m.f.’s in the various parts of a system 
are equal in effective value and differ successively in phase by 360f/2 degrees, 
and the impedances in the various windings or phases are all equal, both as 
regards resistance and reactance, then the currents are necessarily equal in effec- 
tive value and differ successively in phase by 360/n degrees, and the system is 
balanced. 


Phase and Line Currents and Voltages. — The current in any winding or 
phase of an #-phase system, see Figs. 10 and 11, is called the “phase current,” 
and the drop (or rise) of potential through this winding is called the “phase volt- 
age." The current in the line leaving any terminal of an s-phase system is 
called the “line current" and the voltage between adjacent line wires or terminals 
is called the “line voltage, ” except in the special case of a two-phase connection, 
see below, when the voltage between diametrically opposite terminals is called 
the line voltage. In the case of a star-connection the voltage between any ter- 
minal and the neutral point is called the “voltage to neutral"; in the case of a 
balanced mesh connection by voltage to neutral is meant the voltage which 
would exist between any terminal and the neutral of a star-connection con- 
nected to the terminals of the actual device, the impedance of all the legs of 
the star-connection forming this “artificial neutral” being equal and sufficiently 
large not to take an appreciable current. 

The relations between these various currents and voltages for a balanced 
t-phase system are as follows: 


Phase voltage. ...... essence Vp V, V,=—7—V, 
2 sin — 
Voltage to neutral.......... err V.- V. Va = Vp 


Total volt-amperes. ......... esee nVolp = 


eee (— PG ÓPREDEIUERS OST EUNT 


28 Alternating Currents 


Two-phase or Quarter-phase System. — Strictly, the so-called single : 


phase system is a star-connected two-phase system, since the currents from the 
two terminals are in opposite directions at any instant, the current leaving by one 
and entering by the other. However, in practice the name two-phase system is 
used for a system supplied from a generator or other source of e.m.f. having 
two windings in which are developed two e.m.f.'s differing in phase by 90°; 
ie. a two-phase system is in reality two distinct single-phase systems each 
with two terminals. Two of the four terminals may be connected to each 
other, in which case but three line wires are required. Or, the two single- 
phase systems may be connected at their middle points; in this case the two- 
phase system may be considered as a four-phase, or, as it is usually called, a 
*quarter-phase" system. See the articles on Distribution of Electric Energy 
and Transformers. 

Three-phase System. — Delta and Y-Connections. — For a three- 
phase system the generators and motors are designed with three windings or 
phases which may be connected either in mesh, usually called a ‘‘delta-connec- 
tion" in this case, since the diagram of the three windings forms a Greek delta, 
or the three windings may be connected in star, usually called a ** Y-connection" 
in this case, since the diagram of the three windings forms a Y. The relations 
between line and coil currents and voltages for a balanced three-phase system are 
as follows: 


Line current 
Line voltage 


Phase current 
Phase voltage 


Voltage to neutral 


Total volt-amperes 3V,I, = v 3V I, 3V,L, = V 3VJI, 


Calculation of Balanced Three-phase Circuits. — Any problem in regard 
to a balanced three-phase circuit may therefore be solved by reducing all parts 
of the circuit to an equivalent Y-connection, provided the currents and e.m.f.'s 
are sine-waves. The transformations are made as follows: 
Any A-connected motor or generator is considered as equivalent to a Y- 
connected generator or motor in which | 


Ea 
- —— A, XA 
EAS uc idu 


where the quantities Ey, ry and xy are the e.m.f., resistance and reactance per 
phase of the Y-connected machine equivalent to the e.m.f., resistance and 
reactance per phase of the actual A-connected machine. 

Each of the line wires is in series with a corresponding phase of the equivalent 
Y-connected machine. 

When all parts of the circuit have thus been reduced to equivalent Y's, each 
of the three-phases may be treated as a single-phase, circuitjJeach circuit con- 
sidered completed by a wire having zero impedance connecting all the neutra 
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The voltages thus calculated are the voltages to neutral and the currents are 
line currents. To find the line voltage multiply the calculated voltage by vV 3; 
cr Similarly, to find the actual phase current in the -connected generator or load 

© divide the calculated current by V3 

Example of TRree-phase Calculation. — Energy is supplied from a gene- 
rating station to a substation so miles away at a rate of 20,000 kilowatts. The 


i ` system is a balanced three-phase system and operates at a frequency of 25 cycles. 
^ The transmission line consists of three No. oooo B. & S. copper wires spaced six 
~ fet between centers. It is desired to find (x) the voltage between wires at the 


generating station when the voltage between wires at the substation is 60,000 
volts, and the power factor at the substation is 80 per cent, with the current 
lagging, (2) how much power is lost in the transmission line and (3) what is the 
power factorat the generating station. The electrostatic capacity of the line 
may be neglected. 
The current per wire is 
20,000,000 


^ v3 X 60,000 X 0. 8 
The voltagé to neutral at the substation is 


m 6 
y. = = 34,600. 
ii V3 


= 241 amperes. 


The component of this voltage in phase with the line current is 0.8 X 34,600 = 
27,700 volts and the component 90° ahead of the line current is 0.6 X 34,600 
= 20,800 volts, since cos 0 = 0.8 and sin 0 = 0.6. 

The resistance per mile of a No. 0000 wire is 0.258 ohm; its reactance per 
mile at 25 cycles is 0.303 ohm. Hence the total resistance of each wire is 12.9 
ohms and the total reactance of each wire 15.2 ohms. The resistance drop in 
each wire is then 12.9 X 241 = 3110 volts and is in phase with the line current 
and the inductive drop in each wire is 15.2 X 241 = 3660 volts and is 90° ahead 
of the line current. 

At the generator end the voltage to neutral in phase with the line current 
is then 27,700 + 3110 = 30,810 volts and the voltage to neutral 90° ahead of 
the current is 20,800 + 3660 = 24,460 volts. The resultant voltage to neutral 


at the generator end is then V (30,810)? + (24,460)? = 39,300 volts, and therefore 
the line voltage at the tus station is 
=V3 X 39,300 = 68,000. 

The power lost in the n is equal to 3RI,?, where R is the total resistance of 

each wire and J, the line current. Hence the power lost in the line is 
3X 12.9X (241)? watts = 2250 kilowatts. 
The total power delivered to the line and substation is then 22,250 kilowatts. 
Hence the power factor at the generating station is 
22,250,000 


V 3 X 68,000 X 241 
Measurement of Power in Three-phase Circuits. — See Wattmelers. 


BIBLIOGRAPHY.— Pender, H., Principles of Electrical Engineering, N.Y, 
1912; Jackson, D. C., and J. P., Alternating Currents and Alternating-current 
Machinery, N. Y., 1913; Steinmetz, C. P., Theory and Calculation of Alternat- 
ing-current Phenomena, N. Y., 1908; Franklin and Esty, Elements of Electrical 
sitincering, Vol. II, N. Y., 19115; Hay, Alternating Currents, London, 1905; 

Russell, A., Alternating Currents, London, 1906. 
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ALUMINUM. — (See also Electrochemical Processes, Industrial; Lightning | 


Protectors; Wires and Cables, Bare.) The method of manufacturing aluminum 
wire is similar to that employed in making copper wire (see Copper). 


MECHANICAL PROPERTIES. — The more important mechanical 
properties of aluminum are discussed below. 


Necessity of Stranding Aluminum Wire. — Aluminum wire (i.e., solid 
wire) is little used for aerial spans owing to the danger of failure where accidental 
abrasions have occurred. Cables not only reduce the above danger, but have 
greater breaking load, owing to the superior tensile strength of small wires. 


Tensile Strength. — The tensile strength of aluminum has not been studied 
so thoroughly as that of copper, but it is well known that like copper, aluminum 
is much stronger in small, than in large, wires. The following table by H. M, 
Hobart, which is for solid wires, illustrates this point. 


Diameter, inches .......... O.05 | O.IO | O.IS 0.20 | 0.25 | 0.30] 0.35 


Miror ed ipid pneu, 23,000 


The Standard Electric Co., of California, uses a solid aluminum wire, 0.294 
inch diameter, having a tensile strength of 22,800 pounds per square inch, and 
a conductivity of 59.9 per cent. 

Elongation. — The ultimate elongation of hard-drawn aluminum wire varies 
from 2.0 per cent to 3.7 per cent (in 1 meter length) as the diameter is increased 
from 1 to 444mm. (H. M. Hobart.) l 

Modulus of Elasticity. — Different authorities give values from 9 x 10 
to 1o x ro? in pounds per square inch, the former being given by the Aluminum 
Company of Ametica. 

Elastic Limit. — The Aluminum Company of America in their booklet on 


* Properties of Aluminum," Pittsburg, 1909, give the following figures for elastic 
limit in tension, the metal being 99 per cent pure. 


Lb. per sq. in. 


Castin r ocio vea mE aS 6 etna uiivau i ord 8,500 
Sheet uu Sak ane OPE Ra CIC ard Io a p bea Pe 12,500 to 25,000 
MItBar er ey eae Aig ene ee ap ME quie ie 16,000 to 33,000 
Bars ices sees Scie avoue eee ee ree ee ee . 14,000 to 23,000 


Density. — A density of 2.70 grams per cubic centimeter is given by the 
U. S. Bureau of Standards (Circ. No. 31) as a good average value for commercial 
hard-drawn aluminum. This is equivalent to 0.0973 pounds per cubic inch. 
Hobart gives 2.71 for the density. F. J. Brislee (Lond. Elec. Review, Jan. 5 
1912) gives 2.708 as the density of cast aluminum and 2.705 for hard-drawn rod. 


THERMAL PROPERTIES. —See article on Heat and Thermal Prop- 
erties. 


CONDUCTIVITY AND RESISTIVITY. — The Aluminum Company of 
America give as the average of many thousands of separate determinations, the 
figure of 2.828 microhms per centimeter cube at 20? C. as the conductivity of 
commercial aluminum wire. 

Effect of Hardness on Conductivity. — The resistance of aluminum de- 
pends upon its hardness ; for example, the resistance of aluminum wire of hard 
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‘mately 2 per cent greater than that of the same wire when thoroughly annealed 
ul; li« and consequently soft. (H. M. Hobart.) 
ngs Temperature Coefficient of Resistivity. — This is given by M. Dusaugey 
"as 0.00402 per degree centigrade. 


| COMPARISON OF ALUMINUM AND COPPER. — Aluminum is usu- 
ally cheaper than copper of the same length and resistance and is said to be 

ve {e3 cheaper to install (C. B. Smith, El. W., 1912, Vol. 50, p. 96). It is, however, 

ereas subject to the disadvantage of lower tensile strength which often makes it more 

mn expensive than copper, except for very high voltages. 

ls ^ The table below compares the various items for wires having the same length 

ka; and same resistance and is based on the following assumptions: 


ends Copper Aluminum 
bie Per cent conductivity... eene 98 61 

Tensile strength, lb. per sq. in................. 55,000 25,000 
gd Lc. m" T 8.89 2.70 
T & Price: per pounds ste ee e cia Gee eta gs P ? 
Wi! COMPARISON OF COPPER AND ALUMINUM WIRES FOR EQUAL 
L RESISTANCES PER UNIT LENGTH 
E —€———— € e e ict 
ye E. Item Copper Aluminum 


: Disadvantage of Low Tensile Strength. — The lower tensile strength of 
x aluminum for equal length and conductance as compared with copper affects 
e the cost of an aerial line in two ways; 1st, by making it necessary to erect the 
i spans with a greater sag or less length in order to reduce the stresses, thereby 
Ji 


either increasing the height or the number of poles, and 2nd, by making it neces- 
ea! sary to increase the distance between wires on account of the increased sag. 
qo The increase in the height of poles for the same spacing amounts to about 10 

tts Percent, (C. L. Johnson). 


it Effect of Large Elongation of Aluminum. — The extraordinarily great 
Mo elongation of aluminum enables it to withstand severe mechanical] overloads by 
> Stretching and thus increasing the sag. However, in dealing with 3 single 
solid wire this cannot be relied on, as a scratch or a single imperfection will often 
cause the wire to break without any appreciable elongation. This is one reason 
QU — why cables are to be preferred to single-wire conductors. 
oi” Effect of Low Melting Point of Aluminum. — The distance between 
aerial wires is also influenced by the fact that aluminum has a lower melting 
.. point than copper, making it necessary to keep wires at different potentials well 
gi Separated in order to avoid the danger of short-circuits through foreign bodies. 
jr This danger has, perhaps, been exaggerated in the past as the author has the 
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record of a case where a copper wire was thrown across two aluminum cables ae 
with 60,000 volts difference of potential between them and an arc was formed ~ ' 
between the cables forming an arch 12 to 15 feet high, but with no injury tothe `: 
cables except the formation of a few minute beads on their surface. E 


Formation of Sleet. — While for equal length and resistance, aluminum ., 
wires are larger than copper wires, they do not necessarily collect a propor- ... 
tionally greater load of sleet, as it is found that a film of grease left over from - 
the drawing process often entirely prevents the adhesion of sleet. Conclusive .- 
information on this subject is, however, lacking, especially with regard to wire .. 
that has been in use for several years. 


Corona Formation. — At very high potentials, such as 100,000 volts, . 
aluminum conductors possess a marked advantage over copper in the lower =. 
corona loss due to their greater diameter for the same conductance. es 


Corrosion. — E. Huber-Stockar gives the results of a number of recent tests 
on the corrosion of aluminum in moist air, salt air, salt water, various gases, 
acids, etc., which indicate that, in respect to its chemical stability, aluminum 
is in general the equal of copper. "There has been much said about the tendency 
of electrostatic repulsion to reduce impure condensation on aluminum cor 
ductors, but this author rejects such statements as unworthy of the slightest 
credence. 

Bare aluminum conductors laid in the earth have been tried for railway return 
feeders, with the result that they were rapidly corroded by galvanic action. 

Mr. Dusaugey says that aluminum containing over 4 per cent of impurities 
is very liable to corrode rapidly. "This is especially the case if sodium is present. 

At ordinary temperatures aluminum is covered with a layer of oxide which 
protects it against the influence of the weather and of many chemicals. 


Example of Relative Cost. — According to the official publications of the 
Ontario Hydro-Electric Commission on a line consisting of two three-phase 
circuits, each comprising three oooo A.W.G. cables, the six cables cost $1450 
per mile as compared with $2050 per mile for copper cables (copper being at 
16 cents per pound and aluminum at 23.5 cents per pound), showing a saving 
of nearly 30 per cent on the cables alone. This saving was reduced to 5.6 per 
cent only on the total cost of the line, partly because the actual towers weighed 
1.72 tons against 1.57 tons for towers for an equivalent copper line, and partly 
because the cost of cables was only 30 per cent of the total cost of the line, in- 
cluding erection but excluding rights-of-way. (C. L. Johnson.) Owing toa 
tariff of 314 cents per pound the price of aluminum is higher in the United 
States than in Canada and Europe, so that the saving would have been con- 
siderably less at United States prices. 


SPREE-ALUMINUM. -— E. Huber-Stockar gives considerable data on 
an aluminum alloy, known under the name of spree-aluminum. It has nearly 
double the strength of pure aluminum. Its breaking length is 10.7 kilometers, 
as compared with 10.3 kilometers for steel, 6.7 kilometers for aluminum and 
5.1 kilometers for hard copper. The use of spree-aluminum cable shows a sav- 
ing in cost of about 7.3 per cent as compared with copper cable of equal con- 
ductance. 


— ^7" BIBLIOGRAPHY. — Aluminum Company of America, Pittsburg, Pa. 
Various publications; Broniewski, W., Recherches sur les Propriétes Electriques 
des Alliages d' Aluminum, Paris, 1911 (bibliography on pp. 123-139); Buck, H. 
W., The Use of Aluminum as an Electrical Conductor, Trans. Int. Elect. Cong» 
St. Louis, 1904, Vol. 2, p. 313; Del Mar, W. A., Electrié Power Conductors, N. Y» 
1914; Dusaugey, M., Sur les Conducteurs Aeriens, Int. Congress of Applications 
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.. Cables, Elect. Times (London), 1910, Vol. 37, pp. 282, 306. 330, 356, 382; Huber- 

77 Stockar, E., Aluminum für elektrische Leitungen, Int. Cong. Appl. Elect. Turin, 

a “tort, Vol. 2, p. 493 (contains short bibliography); Hunt, A. E., Clapp, G. H., 
7 and Handy, J. O., Chemical Analysis of Aluminum, Jour. of Analytical and 

5 dr Chemistry, Vol. 6, No. r; Johnson, C. L., Aluminum Conductors for 

Xt 2 Overhead Transmission Lines, El. W., 1912, Vol. 60, p. 44 (gives good dis- 

i: :: cussion of relative economy of aluminum and copper); Minet, A., The Produc- 

xit Hon of Aluminum and its Industrial Use (Trans. by L. Waldo), N. Y., 1905; 

t le Pannell, E. V., Copper and Aluminum Conductors, Elect. Rev. (London), 1912, 

t£: Vol. 70, p. 771, 815; Raphael, F. C., and Sparkes, J. B., Aluminum versus 
Copper for Low-tension Underground Networks, Elect. Eng. (London), 1910, Vol. 

cat’ Â, p. 749, and 1911, Vol. 7, p. 67. A more complete bibliography is given by 

ig tz. the U. S. Geological Survey in “Minerval Resources of the U. S.” Washington, 

e gu, Part I, p. 722. 
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AMMETERS. — (See also Balances, Current; Electricity and Magnetism, cra 
Principles of; Electrodynamometers; Galvanometers; Volimeters.) An ammetet v. : 

is essentially a galvanometer (q.v.) or electrodynamometer (q.v.) of rugged .-,- 
construction, provided with a pointer moving over a scale forming an integra .--, 
part of the instrument and calibrated to read directly in amperes. The moving -: . 


element is usually supported in jeweled bearings. A 


CLASSIFICATION AND USE OF AMMETERS. — Ammeters which -~ 
have found general commercial application may be classified as follows: k 
Moving-magnet Type, in which a permanent magnet or polarized vane is” 
caused to move under the influence of a winding which carries the current to 7 
be measured. The principle of operation is similar to that of a Thomson gal nid 
vanometer (see Galvanometers). The restoring force is usually a fixed perma: `- 
nent magnet. This type of meter measures average values and is therefore >>’ 
suitable for direct currents only. Se 
Soft-iron Vane (or Plunger) Type, in which a soft-iron vane or plunger is ` 
caused to move under the influence of a winding carrying the current to b 
measured; a fixed piece of iron may be included near the moving vane o S 
plunger, so magnetized with relation to the latter that either attraction or re 
pulsion between it and the vane or plunger takes place under the influence of ` - 
the current. The restoring force may be either gravity or a spring. This type ^ 
of meter measures effective (r.m.s.) values * and may be used for either alter- `- 
nating or direct currents, but such meters are subject to slight errors in the ^ - 
latter case, due to the tendency of the vane or plunger to hold its magnetism. Ed 
Thomson Inclined-coil Ammeter (Fig 1). — This is a moving-vane `: 
instrument, the essential features of which are shown in Fig. 1. The stationary ` - 
coil makes an angle of approximately 45 degrees with ) 
the shaft upon which the soft-iron vane is mounted. 
The vane, which is mounted on the shaft, also makes 
an angle of approximately 45 degrees with the shaft. 
When the pointer is in the zero position the plane of 
the vane coincides very nearly with the plane of the 
coil, being therefore nearly perpendicular to the mag- 
netic field which would be produced by a current in the Fig. 1. 
coil. When a current is sent through the coil the vane E 
tends to set itself parallel to the magnetic field, since by so doing the I* 7 
luctance of the path of the flux produced by the coil is diminished (see Electr ~ 
city and Magnetism, Principles of). The torque exerted on the vane by the ~- 
magnetic field is balanced by the opposing torque of the spring, so that for a del > 
inite value of the current through the coil the needle takes up a definite position. «i 
Moving-coil Type, in which a permanent magnet maintains a strong field” 
in a fixed location, and the current to be measured is sent through à moving ` 
coil, entering or leaving by springs that furnish the restoring force oF through i 
auxiliary spirals. The principle of operation is the same as that of a D'Ar : 
sonval galvanometer (see Galvanometers). This type of meter measures average ` 
values and is suitable for direct currents only. Precision d-c. ammeters a! ^ 
usually of this type. | 


+ Moving-vane or plunger instruments do not measure r.m.s. values exactly, on account 
of the lack of exact proportionality between the instantaneous torque and the square 
of the instantaneous current, but by careful attention to details in the design such 1%- 
struments can be made nearly perfect in this respect, so that all things considere , they 
are sometimes to be preferred to the dynamometer-type instruments. For preci 
work calibration of such instruments made with direct current should not be U i 
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xm Electrodynamometer Type, in which the effect of one conductor carrying a 
| kzCurrent moving under the influence of a fixed coil carrying the same current, 
m nand joined i in series ta the moving coil, is utilized (see Electrodynamometers). 
wi ;:In these instruments the restoring force is sometimes gravity, but is usually 
e due to springs, and the current is led into and out of the moving coil through 
these springs or through flexible conductors constructed to carry relatively 
NL currents and to have a minimum restoring force. This type of instru- 
us * ment measures effective (r.m.s.) values and may be used to measure either 
© altemating or direct currents. Precision a-c. instruments are usually of the 
x > dectredynamometer type. 
* Hot-wire Type, in which the expansion of a wire or strip due to the heat 
ps developed within it, caused by the current passing through it, is made to move 
a 4n indicating pointer, The “thermocouple” ammeter, described below, may 
*"also be classified as a hot-wire ammeter, although the principle of operation is 
quite different. Hot-wire meters measure effective (r.m.s.) values and are 
ce’ useful for both alternating- or direct-current measurements. 
Lit Induction Type, in which a metal cylinder or disk with pointer attached is 
n «used to rotate under the action of a rotating magnetic field, usually produced 
ic from a single-phase source by means of a phase-splitting device. The principle 
ve sc operation is similar to that of an induction watt-hour meter (see Watt-kour 
: Ê Meters), the motion of the moving element being opposed by a spring. This 
icc? type of instrument measures effective values and is suitable for alternating 
v «t^ Qrrents only and generally for only a limited range of frequency. 
iet- Thermocouple Ammeters. — For measuring small alternating currents, 
rz particularly when the frequency is high (5oo cycles per second or more), a 
Tu: thermacguple (see Pyromelers) may be used; the current to be measured is 
passed through a wire resistor (see Wires, Resistor) to which is soldered one 
o junction of the thermocouple, the free ends of which are connected to an am- 
d (or galvanometer) of any of the types noted above. The heating of the 
„a Wesistor wire sets up a direct current in the thermocouple circuit which, in 
"tum, depends upon the effective value of the current through the heater wire. 
x uU limitations and errors in the use of such meters are discussed at length 
| ina paper on High Frequency Ammeters in Scientific Paper, No, 206, Bull. 
Fe- Bur. Stds,, 1915, Vol. 1o. 

Other Types of Ammeters. — Successful instruments for special needs have 
is’ ben made that would not ordinarily be classed under the above headings, and 
^ other instruments might be referred to which combine in a single instrument 

as mare than one of the subdivisions. 
D Portable and Switchboard Instruments. — Switchboard instruments are 
z^ usually of more rugged construction than portable instruments and are some- 
om less precise in their indications. Portable instruments are provided with 
::füitable binding posts on their bases and are usually used in a horizontal posi- 
toa. Switchboard meters are usually provided with back connections and are 
„į Wed in a vertical position, In the so-called “edgewise” instruments the meter 
a mechanism is horizontal but the pointer is so designed that it registers on a 
ro’ Male in a vertical plane. 

Curve-tracing Ammeters. — A continuous record of current may be ob- 
tained by using an ammeter provided witha clock mechanism which slowly rotates 

tke ^a dhart (disk-shaped or mounted on a drum) or a continuous paper ribbon under 
NA end of the pointer which carries a pen kept continuously inked, The moving 
tin such meters is comparatively heavy since the deflecting force must 

great enough to overcome the friction of the pen and prevent “sticking.” 
i ^ METER SCALES. — A uniform scale is usually desirable in any kind ef 
Wter, and with permanent-magnet types such a scale is readily obtained, since 
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the deflecting torque is proportional to the current. In moving-vane, elects = 
dynamometer types and other types in which the deflecting torque depends upa ^ — 
the square of the current, very small deflections are obtained for low valusd © 
the current and the scale divisions are crowded for low values. dee 


DAMPING. — For ordinary purposes it is essential that the pointer of the . .. 
meter come quickly to rest. The moving coil of the moving-coil instruments e 
is usually wound on a light metallic frame (aluminum) which is mounted be- RU 
tween the poles of the permanent magnet, and a soft-iron core fills the ait ^" 
gap between the poles, other than that necessary to allow free motion of e ` ` 
coil. The result is that the metal frame moves through a very strong magnetic T 
feld and eddy currents are set up in the frame which effectually damp its motion. d 
Although it is not difficult to make the instruments perfectly aperiodic, it is ~~ 
seldom advisable to have as much damping as this, for a slight underdamping ` `. 
gives opportunity to observe at all times that the movement of the instrument "S 
is perfectly free. EE 

Magnetic (eddy current) damping or air damping by means of light vans ^ 
moving in a more or less perfectly closed air chamber is used with the other 7" 
types of instruments. a 


ELIMINATION OF EFFECT OF STRAY FIELDS. — Due to the low ` 
reluctance of iron compared with air, a soft-iron shield placed around the meter ` 
mechanism will prevent, at least to a large degree, any external magnetic field ~~ 
from producing any effect on the moving element of the meter. Many typ id 
of switchboard and portable instruments are thus shielded. Permanent-maguet "- 
instruments are affected by only comparatively strong fields. : 

Astatic Instruments. — Another means of avoiding errors due to stray a 
felds is by making the moving element astatic. The principle of this co i 
struction is to divide the moving element into two parts, so arranged that the 7: 
deflecting torque acting on the two parts due to the field of the instrument ate `~: 
additive, whereas any stray field will produce equal and opposite torques ot ~ 
these two parts. ies, 

Thomson Astatic Meters. — The Thomson astatic ammeters and ~: 
voltmeters are well-known instruments of this class. These instruments at eL 
also unique in that the deflecting torque and the controlling torque are both < 
caused by the same magnetic field. This field is produced by an electromagnet * t 
wound for any specified voltage and provided with binding posts separate from”: 
the current posts of the instrument, or by means of a permanent magnet. Two: . 
moving coils are mounted diametrically opposite each other upon an aluminum > 
disk. The disk and coils cut across the field which is directed parallel to the: . 
shaft carrying the disk. Two small pieces of soft iron are rigidly mounted 0 
the shaft, the magnetic field entering these pieces of iron radially, tending to.» 
hold the shaft and moving coils in their initial position. de 

When current passes through the coils of the moving element, the lines of 
force parallel to the shaft produce a torque which tends to turn the shaft and x 
cause the needle to travel across the scale. This action 1s opposed by the. ` 
magnetic field at right angles to the shaft acting on the two pieces of soft irot.. . 
The instrument has no controlling springs and smce both the deflecting and. 
controlling force are due to the same electromagnet, the accuracy is not affected. 
by changes in magnetic strength. These instruments are particularly suited to... 
service where very strong external fields ate present. 

USE OF SHUNTS AND CURRENT TRANSFORMERS. — (Se also. 
articles on Shunts; Transformers, Instrument.) "The current which may be let- 
into the moving element of an ammeter (moving-coil or electrodynamormete - 


yd te limited hv the current-carrying capacity of the springs or spec ead- - 
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10 amperes. To increase the range of such instruments, and also to avoid the 
" us of heavy conductors in the instruments, shunts or current transformers 
eC (the latter for alternating currents only) are used. Ammeters for use with 
NLE. eurent transformers are usually designed to take a maximum current of 5 
amperes, but their scales are {calibrated to read directly the current in the 
ep? primary of the transformer. 
s  Millivoltmeter Used as Ammeter. — Direct-current ammeters designed for 
kT: use with shunts are usually designed to carry but a very small current (usually 
(t: go2gampere). A non-inductive resistance, made of a wire resistor having prac- 
‘TS: tically zero temperature coefficient, is permanently connected, within the case 
*"z2 ef the instrument, in series with the moving coil. The combined resistance 
20°" e the moving coil and resistance coil is thus made large compared with the 
1X4 resistance of the shunt, and the error is not large for ordinary changes in 
uZ. temperature. The ammeter proper is then essentially a millivoltmeter (see 
th) Voltmeters) and measures the drop of potential through the shunt to which it is 
connected; the scale of the ammeter, however, is usually calibrated to read 
scl- directly in amperes for one or more standard shunts designed for use with it. 


Voltage Drop Across Shunts. — Shunts for use with direct-current am- 
meters of the moving-coil type are usually designed for a drop of 60 milli- 
fu: volts at full load, although for some special requirements, where the indicating 
vl? instrument must be located at a considerable distance from the shunt, double- 
| m drop shunts having 120 millivolts are used, and even higher drops are used to 
. ME meet very special requirements. For precision use with portable instruments 
mic the resistance coil is so designed that a drop of 200 millivolts is required for 

full-scale reading, the high resistance with zero temperature coefficient practi- 
; dz! Gly eliminating all temperature errors. 


ka> Use of Portion of Bus Bar as Shunt. — Sometimes the shunt is dispensed 
aig” with altogether and the millivoltmeter is attached directly to a portion of the 
it^ bus bar or main conductor. This arrangement is usually not desirable, because 
jt W the variation of temperature in the bus bar due to the current flowing through 
it causes larger errors than the variation due to changes in room temperature. 
in Some arrangements have been made to compensate for these, but are not very 
ntti generally used. 
w^ Voltmeter and Shunt for Measuring Alternating Currents. — An a-c. 
\¢* voltmeter with shunt is not in general suitable for measuring an alternating 
aX Current, since such meters are not readily constructed to read low voltages 
- and therefore a relatively large drop in the shunt would be required, also the 
pk f division of current between the shunt and voltmeter depends (1) upon the 
xt tnductances of the shunt and meter, (2) upon the “skin effect" (q. v.) in 
ly 1" the shunt. However, hot-wire voltmeters with shunts are sometimes used 
jy z for altemating-current measurements and are satisfactory at commercial 
frequencies, 


inv PRECAUTIONS IN USE OF PORTABLE AMMETERS. — The fol- 
i precautions, which in the main also apply to other portable electrical 
5 istruments, should be observed: 
‘Ammeters are subject to most of the errors which affect the accuracy of 
i voltmeters, but usually to a less degree; see article on Voltmeters. 
st" An ammeter should always be connected in series with the load. Never connect 
att” M across the mains. 

. Allcontact surfaces of nuts, terminals, etc., must be clean. ` 
$ Transformers and wires carrying heavy currents should be kept at a safe 
4,2 stance from all meters. 
ave’ Portable instruments should be always used in a horizontal position, unless 


i39 fcfically designed for use othetwise. 
"d 
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The tapping of the dial of the instrument before making a reading in order "^ 
to make sure that the moving element does not “stick,” is liable to do mor ~” 
harm than good. "n 

It is a good plan in testing to place a low-resistance shunt or short-circuit "^ 
block * or switch around the terminals of the meter and to connect a rheostat `- 
in series with it and the load. The plug of the short-circuit block should be ‘+ 
gradually withdrawn, or the switch gradually opened, and the needle of the =~ - 
ammeter watched to be sure that the current is in the right direction and ^"* : 
does not exceed the rated current of the instrument. TE 

A heavy short-circuit in nearby conductors, even though of extremely shot =: 
duration, is liable to demagnetize the magnet of a permanent magnet instnh z^ 
ment. After such a short-circuit the meter should be recalibrated, even though : .. 
the short-circuit causes no mechanical injury. 

Transformers and shunts are designed for use with any ammeter, but for vey -.. 
precise work the transformer and meter, or shunt and meter, should be cali- — :. 
brated together or proper corrections made by calculation; see below under 7 
Calibration of Ammeters and also the article on Watimelers. ey 

When it is desired to measure the average value of a pulsating current (eg, -, 
from a rectifier), permanent-magnet instruments should be used. i" 

Meters containing iron should not be used for a frequency differing largely | 
from that for which the meter is designed. For high-frequency measurements ` 
(above soo cycles per second), some type of hot-wire or thermocouple meter . _ 
should be used. Ordinary hot-wire instruments used with shunts, or so de | _ 
signed that two or more sections of the hot wire are connected in parallel, ae. 
liable to give incorrect readings at frequencies above 500 cycles per second. j 

Instruments containing iron are also subject to errors due to distorted cu- . ` 
rent waves; for precise work on badly distorted waves they should he compared 
with an electrodynamometer-type or hot-wire instrument, using the same current — 

in the comparison as that to be measured. k 


CALIBRATION OF AMMETERS. — The readings of two or more am . 
meters may be compared by connecting them in series with a rheostat (qv) : . 
and suitable source of e.m.f. An ammeter may thus be compared witha standard - 
meter, and a curve drawn showing the true amperes corresponding to the dial . 
readings. It is usually more convenient to plot the correction to be made to .. 
the reading against the actual reading. Corrections to be added to the reading -... 
are usually designated as + and corrections to be subtracted from the reading. 


>. 


Instead of using a standard ammeter, a standard millivoltmeter and a stand . 
ard resistor (see Resistors, Standard) may be employed for calibration on direct M 
current. The standard resistor is connected in series with the ammeter to bè ~ 
calibrated and the millivoltmeter is connected across the potential terminals ~~ 
of the resistor. Let V be the reading of the millivoltmeter in volts, R the te ` 


sistance of the resistor and r the resistance of the millivoltmeter and then the — 
current measured is ~ " 


I= F + . 
The last term V/r is usually negligible. 
An accurate and convenient way of calibrating an ammeter on direct current 
is to use a potentiometer (q.v.), when such an instrument is available. 
Calibration of A-C. Ammeters. — Alternating-current indicating instr. ~ 
ments whose deflections are independent of frequency and wave form whel - 


* For light testing two blocks of metal mounted on an insulating base with a tapered” 
hole between the two, into which fits a tapered metal plug, makes a convenient abort: 
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che calibrated on direct-current, indicate correctly effective values when used on 
"m alternating current, Electrodynamometer-type instrüments usually give read- 
A ings of equal accuracy on alternating or direct current at commercial frequen- 

.des and wave form. Eddy currents in the metal supports and conductors, 
: : however, may cause slight errors in some makes, even at commercial frequen- 
uo ” cies, and for high frequencies errors are liable to occur in all types unless special 
d ™ precautions are taken to avoid eddy currents., Soft-iron and induction-type 
Lud ammeters should be compared with an electrodynamometer-type meter which 


dit! V been previously calibrated on direct current. i 


-— PRECISION OF AMMETERS AND OTHER ELECTRICAL 
mz: METERS. — It is customary to express the accuracy of an electrical instrument 
me provided with a pointer and scale in terms of the per cent of full scale reading; 
— . le, calling 5 the full scale reading, e the maximum error of a single reading at 


mE point of the scale, as a fraction of a single scale division, then the percentage 


lee * ertor is p= = . Itshould be noted, however, that the scale feading is usually 
e bel: 

less than the full amount, and therefore, the error as a per cent of the actual 
sue reading will be greater the smaller the actual scale reading. On the other hand, 

the actual errors in graduating and reading scales are not as large at the lower 
fiii; part of the scale aS they are higher up, so that although the error as a per cent of 
news: the actual reading is greater the nearer to zero the reading is, this error is not 
cx: quite inversely proportional to the size of the deflection. 
yp; Again, the average error, expressed as a fraction of a single scale division, for 
ints Several readings taken at different parts of the scale will probably be less than 
prvi the error of a single observation expressed as a fractioti of a single scale divi- 
gia. S100, corresponding to the stated percentage error of the instrument: 
ili; From the above it is evident that any brief statement, of the accuracy of such 
pye? instruments, although carefully guarded, are apt to be inisunderstood, and may 

give an érroneous idea of the actual precision which is obtainable with the 

" intrument. Howevet, merely as an indication of the relative degree of precision 
H , olthe vatious types of meters, the following figures are given. Portable meters 
; M with a stated full scale percentage accuracy of o.5 per cent are readily obtainable 
i " from reliable makers, and when properly calibrated the readings may be relied 
,, ou to an accuracy of about 6.2 per cent of full scale deflection. The stated full 
0 ys Male percentage accutacy of switchboard instruments is usually not so good, 
to z< being about % to 1 per cent for a high-grade instrument and less for a cheap 
7 low-grade instrument, or one having a small scale with heavy divisions. | 


5 INSTALLATION OF SWITCHBOARD INSTRUMENTS. — The same 
se General considerations apply to all switchboard instruments, i.e., ammeters, 
gr Voltmeters, wattmeters, etc. Instruments previous to installation should be 
ii kept in a dry, cool place. Switchboard instruments should not be put in place 
jj; i" util all the work on the boards or in the vicinity of their location has been done 
„jë 9o that they may not be damaged by violent shocks. 

During shipment moving parts, etc., are sometimés blocked and instrüctions 
furnished with instruments by makers should be carefully followed in unpacking 
and assembling. : 

It is not customary to ground the cases of d-c. instruments or of a-c. instru-. 

__, Ments above 650 volts; these are usually protected by insulated covers, In- 
cit struments on secondary circuits below 650 volts are usually grounded. 


ae Determination of Capacity of Instruments. — In providing instrument 
aiit equipment for switchboard service the relation between amrneters, voltmeters, 
ei? wattmeters and the circuit conditions should be carefully considered so that 
4:4 Proper sizes may be provided. The size should be so chosen that 4 good indi- 
oe? Cation can be obtained under all load conditions, and at the same time the 


highest sustained loads can be accurately indicated. Ammeters or curet! 

coils of wattmeters should not ordinarily be arranged with shunts or current pit 
transformers having a smaller ampere capacity than the instrument scale. -. 
Where standard transformer sizes do not exactly meet requirements, it is some aan 
times advisable to use instruments having 4-ampere current coils on transformers uf 
with 5-ampere secondaries, in order to limit the maximum scale readings. Ths wx. 
expedient or other means of reducing the maximum wattmeter scale reading dnm 


may sometimes be employed with advantage in switchboard wattmeters whet : 
the power factor is low. 


REPAIRS OF INSTRUMENTS. — Most instruments in use at the pre - . 
ent time, both for portable and switchboard use, are constructed with the idea of en 
having their parts readily accessible for repair. Instruments, however, are a, 
usually, in comparison with other apparatus, very delicate, particularly with ud 
reference to the pivots and jewel bearings. Any extended repairs shoul, .... 


therefore, not be attempted unless equipment and experience suitable for the - 
work in hand are available. | 


COST OF AMMETERS AND VOLTMETERS. — The following figu... 
are approximate only, and should be used only as a rough guide. Shunts and -+> 


instrument transformers are not included; see articles on Shunis and Trons- ve 
formers, Instrument. oe. 


COST OF AMMETERS AND VOLTMETERS oe 


Type of instrument 


Moving-coil permanent-magnet type: 
Small instruments of cheap construction 
Small medium-grade instruments 
High-grade, large size 

Moving-magnet type 

Iron-vane type: 
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* Externa] shunts with low temperature coefficient for use with portable moving-coll 2 
millivoltmeters, reading 200 millivolts, cost as follows : à 
Ic-ampere shunt $r2—r5 200-ampere shunt $30-35 
So-ampere shunt ^ 20-25 500-ampere shunt 40-45 
i roo-ampere shunt 25-30 tooo-ampere shunt 60-75 * 
Multipliers for 300-volt voltmeters, giving full scale reading for both 600 and 1500 volts `- 
cost from $15 to $25. 


BIBLIOGRAPHY. — Jansky, C. M., Electrical Meters, N. Y., 1913; E^ ` 
trical Meterman’s Handbook, Published by Nat. Elec. Lt. Assoc., 1912; Tesini © 
Electrical Measuring Instruments, Cir. No..20 But. Stds., 1909; Dellinger, Lb 
H., High Frequency Ammeiers, Bull. Bur. Stds., I9r3, Vol. ro. 
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hus: AMPERE-HOUR METERS. — (See also Ammeters; Wattmeters.) Am- 
insti pere-hour or quantity (coulomb) meters may be divided into practically two 
mes: Classes, Le., electrolytic meters and electromagnetic or motor meters. They 
jsontat are used in this country chiefly for storage-battery work; small capacity ampere- 
lezatit: hour meters are also used, particularly abroad, as watt-hour meters, being cali- 
xe ak: brated in this case to read directly in kilowatt-hours at some definite voltage. 


mif ELECTROLYTIC METERS. — This type of meter is used extensively 

in Europe, but is rarely used in this country. The meter generally consists of 
nwet? some form of glass container or “U?” tube containing an electrolyte, such as 
dip: Water, mercurous nitrate or caustic soda. The action of the current passing 
is, ir through the solution decomposes it and since the rate of decomposition is pro- 
partic portional to the strength of the current, the deposit of metal or the number of 
| ri: Cubic centimeters of gas evolved can be calibrated to measure the quantity of 
siu Current. (See Electrochemistry, Principles of.) Such meters can also be used 
as watt-hour meters (q.v.) in which case they are usually calibrated to read 
., directly in kilowatt-hours at some assumed voltage. In some types the entire 
fll * current to be measured is passed through the electrolyte and in others the main 
è "7 current passes through a shunt and only a very small part of the current passes 
yt E through the electrolyte. In a satisfactory design of electrolytic meter the 

drop at full load does not exceed 144 to 2 per cent on a 200-volt circuit, and is 

accurate to within 2 per cent or better (depending on the design) at all loads 
L—— between 10 per cent and 150 per cent load. 


{© MOTOR METERS. — The essential parts of the motor ampere-hour 


. ss meter are the motor element, the brake- or speed-regulating device and the 
..— legister or gear train which records the integrated current passed through the 
| meter. The motor consists of an armature rotating in a magnetic field pro- 
. duced either by a permanent magnet or by an electromagnet. The meters are 
* generally arranged so that only a shunted portion of the current flows through 
i the armature and when electromagnet fields are used they are connected iz 
E series with the armature. The construction of these motors is otherwise similar 
| F to that of a watt-hour meter (q.v.). The commutator and other electro- 
| ,, magnetic types of motor meters are all designed with the idea of producing a 
-F device which will be cheaper and if possible more rugged than the ordinary 
"' watt-hour meter. The absence of a constantly excited “potential circuit" in 
the meter also avoids the constant loss of energy which takes place in such a 
E Grcuit irrespective of the load. In the motor meter the drop across the shunt 
F varies in meters of different manufacture from about 5o to 100 millivolts. ` 


js. Commutator Ampere-hour Meter. — The commutator type of meter in 
" Its simplest form consists of a permanent magnet for the fields and an armature 
p with three or more coils and a three- or four-part commutator. In some designs 
s the armature coils are mounted flat on an aluminum disk which in addition to 
" Supporting the armature coils produces the retarding or braking action in con- 
"" nection with the field magnet. In another design there is a stationary iron core 

between the poles of the field magnet and a drum armature rotating in the gap 

between the stationary iron core and the pole faces of the field magnet. No 
. braking device is used and the motor runs at a speed proportional to the im- 
à$ pressed em.f., taking only sufficient power to overcome the friction in the 

_ bearings and in the gear train. — | ; 

mie To compensate for friction at light loads a slight auxiliary potential is some- 
;^ limes maintained across the brushes by placing the brushes in series with a 
ex high resistance across the line or source of power. This arrangement is ad- 

justed so that the meter will not run with no current through the main shunt, 
59 but at light load the extra potential difference at the brushes will be sufficient 
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to speed up the motor enough to make up for loss due to friction of the different |^: 
moving parts. 


Oscillating Motor Ampere-hour Meter. — A special form of the electro | ^ 
magnetic motor meter differing from al! other designs is the oscillating meter. 
In principle, this meter is a clock which is controlled by the current. The hair 
spring of the clock is replaced by a disk carrying a few small iron wires. This 
special balance wheel is supported between two coils which carry the current |- 
to be measured or a shunted portion of it. The magnetic field from the coils |:- 
magnetizes the iron wires and in conjunction with the main spring of the clock }- 
causes the special balance wheel to oscillate at a rate proportional to the strength t>.: 
of the magnetic field and therefore proportional to the current passing through i.: ^: 
tbe meter. The movement of the clock is transferred to a registering mechanism 
geared to register ampere-hours, or kilowatt-hours at a constant voltage. 


Mercury Ampere-hour Meter. — The motor meter of the mercury typ [°° 
utilizes mercury to carry current to the armature, the mercury really taking the |5: 
place of the brushes and commutator of the ordinary direct-current motor. 
One form of the meter consists in principle of a copper disk or copper thimble 
armature mounted in jeweled bearings and immersed in the mercury. The 
current is led into the mercury chamber through suitable terminals and since _ 
mercury has about forty times the resistance of copper, the greater part of this “= 
current goes through the copper (approximately diametrically across the disk) ^^^ 
and out the other terminal by way of the mercury. This arrangement applies ~**: 
to meters with permanent-magnet fields. In case electromagnet fields ate X; 
used, the winding is generally divided in two parts on each side of the mercury 
chamber; also, since the driving torque is proportional to. the square of the 
current, a braking system must be used to produce a retarding force varying iy 
with the square of the speed, such as air or fluid friction. When this is done z, 
the rate of revolution of the armature when running at a constant speed is pro... 
portional to the current passed through the meter. Another method is ta usea i. 
compensating device to compensate for the increase of fluid friction with iw |» - 
crease of speed; this device takes some such form as an auxiliary coil, in series |, 
with the motor element, which produces a counter-flux reducing the flux «ut. |*'À 
ting and retarding the disk. 

The mercury motor meters utilize iron or in some cases moulded compound 
for the mercury well, and in the design care must be taken to provide mon 
spillable joints at the point where the spindle for the armature enters the mer- 
cury chamber and to design the magnet so as to insure permanence. All metal 
in the meters should be of such composition as not to be readily affected by 
mercury even though not in direct contact with it. 

The calibration curve of a mercury motor meter falls off rapidly below 20 
per cent load and also falls off rapidly for loads over roo per cent. Between 
these limits it is accurate to within 2 per cent or better, depending on the design. 


CALIBRATION OF AMPERE-HOUR METERS.— Ampere-hour meters 
are adjusted and calibrated as follows: 

Bleetrolytic Meters. — As noted above, in the modern types of electro 
lytic meters mercury is deposited in a glass tube or water is decomposed, the 
gases passing off in the atmosphere. In the first type a marked scale is placed 
beside the registering tube into which the electrolyzed mercury falls. This 
mercury is run back into the mercury reservoir after the reading is taken, by 
tipping up the cell which is hinged at the top and held vertical by a removable 
elip at the bottom. ‘To calibrate the instrument an ordinary ammeter may bé 
placed in series with it and the time that the current passes noted on a watch. 
In testing the types in which gases are evolved and pasa off into the atmos: 


lee; 


f d 
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noites Per division of the scale, which can be done with a graduated burrette. . Only 
the water is decomposed by the passage of the current. To renew the electro- 
lyte after the reading is taken at the end of a period, it is only necessary to add 


water. 
a l Motor Meters. — In testing motor meters several adjustments are necessary 
MEN since a shunt, a series-adjusting resistance and the gear train are involved and 
mà: B addition care must be taken to see that there is no excessive friction in any 
{ino of the moving parts. The general method is to use suitable standards and 
-— with a constant current througn the meter to time the revolutions of the arm- 
TE ature spindle over at least one-minute intervals, or preferably to determine the 
rast time with a stop watch for a certain number of revolutions. Knowing the shunt 
ye nes constant (ratio of total to shunt current) and the register or gear-train ratio, 
,u; Que speed at a certain current can be calculated and the shunt or adjusting 
ue resistance in series with the rnotot element adjusted to give the correct speed. 
' W^ To determine the accuracy for any set of readings the following formula can 


ASE be used, g 
aim (No. of rev.) X (meter constant) 

am = current. 
ME No. of seconds 


ina The “meter constant” is marked on each meter; it is the number of ampere- 
ttf? seconds per revolution of the disk. Meters of this type are not usually as 
d" accurate as modern induction and comrhutator types of watt-hour meters. 


T" 
s  WEIGHTS AND COSTS. — Electrolytic meters weigh from 3 to 4 lb. to 
pm 15 to 16 lb. Mercury meters of American manufacture weigh about 8 lb. 
ut exclusive of shunts. Electrolytic meters cost abroad from $4 to $5 each. 
fat ; Motor meters, of both the commutator and mercury types, are made in this 
nis country and sell for $25 to $30 for small capacities with shunt self-contained. 
‘aw: Above 200 and 306 amperes external shunts are furnished. These shunts | 
a range in price from $3 to $4 for 300 amperes to $25 or $30 for 3600 or 4000 


amperes. 


iat BIBLIOGRAPHY. — See Bibliography in article on A mmeter s. 
[L. T. RoniNsoN.] 
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ANGLES. — (See also Trigonometric Functions; Trigonometry.) Plane angles (JIM, 
may be expressed in degrees or in radians. The degree is arbitrarily taken as | 
Weoth of the plane angle about a point; the radian is defined as the angle sub- 
tended by an arc of unit length in the circumference of a circle having unit 
radius. The angle in radians subtended by any arc of any circle is 


arc 
radius 


Angle in radians = 


The relation between radians and degrees is ur 


1 radian = 57.30 degrees. , 
I degree = 0.01745 radians. qe 


Angle of Curvature. — In railroad practice the angle of curvature is the 
angle subtended by a chord 100 feet in length, the curve being the arc of a true ~~~ 
circle. The relation between degree of curvature D and radius of curvature Ris  -.. 


For D small, the chord is very approximately equal to the arc, consequently Rd 
under these conditions "Se 


rn 
: 5730 
R= > feet, s 

D ee 


where D is in degrees. The error involved in this approximate formula is less <1. 
than 2 parts in 1000 for D less than 10°, and to less than 1 per cent for D les xs. 
than 30°. (See also Railways, Location and Permanent Way for.) vu 

Solid Angles.— The solid angle at any point P subtended by any surface -` 
S is equal to the portion of the surface of a sphere of unit radius which is cut ~ 
out by a cone having its apex at the point P and its base coinciding with the — -: 
perimeter of S. The total solid angle about a point is then equal to 4T. ^: 
The unit of solid angle as thus defined is called a steradian. A solid angle of 


ax steradians is called a hemisphere and a solid angle of *. steradians is called 
2 


a spherical right angle. See table in Units and Conversion Factors. 
- [W. A. DEL Maz] 
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| In: ARC, ELECTRIC. — (See also Distribution Systems; Furnaces, Electric; Il- 
Tub lumination, Interior and Street; Lamps, Arc; Rectifiers.) An electric arc is an 
the ag: incandescent vapor bridge consisting of material electrically impelled from a 
le bats: negative to a positive electrode. A spark is also an incandescent vapor bridge, 
2is  butit differs from an arc, in not depending upon the electrodes for its material 
medium. The establishment of an arc requires the expenditure of energy for 
the latent heat of evaporation of the electrode and for the motion of the vapor 
stream. As no energy can be expended for these purposes until the current 
flows, an arc cannot start spontaneously. The following expedients are, there- 
fore, adopted to start arcs. 

(1) Bringing the conductors into contact with each other and separating 
them after the current has commenced to flow. 
. (2) Stressing the dielectric between the conductors until it breaks down elec- 
rati: trically and becomes conducting. 
ew (3) Using a subsidiary arc to furnish the initial vapor bridge. The first of 
CI. these methods is used in carbon-arc lamps and the last in the mercury-arc 

rectifier. 


CARBON ARC. — Until recently the only arc used for illumination was 
the arc between carbon electrodes, though at the present time there are several 
materials used, such as magnetite, mercury and the mixtures of various sub- 

qux stances with carbon. 


Crater. — The vapor column of the carbon arc, impinging on the positive 
electrode, raises the end of the latter to a very high temperature and vola- 
tilizes the carbon. The effect of this is to cause a hollow to be burned in the 
tip of the positive electrode. This hollow is called the crater. 


jr Temperature. — The maximum temperature of the arc cannot be measured 
d by direct means and the various estimates, which have been made, range from. 
, 3100 C. to 6000? C. Using Wien’s law connecting temperature and wave 
4 length corresponding to maximum radiated energy, Lummer and Pringsheim 
vbi“ found that this wave length was 0.7 u and the corresponding temperature some- 
ws where between 3750" C. and 4200? C., the latter figure being based upon the 
Mi^ assumption of black body radiation. | 7 
E . Sources of Luminosity. — The light of the arc is derived either from the 
wid vapor column or from a body heated to incandescence by the vapor column. 
In the old carbon electrode arc no special effort was made to utilize the 
luminosity of the vapor column, the incandescent spot or crater on the positive 
Xs carbon being relied upon for practically the entire light. For this reason the 
positive carbon was always placed above the negative in order that the crater 
might better shed its light downward. 
The flame arc, on the other hand, owes the greater part of its luminosity to 
the vapor column and very little or none to the heat of the positive electrode. 
Hissing. — When the crater is surrounded by the hot gases constituting the 
arc, the are is silent, but if the crater extends over the tip of the carbon and 
comes into contact with cool air, a peculiar hissing sound is evolved. 
Characteristic of Arcs between Carbon Electrodes. — 
A peculiarity of the solid carbon arc is that, with any partic- 


ular length of arc, if the current be increased, the difference g 

of potential across the carbons will decrease. This occurs > — 
continuously until a certain point, when in the open arc Ampens 

the voltage drops quite suddenly. If the current is still in- Fig. 1 


creased the voltage will again become steady at a much 
lower value, Between the values before and after the drop, the arc is unstable 


t, 
1 
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and hisses. The beginning of the hissing period is indicated by the dotted lin 
in Fig. 1, and the hissing continues throughout the lower part of the curve. 


The hissing point being absent in inclosed arcs, the curve for such areis .. 


quite continuous. 


Steadying Resistance. — In order to maintain a steady current in an electric 
circuit it is necessary that any decrease in the voltage across the terminals of 
the circuit shall produce a decrease in the current. Hence, as the arc charactet- 


istic shows an increase of current with decreasing voltage there must be placed . 


in circuit with the arc a resistance great enough to compensate for this tendency, 


if the arc is to be kept in a stable condition. The method of calculating the “= 


resistance required to maintain a stable arc for a given current is as follows: 


Let e = generator terminal volts = OE, 
? — arc terminal volts, 
x = resistance in circuit, exclusive of arc and generator resistance, 
f = current in amperes, 
then, since e 2 v 4- ix, 


the resistance x must be such that 


On the arc characteristic (Fig. 2) find the point P corresponding to the current 
$ and set off OE = e along the vertical axis. Then join EP and continue EP 
until it cuts the horizontal axis at X. The resistance x is 
then equal to tan Z EXO. If EX cuts the curve not only E 
at P, but at S above P, it would appear that the e.m.f. e 
could support either of two arcs. The point S, although 
affording a mathematical solution, is not physically possible, 
as it would involve an increase of voltage, producing a de- 
crease of current, as may be seen by moving EX upward, Amperes 
parallel to its original position. Hence the arc correspond- Fig. 2 
ing to P is the only one possible. If EX cuts the curve hot 
only at P, but at some point below P, say T, the same reasoning shows the 
arc at P to be unstable, while that at T is stable. 

For any point P, therefore, the arc is stable only if the line EX does not cut 
the curve below P. Hence, to find the proper value of the resistance %, fot a 
given current i, draw a line tangent to the arc characteristic curve at the 
point having the abscissa £, then x must be equal to or greater than the tangent 
of the angle made by this line with the axis of abscissas. 


Generator Voltage and Hissing Current. — 
Let E= generator voltage, 


V = potential difference between carbons just before current is in- 
creased to hissing point, 
J = maximum amperes which will not produce hissing 
D = drop in volts from silent to hissing, 
7 = rise of current from silent to hissing, 


Volts 
^9 


I ; D 
then E=V+7D or t= iyt 


Thus, if the generator voltage is great compared to the ate voltage, atid thete- 
fore the steadying resistance great, the rise of current at hissing will be less 


than when the voltage is small. 


aa 
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xii Resistance of the Are.— The relation between the drop of potential across 
5777 the arc and the current flowing through it depends upon whether the arc is in 
‘fot! the steady state corresponding to the current flowing or whether the current 

has been changed without giving time to the vapor column and electrodes to 
remis: accommodate themselves to the new strength of current. Let V be the drop 
the te of potential across a direct-current arc and A the current flowing. If the cur- 
ha fent be increased by a small amount dA for so short a time that it produces no 
mis effect upon the arc itself, it will be accompanied by a rise in potential differ- 
"es ence dV, and the ratio will be the resistance of the arc. This may be ac- 
is complished experimentally by superimposing upon the direct-current arc a 

small rapidly-alternating current and measuring the value of the alternating 

pd. and current. Unless a very high frequency (about 100,000 cycles) is 


z „dy : 
lar used, the ratio dA will be negative, due to the fact that the power factor of the 


arc is not unity for low frequencies and this ratio, therefore, does not represent 
the resistance (see Duddell’s papers in Bibliography). 


Back Electromotive Force of the Arc.— The product of the direct current 
of an arc and its resistance, measured as described above, is the ohmic drop in 
the atc. This is usually less than the actual p.d. by 7 to 15 volts, which repre- 
sent a back electromotive force. This back electromotive force really consists 

tott? of two, the larger near the positive electrode, opposing the flow of current, and 
luu? the smaller near the negative, helping the flow. By varying the direct current 
carried by the arc, the back e.m.f. is not noticeably affected, but the resistance 
tends to become infinite for very small currents, and small for large currents. 
A variation in the length of the arc between solid carbons produces no effect 
iN’ upon the back e.m.f., whereas with cored carbons the back e.m.f. decreases 
*. with increase of length. The value of the back e.m.f. depends upon the make 
—~ of carbons employed. In his experiments which established the existence of a 
pet — true back e.m.f. in the arc, Duddell used an alternating current of about 1 per 
Fy! Cnt of the strength of the direct current and having a frequency of 100,000 
~ per second. i l ; 


ARC AS TELEPHONE RECEIVER. — A direct-current arc may be used 
as a telephone receiver which can be clearly heard in a quiet room at a dis- 
tance of 10 or 12 feet. The arrangement of appa- 
pr Talus, which gives the best results, is shown in Fig. 3, R L 
poy mhich is Duddell’s improvement of the H. Simon 8 = 

circuit. In Duddell’s experiments AB was a solenoid f 
about 3o cm. long, wound. with about rooo turns of E 
No. 18 D.S.C. wire and having an iron core of about 9 
15 mm. diameter. Six hundred turns of the solenoid g umm 
at were connected to the microphone M and battery Fig. 3. 
B and four hundred to the arc and condenser C. Àj 
The arc was between cored carbons of rz to 13 mm. diameter separated 20 to 30 
mm. and took ro to 12 amperes. The condenser capacity was 2 ar 3 micro- 
farads. The resistance R was the usual ballast resistance and the choke coil Z 
served the purpose of confining the telephonic currents to the arc circuit. - 


ARC AS A TELEPHONE TRANSMITTER. — The arc may be used as 
a telephone transmitter, but it is unsatisfactory on account of hisses and splits 
jk due to the irregularities of the carbons and to the access of air to the crater. 


gr The arrangement of circuits is shown in Fig. 4, the apparatus R, Land C being 
the same as in the receiver circuit. — | : ! 
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MUSICAL ARC.—A direct-current arc of suitable length and curen: :: 
between solid carbons will give a musical note, if it be shunted with a con E 


R L Ammetep 


Cees 


D.C. Genoraton 


Fig. 4 Fig. 5 


denser in series with a choke coil, as shown in Fig. 5. The pitch corresponds ` 


to the periodic time Oo 
T=2 mV LC, 


where 
C = capacity of‘condenser, farads, 


L = inductance of choke coil], henrys. 


The choke coil must not have an iron core, or the hysteresis and eddy currents 
will destroy the effect. A closed circuit, such as a ring of wire placed near the 
inductance coil, has the same effect. Further details of the musical arc are 


given below. 


THE ARC AS A SOURCE OF HIGH-FREQUENCY CURRENT. — 
The musical arc owes its pitch to the action of the arc in transforming a part of 
the direct current into alternating current, the frequency of which can be varied 
between very wide limits by altering the self-inductance and capacity with 
which it is shunted. The inclosed arc works just as well as the open arc. In 
some of Duddell's experiments, the alternating current through the condenser 
circuit was as large as 5 amperes. Only condensers suitable for high voltages 
should be used, as, although the arc p.d. may be quite low, the condenser p.d. 
rises to several hundred volts. Alternating currents of frequencies of from 
soo cycles to 500,000 cycles per second are easily obtainable. 

Arcs between solid carbons always work well as converters, while those be- 
tween cored carbons will not work under any conditions. In fact the general 


i dV 
conditions under which the arc works as a converter are that di must be nega- 


tive and numerically greater than the resistance of the condenser circuit, eZ- 


clusive of the condenser itself. The expression : should be taken as referring 


to small instantaneous cbanges of the arc voltage and current. 

Fig. 6 shows a means of operating several arcs together so as to obtain & 
greater output than would be possible with a single arc. 
Direct current is supplied to the arcs from the mains, 
through the choking coils Z; and Lz, the ballast resistance 
R, and Kz and ammeters 41 and Az. Alternating current 
is delivered by the arcs to the circuit containing the capac- 
ity C and inductance L. 


1 come 
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z with an asbestos shield, one foot in diameter. The operators worked with 
, asbestos masks and aprons and dark-colored eye glasses. While this sufficed 


to shield them, other workers some distance away became temporarily blind 
a few hours after exposure to the glare. 

Direct current was used, the carbon electrode being connected to the posi- 
tive and the steel to be cut to the negative feeders. The current was varied by 
means of water rheostats, the voltage at the tool varying between 45,and 60 
volts. The current varied from 250 to 400 amperes per tool for burning off 
rivet heads and light section plates and from 600 to 800 amperes for burning 
plates 4 inches thick. The best results were obtained with 40 volts, 600 am- 
peres and a 44-inch to 34-inch arc. A fair day’s work (8 hours) removed 300 
rivet heads, although a record of 350 was reached. In the same time 4 feet 
6 inches of 4-inch plate could be burned off. (H. Japp, Proc. A.S.C.E. 1909, 
Vol. 35, No. 9, p. 1230.) 

Portable plants, consisting of a gasoline engine driven generator of about 
25 kw. capacity, mounted on a truck, are now in use for wrecking buildings. 
Such an outfit is capable of burning off a 15-inch I-beam in 20 minutes, using the 
full-rated output of the generator. 

The same apparatus is used for filling blowholes in castings. The casting 
must be heated to a dull red heat before the arc is applied, in order to avoid 
strains due to local expansion. The heat of the arc may be applied not only 
as above described, but also by deflecting an arc between two carbons against 
the casting by means of a magnet. In either case, the filling metal is intro- 
duced into the arc and allowed to flow into the blowhole. 


BIBLIOGRAPHY. — Ayrton, Hertha, The Electric Arc, London, Dud- 
dell, W. d'B., E.m.f. and Resistance of Arc, Inst. El. Eng., 1901, Vol. 30, 
P. 232, Trans. of Roy. Soc. Series A., 1904, Vol. 203, pp. 305-342; Simon, H., 
The Arc as a Telephone, Ann. Physik u. Chemie, 1898, Vol. 54, p. 233; Solomon, 
M, Electric Lamps, N. Y., 1908. 

[W. A. DEL Mar.) 
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AUTOMOBILES, ELECTRIC. — (See also Batteries, Storage, Alkaline 
Type and Lead Type; Batteries, Storage, Applications of.) ‘There are two types 
of electric automobiles, namely the battery car and the "'gasoline-electric" 
car. The former type carries a storage battery from which energy is delivered 
to the driving motor; the latter type carries no battery but electric energy is 
supplied to the motor by a small generator which is itselí driven by a gasoline 
engine, The battery car only is discussed in this article. A battery car is 
commonly referred to as “an electric," regardless of whether it belongs to the 
passenger or the commercial class. 


HISTORICAL DEVELOPMENT. — The first battery-driven automobile 
in this country was built by Fred M. Kimball in Boston in 1888. This machine 
had 6 cells of lead storage battery and could travel ro miles on good roads at an 
average speed of 5 m.p.h. In 1891 there was exhibited at the Mechanics’ Fair 
in Boston an electric surrey built by the Holzcr-Cabot Electric Co. Little more 
was done in the development of electrics until about 1900, when various makes 
of electric pleasure cars and trucks began to appear. By 1903 a brisk business 
in electric vehicles had sprung up. Some of these early machines were failures, 
due either to poor mechanical construction or to crude operating methods 
which failed to give reliable service. The only batteries then available were of 
comparatively heavy types, such as had been used previously in stationary 
service. The battery situation was soon met by the battery manufacturers in 
the grid type of pasted lead plate. The Edison battery was first placed on 
the market in January, 1905. But the electric vehicle business did not assume 
large proportions until about 1910, when the electric light companies in the 
large cities began to look toward vehicle charging at night as a possible soutce 
of load for increasing the load factors of their systems. With the stimulus of 
the lighting companies the business began to develop rapidly, there being 37 
manufacturers of electric vehicles in this country in 1913. It is estimated that 
at the close of 1913, there were 25,000 passenger and 10,000 commercial electrics 
jn use in this country. (A. Williams.) 


APPLICATIONS OF ELECTRICS. — The three types of vehicles which 
are at present available for urban street haulage are the horse-drawn wagon, 
the gasoline motor car and the electric battery car. In comparing these three 
types for use in any given service, the chief factors to be considered are relative 
speed, distance between stops, length of stops required by the service, expense 
per vehicle and reliability (1.e., number of days per year upon which the wagon 
can be depended for operation). The first three of these factors may be deter- 
mined by trial or by observation. 

In considering the matter of speed it should be remembered that with motor 
cars the wear and tear on the machine increases approximately as the square of 
the speed, so that the speed should be such as to give minimum cost of service. 
The last two of the above factors, namely expense and reliability, can be abso- 
lutely determined for any set of operating conditions only by several years of 
use of each type of vehicle. It is possible, however, to closely estimate the 
“expected” values of expense from the experience of others in similar kinds of 
work. See section below on Costs. 

The electric truck has found its widest commercial application in city services 
where the hauls are of moderate length, say from two to ten miles. For very 
short hauls where the standing time of the wagon is a large proportion of the 
working time, so that the work per day of each delivery unit is not largely in- 
fluenced by the speed of the unit, the horse-drawn wagon» can perform the 


work cheaper than an electric truck. For the so-called *long hauls" the gaso- 
ee | ALnenl ennbkd he ernected to wark tan hattar edee^etocn than an electric 


& 
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truck because of highet running speed or greater distance capacity ih a day, 
ipa orboth. The rated values of speed and distance on a single battery chatge for 
aris: tepresentative line of electric trucks ate given in Table V below. The effect 
inde Of hills or poor pavements would be equivalent to a decrease in the rated values 
piè of both speed and mileage. Systems of operating in which discharged bat- 
dag teries are exchanged for charged batteries during the day in order to increase 
«ig the mileage capacity beyond the rated value have been used with signal suc- 
lg; css in a few instances, but in general such a system is not sufficiently flexible to 
belugti meet required conditions. 


DESIGN. — The necessity of producing cars which would travel at moderate 
jait speeds with a low rate of energy consumption has forced the designers of electric 
Ths: automobiles to use equipment which would meet this requirement, even though 
gk: 12 SoMe instances less efficient equipment would cost less or might wear longer 
than that used. Thus tires of low-energy consumption, batteries with large 


a capacity per unit of weight and “non-ftiction” bearings in transmission and 
ait axles are uséd almost universally. Consequently an électric automobile is 
iiis essentially a high-grade machine, for any sáctifice in equipment GHeCUy influ« 
yik 008 the operating qualities. 


igs Weight and Speed. — In the design of an electric battery cat the two pri- 
Wee tary features ate the total weight and the speed under normal conditions. 
‘agi: — In special cases a car may be built to meet unusual requirements of distance 
dure traveled per charge, in which case either the speed or weight müst depart from 
45: the limitations of common practice. Any decrease in the total weight of the 
ite car will result in an increase in either speed or distance capacity or both; or if 
Qs; the weight is brought back to the original value by the use of additional battery 
urs Capacity, the speed or distance may be still further incteased. This has béen oné 
umi Of the chief considerations leading to the universal adoption of lighter batteries, 
qe Such as the Edison and “thin” pasted lead plate, in place of the “standard” 
im: pasted lead plate batteries which were extensively used a few years ug. Gen- 
ier eal practice as regards weight and speed for various types of electric auto- 
mobiles is indicated in Table I. 


ist TABLE I.—SPEEDS AND WEIGHTS OF ELECTRIC AUTOMOBILES 
at 


dst Approximate Approximate Weight 
"TS Class of car or rated capacity: of weight in lb. speed in allo ids " 
gd truck including |. miles per fot bod i š 
the empty body hour y, Ib. 
2-passenger runabout 2,200 15 to 25 : 
ar ?-passenger Victoria 2,400 I5 to 21 
g^ | 2 passenger coupé 2,600 15 to 20 
"E 4-passenger brougham 3,000 I4 to 18 
ps 1,000-lb. truck 3,500 I2 to I4 
Jy 2,000-lb. truck . — 4:500 10 to 12 
ipit 4,000-Ib. truck 6,000 8 to 10 
qx 7,000-lb. truck 8,500 6.5to 8 
i 10,090-] b. truck 9,800 6to 7 
fe? 12,060-]b. truck 11,300 6 to 6.8 
"TU * Recommended by Commercial Vehicle Conimittee of Auto. Chamber of | Com. 


a (formerly National Assoc. of Auto. Mfgr., Inc.), March 4, 19ra. 


Af Ten data for a representative line of electric trucks are given in Table V 
P ow. 
n 
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Load Efficiency. — By load efficiency of a motor truck is meant the 
ratio of the load on the machine to the gross weight of the machine, including 
chassis, body and load. Thus, from the above table, a representative value 

10,000 
10,000 + 9500 
= 0.51. The rated load efficiencies for gasoline trucks of large capacity, 2 tons 
or more, are practically the same as the values for electric trucks, but small 
capacity gasoline cars of good design may have a rated load efficiency as high 
as 30 per cent as compared to about 24 per cent for electric cars with the cus- 
tomary lead battery equipments. 


Motors. — Four-pole series motors are now used almost exclusively for 
electric automobiles. In the majority of cases but a single motor is used on 
each vehicle. The field coils are usually arranged in two groups which may be 
connected first in series and then in parallel. All manufacturers do not rate 
their motors on the same basis, but good practice is indicated by that of the 
General Electric Co., whose motors will carry their normal rated load continu- 
ously with a maximum temperature rise of 65° C. above the surrounding air at 
25? C. or will carry 242 times their rated load for 1 hour with a maximum tem- 
perature rise of 75? C. Ratings are based on bench tests, so that when the 
motor is installed in a car the overload capacity is usually increased due to the 
improved ventilation. Large overload capacity is necessary to meet severe 
street and grade conditions, and unusually good commutating characteristics 
are required. 

An automobile motor must also operate satisfactorily over a considerable 
range in the voltage furnished by the battery in the charged and discharged con- 
ditions. The motor speeds which are used with single reduction drives range 
from 750 to 1000 r.p.m.; the speeds which are used with double reduction drives 
range from 1000 to 2000 r.p.m. 


Number of Motors. — All electric passenger cars and most electric 
trucks are now being equipped with a single motor. It was formerly common 
practice to use two motors on the larger trucks on account of flexibility in con- 
trol, but a single motor is now being used on account of space limitations, 
saving in weight and better electrical efficiency. The peculiar construction of 
the Couple-gear (see below) equipment requires a departure from this practice. 
Otherwise, either two or four motor equipment is used now only when unusually 
' high tractive effort is required. 


Motor Characteristics. — Along with the tendency during recent years 
to standardize battery equipments at 40 to 44 lead cells and 60 Edison cells, the 
tendency among motor manufacturers has been to develop a line of motor 
frames, for each of which two windings could be provided. Thus an 8o- or 85- 
volt motor is usually installed with a 40- to 44-cell lead battery and a 6o-volt 
motor with a 6o-cell Edison battery. The windings are so proportioned that a 
motor has approximately the same speed and torque at both voltage ratings. 
This development has made it unnecessary to alter either the motor suspension 
or the mechanical transmission system in changing a car's battery equipment 
from lead to Edison or vice versa. 24-, 36- and 48-volt motors can also be 
obtained. 

The characteristic curves for a typical Westinghouse motor with the 6o-volt 
and 8o-volt windings are given in Figs. 1A and 1B. The relatively small change 
in efficiency for overload with the field coils in parallel is noteworthy. The 
“torque ratio ” of this motor, i.e., the ratio of torque at 2% times rated cur- 
rent to torque at rated current, is approximately 5 with, both windings. 

The following table gives a partial list of General Electric automobile motors 
with their normal ratings. 


for the rated load efficiency of a 5-ton capacity electric truck is 
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Fig. 1. Characteristic Curves of Typical Automobile Motors 


TABLE II. — RATINGS OF G.E. AUTOMOBILE MOTORS 


Rated Rated Speed, Approximate 
volts amperes r.p.m. weight, Ib. 


Designation 


G.E. 
G.E. 


G.E. 
G.E. 


G.E. 
G.E. 


G.E. 
G.E. 


G.E. 
G.E. 


G.E. 
G.E. 
G.E. 
G.E. 
G.E. 


Before recommending motor equipment for automobile service the motor 
manufacturers usually require that the purchaser submit data upon the weight, 
S battery, wheel dimension, etc., for the car on which the motor is to be 


Size of Motor Required. — In selecting the size of motor the voltage 
should be chosen on the basis of 1.9 volts per cell for lead batteries and 1.0 volt 
per cell for Edison batteries. The average discharge voltages of both types of 
batteries at their normal rates are higher than these values, but it has been 
found desirable to install motors on the basis of these values so that at high 
rates of discharge the terminal voltage may not fall too far below the rated 
motor voltage. : 
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The current rating of the motor (and also of the battery) shduld be approsi- 3 
mately the value of the current required to drive the car at the rated speed on, 
hard level asphalt. The current input into a vehicle motor when drivinga . .. 
car at constant speed is given by the expression 


where v= speed of car in miles per hour, 
W = total weight of car and load in tons, 
f = car resistance in pounds per ton of total car weight, 
E = motor terminal voltage, 
€ = over-all efficiency of motor, controller and transmission. 


The value of e at the rated speed is the product of the efficiencies of motor 
and transmission, usual values falling between 60 and 75 per cent. For value of 
r see next paragraph. 


Car Resistance. — The car resistance depends upon the following con- 
ditions: speed, grade, diameter of wheels, load per square inch of tire contact 
or per inch of tire width, construction and composition of tire, method of at-  ., 
taching tire to wheel rim, and road surface. The effect of speed is to changer 
in a manner dependent upon the type of tire, the value of r having a minimum _ 
usually at a speed between 6 and 10 m.p.h.; air resistance varies approximately '. 
as the square of the speed and need not be considered for speeds of less than 20 l 
m.p.h. The effect of up-grades is to increase r by 20 lb. per ton for each per 
cent grade. The car resistance with pneumatic tires on hard, level asphalt is 
given by Churchward (Soc. of Auto. Eng. Handbook, 1913) as ranging from 15 
Ib. pet ton for special tires designed for electric runabouts up to 35 lb. per ton 
for the standard type of tire used on gasoline touring cars; the résistance is 
greatly affected by the air pressure, increasing rapidly as the air pressure is 
reduced. Churchward also gives the car resistance with solid tires on hard 
level asphalt as ranging from 18 to 26 lb. per ton. Other tests have shown a 
car resistance of 3o lb. per ton for a small capacity electric truck equipped 
with solid tires (El. W., May 17, 1913, Vol. 61, p. 1040). 

Effect of Road Surface. — Two sets of values of relative cat resistance 
on various level road surfaces as compared to the value on hard, level asphalt 
are given in the following table. One set of values is given by Churchward in 
the Soc. of Auto. Eng. Handbook (1913), and the other set is based on tests con- 
ducted at the Massachusetts Institute of Technology in 1913 (El. W., May 17» | 
1913, Vol. 61, p. 1040). 


TABLE IJI. — RELATIVE VALUES OF CAR RESISTANCE 


f=’ 


Road surface Churchward M.LT. 
Asphalt, hard 1.0 1.0 
Wood. block 1.15 I.I 
Macadam I.I5 to 3 1.15 
Granite block 1.75 2.0 
Dirt road I.I to 2.0 s. Moi 
Brick . | | | | | | | .......... I.4 
Snow, packed MOTOREN 1.3 
Snow, fairly hard, without grips eua iva , I.7 
Snow, fairly hard, with grips We 1.9 
Snow, soft, about 3 in. deep eo. 2.1 
Sand 2n 
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Hie Transmission Systems. — The transmission systems between motor and 

77 wheel which are in common use may be grouped in two classes, known as the 

"57. “chain” and the “shaft” or gear drives. A single-speed reduction is used in 
afew makes of cars, but a double reduction is used on a majority of machines. 
If the first reduction is made by chain and the second by gear, or vice versa, the 
transmission system is usually designated according to the means employed for 
the final reduction; e.g., if the final reduction is accomplished by a chain, the 
System is referred to as a chain drive although the first reduction may be by 
gears. 


í Chain Drive. — With chain drive the motor is mounted transversely 
and a double-speed reduction is used almost without exception. The connec- 
tion between motor and countershaft is usually by silent chain (Morse or 
Reynold type, see article on Chains and Chain Drive), although spur and her- 
ringbone gears are also used; see article on Gears and Gearing. The fina? drive 
. isusually by roller chain, either (a) between countershaft and differential in the 
ic rear axle, or (b) between countershaft and a sprocket on each of the rear wheels. 
att- Chain-driven passenger cars are usually equipped with (a) and chain-driven 
U*. commercial cars with (b). The chain method of drive possesses the advantages 
3:7 of low first cost and ease of adjustment; its disadvantages are noise, rapid 
i= wear due to collection of dirt unless properly housed, poor efficiency when not 
xo properly adjusted, and unequal wear on the two sides of the car. The chain 
¿=> drive has been losing favor during recent years among both designers and 
ité ^ operators. 

Shaft or Gear Drive. — With shaft drive the motor is usually mounted 
lengthwise of the car, and either a single- or double-speed reduction is used. For 
single reduction both bevel and worm gears are used as the connection between 
,,. Propeller shaft and differential in the rear axle. For double reduction the motor 
„c B usually connected to the propeller shaft by spur gear, herringbone gear or 
yer ‘Silent chain, and the propeller shaft is connected to the differential by a bevel 
> Ear. The propeller shaft is usually fitted with universal joints. The shaft 
drive has become very popular in passenger cara because it runs quieter than 
..  ¢hain drive, and because it can be easily protected from dirt by housing. The 
T — shaft drive has the disadvantage of greater weight below the springs than in the 
*^ case of the chain drive, which tends to increase the wear on tires. 


Worm Drive. — There has recently been a. decided tendency among de- 
i: signers of passenger cars and light trucks to use the single-reduction worm gear 
instead of the double-reduction bevel or chain arrangements, the advantages 
claimed for the worm being better transmission efficiency and less trouble from 
F adjustment. 


Walker Balanced Gear. — In the trucks built by the Walker Vehicle 
Co. the motor is built into the rear axle, which is made hollow and of a sufficient 
diameter to contain the motor. The armature shaft is also hollow, so that the 
drive shafts may extend through from the sockets of the differential to the 
| center of each rear wheel. The wheels are driven by a spur-gear reduction 
| mounted inside the wheels. The wheels have steel-plate sides instead of spokes, 
| so that the gears may run in oil and are thoroughly protected from dirt. 


Couple-Gear Wheel. — A device built by the Couple-Gear Freight 
Wheel Co. has the electric motor mounted inside the wheel. The motor arma- 
ture carries a pinion on either end which engages with a gear rack on either 
side of the wheel. The sides of the wheels are dished steel plates. These 
wheels are being used on both front-wheel-drive and four-wheel-drive machines 
Being located in the wheels, they do not interfere with the uae of the ordinary 
steering knuckle arrangement. 
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“ Differential " or Differential Gear. — All cars equipped with a ` 


single motor have a differential gear to permit the transmission of power from 
motor to both wheels and yet permit the 


wheels to revolve at different speeds. The "ls 

working parts of the bevel-gear type of dif- : zm 
ferential are indicated in Fig. 2. The large D ZI A 
gear D is driven by the pinion S on the AE a 


propeller shaft. Mounted within D and 
carried on spindles in the plane of D are 
four small bevel pinions P (only two are 
shown in the figure). Bevel gears G and 
G', attached to the ends of the axle shafts, 
mesh with the pinions P. Thus if G is 
stationary or presents greater resistance 
than G’, the pinions P will roll over the 
surface of G and also upon their own 
spindles, turning G’. If the resistance of 


both wheels is the same, the pinions P will not revolve on their spindles and the 
gears G and G’ will be revolved at the same speed. (Description abstracted from 
the Electric Vehicle Handbook, by Cushing and Smith.) 


Efficiency of Transmission. — (See also article on Gears and Gearing.) 
Beaumont gives the following figures on the transmission efficiency of different 
types of automobile mechanisms. 


Efficiency, 


Source of loss of power 
» per cent 


One chain, and one and one-half pairs of bearings................ 89.5 
One set of gears, two pairs of bearings........................... 2 82.0 
One set of gears, equivalent of two chains, three pairs of bearings. 74.0 
Two sets of gears, four pairs of bearings......... E E EE 70.0 


The following figures, given by F. Burgess (Trans. Soc. Auto. Eng., 1912, 
Vol. 7, Part 2, p. 196), are the results of an efficiency test of a straight type 
worm and worm gear for rear-axle drive of electric automobiles. The worm 
gear was made of phosphor bronze and had 39 teeth; the worm was made of 
case-hardened steel and had 4 threads. 


—— M —M——————— M MÀ —— —Ó———— aa 


Temperature . 
R.p.m. of et worm Input, trans. Output, Efficiency, 
* gear, 
worm op. dyn., h.p. _ brake h.p. per cent 
1393 74 1.64 1.03 61.2 
1416 86 3.41 3.17 93.2 
1370 go 5.48 (5.13 93.7 
1389 94 6.72 6.24 93.0 
1400 108 9.43 8.5 90.2 


Batteries. — There are three types of batteries in general use in electric 
vehicles, namely, the pasted lead, the “TIron-clad” lead, and the Edison. The 
performance characteristic (except life) of the first two are identical and are 
described in the article on Batteries, Storage, Lead Type; the characteristics of 


41L.1222 


LL. Tenn hatterv are deecrbed in the artiela a= D-n. ° 
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Type. The desirable characteristics of a battery for vehicle service are given 
qwir in the article on Batteries, Storage, Applications of. 
Ta Number of Cells; Number of Plates. — Practice among electric 
automobile manufacturers is rapidly becoming standardized upon the installa- 
tion of 40, 42 or 44 cells of lead battery and 60 cells of Edison battery in both 
passenger and commercial classes of cars, as these numbers permit of charging 
from a 115-volt circuit with minimum loss in the rheostat. The exceptions are 
chiefly in the lower-priced pleasure cars in which from 24 to 38 lead cells are 
sometimes used, and the small capacity delivery wagons in which 48 Edison 
cells are commonly used. A 24-volt battery is usually used on industrial 
trucks. For a given watt-hour capacity a battery of a small number of cells 
is cheaper to buy and maintain than one of a large number of cells, but is 
more expensive to charge from constant-potential d-c. mains on account of 
theostat losses. | i 

As pointed out above the rated current output of a vehicle battery for 4 

hours should not be exceeded by the current required to drive the car at rated 
speed on hard, level asphalt (see section above on Size of Motor). Thus when 
-the current under these normal conditions is known, the number of plates per 
nist cell can be determined from a knowledge of the discharge rates of the various 
w^" types of plates which are under consideration. For A-type Edison batteries 

the normal (s-hr. rate) is 7.5 amp. per positive plate; conservative designers 
«s use this rate in applying batteries rather than the value of 9.5 amp. which could 
dis — beobtained for 4 hours. The discharge rates per positive plate of 534 by 856 in. 
for 4 hours and for the so-called “normal” times of discharge for the types of 
vehicle batteries made by the Electric Storage Battery Co. are given in the 
accompanying table. 


* Normal ” discharge 


Amperes per 
positive plate 
discharged 

during 4 hr. 


" Type of plate | Amperes per 
Time, hours positive 
plate 


2 It will be noted that the above rule of installing a battery whose 4-hour dis- 
charge rate is approximately equal to the current required for running at rated 
speed under good street conditions will furnish a minimum practicable Battery 
capacity, and that this capacity may have to be increased-materially in order 
— that the car may meet the necessary mileage requirements when operating on 
grades or poor roads. There is a tendency among electric car manufacturers 
to recommend battery equipment for given conditions which is much more 
liberal than they recommended a few years ago. 


Construction of Battery Box. —In passenger cars a tight wood-lined 

. Compartment is usually supplied for carrying the battery. In commercial cars 

— the battery compartment is also wood lined, and provision is commonly made 

; for ventilatioa to facilitate charging ia warm weather. The details of a 
f; typical underslung battery box are shown in Fig. 3. With this construction . 

|j; Strips may be laid in the spaces between the floor boards in order to make the 

si Compartment entirely inclosed, as is frequently desirable in cold weather. A 
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tight covering should be provided with an underslung battety box to prevent. 


dirt and water falling upon the 
battery from the tloor of the 
car 


Controllers. — Controllers 
are usually of the drum type 
with two running positions, 
known as the "'field-series" and 
the "'feld.parallel" positions. 
The motor field coils are arranged j ana 
in two groups for connection 1 Bpass Fior Bonus COMPARTMENT DOOR 
either in series or in parallel. Fig. 3. Typical Underslung Battery Bor 
The cells of the battery are con- 

nected permanently in series. In starting, either 2 or 3 resistance notches at 
used before the "field-series" notch is reached. A shunt on the fields is fre- 
quently used between the ''field-series" and the "*field- parallel" notches: Fot 
normal full-speed running the two groups of field coils are in parallel. An 
emergency speed is obtained by shunting a resistance around the fields when 
connected in parallel. It was formerly customary to split the battery into two 
groups which could be operated in series-parallel in order to obtain 4 econom- 
ical running speeds, but trouble was experienced from the unequal discharge 
of the two halves of the battery. In the magnetic type of control which is 
used to some extent in passenger cats the changes in connection are affected 
by relays operated by an auxiliary electric circuit. Some forms of regenerative 
control have been tried with only moderate success, although in hilly localities 
regenerative control may be desirable on account of protecting the mechanical 
brakes. 


Tíres. — Tires for use on electric automobiles are generally more resilient 
than the standard types of tires commonly used on gasoline automobiles. "High 
efficiency " or special electric tires, both solid and pneumatic, have been devel- 
oped by most of the tire manufacturers in response to a demand by the oper- 
ators of electric cars for tires with low consumption of energy. Standard types 
of tires may consume as much ae roo per cent more energy than the special 
electric tires. Experience has shown that the smooth starting characteristic 
of an electric motor produces much less abrasion than the uneven acceleration 
with a gasoline motor, so that the rubber compounds in tires for electric cars are 
usually softer than the compounds in tires for gasoline cars and yet the lives of 
both types in point of distances traveled are approximately the same. Electric 
pneumatic tires are usually of the cord type; i.e., the "fabric" consists of 
parallel strands of cotton impregnated with rubbet gum. Some types of solid 
electric tires, such as the Motz, have the sides undercut at intervals to allow 
for the “flow” of the rubber when under compression. 


Carrying Capacities of Tires. — In general a tire of small transverse 
tread will consume less energy than a tire of the same compound with large 
tread when operatíng on a smooth, hard surface; also, a large wheel diameter 
gives less energy consumption than a small one as well as improving the riding 
qualities on uneven surfaces. The Society of Automobile Engineers have recom- 
mended the use of 32-, 36- and 40-in. tires as standard practice. (See Trans. 
Soc, Auto. Eng., 1014.) But in selecting tire equipment it should be remem- 
bered that there is a limit to the load which any size of tire will stand without 
permanent injury by disintegration. The maximum carrying capacities per 
wheel at present (1914) recommended by the B. F. Goodrich Co., are given 10 
the following table, as are also the recommended inflation pressures for pheu- 


SO 
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79022 matic tires of the fabric type; the recommended inflation pressures for cord 


: 
7r 


Jj 


E 
Cree 


Batter i: 


tires are approximately So per cent of the values in the table. 


TABLE IV.—MAXIMUM CARRYING CAPACITIES OF TIRES 


Maximum load, pounds per wheel Recom- 
———————— ——-—| mended 
Size of tire, Solid Pneumatic* inflation 
inches M e — i pressure, 
Rear Front Ib. per 
i . Dual 
singe wheel Wheel 8q. in. 
2 SOG: Uh... eps 
aha 750 1,950 
3 950 2,475 375 
3% 1375 3,675 joo 
4 1750 5,000 750 
5 2000 6,000 IIOO 
6 3000 8,000 
7 4000 10,000 


* The allowable load per wheel for a given width of tire increases slightly with the 


wheel diameter. The sizes quoted in the table are 32 by 3, 32 by 315, 36 by 4, and 


36 by 5 in. 


Examples of Commercial Car Design. — The following table gives data 
from the standard specifications of a number of the electric trucks made by 
the General Vehicle Co. 


TABLE V.— DATA ON " G.V.” ELECTRICS 


Rated load capacity, lb,.... .. 2000 | 4000 7090 10,000 
Speed, miles per Hour. .... Lie : 10 9 8 7 
Miies per battery charge, 

ADDfOX, ci sesiedy Wisatene we 43 45 40 35 
Lead battery equipment: 

44 44 44 

Number of pasted plates... 13 17 al 25 

Number of iron-clad plates. l II 15 17 19 
Edison battery equipment; 

Number of cells 60 60 60 60 


A-6 A-8 A-I0 A13 
36 X6 36X7 


Weight, chassis and lead bat- 
Very Dao eo eee 2700 | 3325 | 4370 6000 8225 9300 
Per cent weight on rear 
Wheelst,...... pares polis 50 50 50 50 59 50 
Ampere rating of motor on 
| 8 volts.......,...... — | 16 20 28 28 4Q 5o 
* Dual. t Chassis and battery. 


PERFORMANCE; ENERGY CONSUMPTION.— The energy consumed 
by an electric automobile will depend very largely upon the care of the driver 
in coasting up to stops instead of braking directly from full speed; other im- 
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portant factors in determining the energy consumption are efficiencies of battery 
and driving mechanism, tire equipment, nature of roads and grades, number of 
stops and miles per day, etc. However, for a car which is operated under sim- 
ilar conditions day after day, the energy consumption per mile should be rea- 
sonably uniform, so that any considerable increase in energy consumption may 
indicate either careless driving or poorly adjusted mechanism, as for instance 
a dragging brake. Table VI gives a series of approximate values for energy 
consumption per mile which are based upon a large number of reports upon the 
operation of electric cars in large cities; these reports were collected in connec- 
tion with the Vehicle Research study conducted during 1912 to 1914 by the 
Electric Research Laboratory of the Massachusetts Institute of Technology. 
These figures are representative of experience with modern types of cars under 
average city conditions; the consumption for a given set of conditions may 
vary from the figures by as much as 20 per cent, either above or below. 


TABLE VI.—ENERGY CONSUMPTION IN KILOWATT-HOURS 
PER MILE 


Type of car Lead battery | Edison battery 


2-passenger 
I,000-pounds 
2,000-pounds 
4,000-pounds 
7,000-pounds 
10,000-pounds 


Garage Load Curves. — 
Fig. 4 shows a typical daily load 
curve for a public garage hand- 
ling 75 electric passenger cars; 
Fig. 5 shows a similar typical 
daily curve for the private ga- 
rage of a large department store 
(see paper by E. E. Witherby, 
Proc. N. E. L. A., 1913). The 


“off-peak” character of the 0 10 n5 


L . . . 12 9 4 6 12 2 n 6 8 
electric vehicle load is indicated 8 10 


by these curves. In order to 
attract such off-peak load most 
light and power companies are 
now offering special rates for 
vehicle charging, frequently with 
the provision that no charging 
shall be done during the time 
of the power company's daily 
peak load. 

OPERATION.—In the oper- 
ation of electric automobiles par- 
ticular attention should be paid 
to the proper care of the storage 
batteries. The battery manu- 
Dene CE toe aeons Fig. 5. Daily Load Cutves of a Private Garage 


plete instructions for the proper Handling Trucks 
A 141* |. 4 air  fraotic e 


Kilowatts. 
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ees: manufacturers of the battery, as well-as the manufacturers of the car, are 
ntm usually ready to confer with the operator of a car to the end that he may obtain 
oct satisfactory service from his machine. They should be consulted on the first 
d: indication of trouble in their respective portions of the equipment, should the 
wn: cause of the trouble not be understood. 
si The following points upon the care and operation of electric cars should be 
li: observed: l 
DEX 1, A battery must always be charged with direct current and in the right 
( tat t - direction. 
UM 2. Never bring an exposed flame near a”battery while charging or immedi- 
dz ately afterwards. 
si 3. Do not allow the battery temperature to exceed rro? F. 
vaz ^ 4. Keep the cells filled to the proper level by adding distilled water only. 
Xi Never put acid in an Edison battery under any circumstances. 

$. Keep the outside of the cells free from foreign substances, both solid and 
liquid. 

6. For boosting a lead battery during a specified short period, the maximum 
| current rate J which may be used without reaching the gassing point is the 
quotient of the ampere-hours Q previously discharged (read from ampere-hour 


LEX 


| meter), divided by 1 plus the hours H available for boosting, viz., I = ar H 


7. The mechanism of a car should be inspected carefully at least once in two 
weeks. 
8. A car should be entirely overhauled at least once each year, in order that 
worn parts may be located and replaced. 
n 
T 
| 


COSTS. — The initial cost of passenger electrics depends so largely upon the 
character of body and fittings that it is impossible to quote any but the most 
general figures; prices range from $1500 to $5000, the most popular cars selling 

. at from $2500 to $3000. It is likewise impossible to quote definite figures on 

|. the cost of operating pleasure cars; prices for electricity for private charging 
—: vary from about 3 cents per kw-hr. upward; the cost of storage in public garages 
ranges from $15 to $30 per month, plus a charge for electricity at from 4 cents 
per kw-hr. upward. 

The initial cost of commercial electrics ranges from about 40 cents per pound 
for large trucks to 55 cents per pound for light cars, based upon usual equip- 
ment of solid tires, lead batteries and express or stake bodies. (For typical ° 
weights see Tables I and V.) Special equipment such as winches or dumping 
bodies is additional. The operating expense will vary widely for different con- 
ditions, so that it is impossible to predetermine the total cost of operating a 
truck of a given rating without knowing the requirements of the service, the 
nature of the roads, and the general method of handling and caring for the car. 
The data in the following table are deduced from estimates by Pender and - 
Thomson given in Vehicle Research Bulletin No. 3, issued in 1913 by the Massa- 
chusetts Institute of Technology. The figures are based upon reports of the 
operation of a large number of cars during from 1 to 4 years in city trucking and 
delivery services. 
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TABLE VII. — COST OF OPERATING ELECTRIC TRUCKS 


Rated load capacity, lb............... 1000 ; 4000 | 7008 Tea 
"——/''———————————— ——SNT — 
Miles per year considered.............. 10.500 ' 9100 X 8850 8000 | 
Cents per mile for: i I | 

Tires, repairs and battery®........... 6 8 8 3 11.2 | 14.3 | 

Electricity at 3¢ per kw-hr.......... | 15! 2.2 | 3.0 | 3.6 
Dollars per year for: l ' 

Garage and lJubricants............... | 215 235 255 | 285 

Driver and helper. ......00..0.00.... 2 1,900 ' argo | 1210 | 1210 

Depreciation, interest and insurance : 380 464 | 532 685 
Tota. annual expense, dollars.......... t 2,455 | 2794 3252 3610 


D Il 


* Pasted plate lcad battery. 


BIBLIOGRAPHY. — Churchward, A., The Standardization of the Electric 
Vehicle, Cent. Sta., 1912, Vol. 11, p. 254, and Vol. 12, p. 166; Soc. of Auto. Eng. 
Handbook, N. Y., 1913; Cushing and Smith, The Electric Vehicle Handbook, 
N. Y., 1913; Schoepf, T. H., The Performance Characteristics of Electric Motors 
and their Influence on the Operation of Electric Trucks, Cent. Sta., March, 1914; 
Pender, H., and Thomson, H. F., Notes on the Cost of Motor Trucking and Obser- 
vations on Horse and Motor Trucking, issued by El. Res. Lab. of the Mass. Inst. 
of Tech., 1912 and 1913; various papers in Cent. Sta. since rgro, and in trade, 
journals such as Commercial Vehicle, Commercial Car Journal, and Power Wagon. 
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* core but only one electrical circuit instead 


:: ! points as shown in Fig. 1, and the primary 
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AUTO-TRANSFORMERS AND COMPENSATORS. — (See also 
Storters, Motor; Transformers.) An auto-transformer or single-circuit trans- 
former, also called a “compensator,” con- 

sists of a transformer having the usual iron 


of two. This circuit is tapped at various 


and secondary circuits, while independent 
outside the transformer, unite in the same 
winding in the transformer. If an alternat- 
ing voltage is impressed across the points 
ab, a magnetizing current will flow in the 
winding setting up an alternating flux which 
will link every turn and induce therein an 
alternating voltage. The voltage between 
any two taps, as ac, is proportional to the 


number of turns between the taps; thus any | fap ee —L Te | 
ratio of voltages may be obtained. If the Fig. 1. Auto-transformer 


secondary ac is loaded a current will flow in 
the primary and the prímary and secondary currents will low in the two parts 
of the winding as indicated in the figure. 


VOLTAGE AND CURRENT RELATIONS. — Let Ni be the total num- 
ber of turns between a and b, Ne the turns between a and c, E the voltage 
across the terminals a and b and E» the voltage across the terminals a and c: 
Then, neglecting the resistance and reactance of the winding, 

N3 


= — E. 
E» N, 1 


Let Jı be the current entering the terminal b, Ts the current in the external cir- 
cuit connecting a and c, and Zac the current in the transformer winding between 


&andc. Then, neglecting the resistance and reactance of the winding and the 
magnetizing current, 


Nı 
h= P” 
|. M-N 
, Iac= ha- di = : ST 
Na 
The current in the turns between b and c is 
Ibce- h. 


Auto-transformer Versus the Two-circuit Transformer.—For N: = 19 Ni 
the current in the turns between a and c would be just equal, neglecting the : 
exciting current, to the current in the turns from 5 to c (but opposite in direction). 
Consequently for a 2 to 1 transformation but one winding of an ordinary two- 
circuit transformer could bé used, provided a tap was available at the mid- 
dle point of this winding, and the rated output of the transformer could be 
obtained without the current in this winding exceeding its rated value. Since 
under these conditions there would be no current in the second winding, the 
heating of the transformer would be less than it would be were the transformer 
used as an ordinary two-circuit transformer, and therefore a greater output 
could be obtained without exceeding the nominal temperature rise. 

In general, for the same power input into the connected load an auto-trans- 


1 ~ 


E 


former requires but : of the copper required for a two-circuit transformer, 


A 
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where Ei is the high-tension and Ez the low-tension voltage. The higher the ^ - 
ratio of transformation the less the saving in copper. There is also a serious == 
objection to an auto-transformer of high ratio of transformation, in that an. ==: 
accidental ground on the high-tension lead, b in Fig. 1, would establish a high ~ 
voltage between the low-tension leads and the ground, which may cause a ‘incr 
dangerous shock to a person touching either low-tension lead or may caue __ 
other damage. This may be partially prevented by grounding the common 15" 
point of the high- and low-tension circuits, fhe point a in Fig. 1, in which case —'- 
an accidental ground on the high-tension side would produce a short-circuit, ~*~ 
which would open the circuit breaker in the primary circuit, provided the re- — 
sistance between the two grounds is low and the circuit breaker operates properly. | 
These two provisions, however, may not always be realized even though reason- 
able care is taken, and it is therefore not considered good practice to use an 
auto-transformer of high ratio of transformation, except in special cases where 
economy of space is an important factor and danger from shock can be guarded 
against, e.g., on a-c. locomotives. 


RATING OF AN AUTO-TRANSFORMER. — In commercial practice 
the rating of an auto-transformer in volt-amperes is taken equal to the differ- 
ence between the high- and low-tension voltages multiplied by the rated 
current in that part of the winding, dc in Fig. 1, across which this voltage ex- 
ists. The capacity of an auto-transformer for a given work bears to the ca- 

E-Hh 


E 
.For example, to step down the voltage of the supply mains from 500 to 400 
volts and supply a load of 100 kv-a. would require an auto-transformer having 
00, 500 — 400 | 
a rating of —————— 


pacity of a two-circuit transformer for the same purpose the ratio 


X 100 — 20 kv-a. as against a two-circuit transformer 


having a rating of zoo kv-a. The weight, dimensions and cost of an auto- 
transformer are very nearly the same as for an ordinary two-circuit transformer 
having the same voltage and kv-a. rating. 


APPLICATIONS. — Auto-transformers are used chiefly where the required 
change in voltage is small, e.g., for motor starters (see Starters, Motor), and for | 
balancing the voltage between two or more circuits. The smaller the ratio of | 
transformation tbe greater is the gain in cost and efficiency resulting from the 
use of an auto-transformer instead of a two-circuit transformer. Auto-trans- 
formers are also used to provide a neutral for the Edison three-wire system; see 
Distribution Circuits. In single-phase railway work single-phase auto-trans- 
formers are used on the locomotives for transforming the trolley voltage (from 
3000 to 6000 volts) to the motor voltage (about 500). This is a rather high | 
ratio of transformation for an auto-transformer, but as the saving in weight is 
very important and as one terminal is grounded, it has proven satisfactory for 
this service; see Locomotives, Electric. 


DESIGN.—The design of an auto-transformer is quite similar to that of a two 
circuit transformer (q.v.) and the leakage reactance is calculated in the same 
way. For low-leakage reactance the primary and secondary coils must not be 

. entirely separated, but each must be divided into sections and intermixed to as 
great an extent as possible. Having found the magnetizing current, core-loss. 
resistance and reactance in the usual manner, the calculations follow the same 
methods as for power transformers. In general, the efficiency at unity power 
factor is given by the equation 

Es 


Efficiency = ~ —, 
y Bala + (r1 — r2) D? + re (I2 — D)? + core-loss 
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. Where r1 is the total resistance of the winding measured between the high- 
z i ap tension terminals and re the resistance measured between the low-tension termi- 
win Js. The efficiency is better than that of a two-circuit transformer of the same 
d "LI rating. 


iz: TESTS, SPECIFICATIONS, ETC. — See Transformers. 


(7 DIMENSIONS, WEIGHT AND COSTS. — For the same kv-a. rating 
[tle dimensions, weight and cost are very nearly the same for auto-transformers 


o as 8 for ordinary two-circuit transformers; see Transformers. 


f. BIBLIOGRAPHY.— Arnold, Wechselstromtecknick, Vol. 11; Bulletins of the 
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BALANCES, CURRENT. — (Sec also Ammeters; Electrodynamomehri) UN 
The Kelvin balance consists of a system of two coils mounted one at each ed ` 
of a rigid beam and free to move between two pairs of field coils. The balance, `` 
may be used as an ammeter, voltmeter or wattmeter. It may be used for either ~~ 
a-c. or d-c. measurements, but for d-c. work it has been practically superseded ^ * - 
by laboratory standard voltmeters. For a-c. work it is used only as a labor." 
tory standard for calibrating other instruments. pe 
A current balance when carefully constructed may be used for the absolute ~~ 
measurement of electric current, since the force of attraction between the coils  ' 
can be calculated in terms of their dimensions and the current flowing. Iths `- 
been successfully used to determine in absolute measure the electrochemial ‘~~ 
constant or Faraday (see Llectrochemistry, Principles of). PR 


Principle of Operation. — The principle of the current balance is similar 77^ 
to that of the electrodynamometer. The connections for current measurements ~~ 
are shown in Fig. 1. The current passes through all the coils in series and asa ^ © E 
result of the action of the magnetic fields, the E 
left-hand end of the beam is depressed and the E 
right-hand end is elevated. The beam on which 


the middle coils are mounted has an index pointer üt 
and carries a weight that may be slid along a S «e 
scale on the beam. With no current on and the S3. 


sliding weight at zero on the scale, a counter Fig. 1. Connectionsfot y.. 
weight on the swinging system is so adjusted that Current Balances 5 
the index pointer on the system is opposite a fixed mark and the system is 
balanced. 

Passing current through this system destroys the balance which is restored 
by sliding the weight along the beam. Since the torque exerted on the moving .. 7 
system is proportional to the square of the current, the current flowing will be RA 
proportional to the square root of the distance through which the weight has s 
to be moved to balance the beam. dd 

In the case of the wattmeter the current passes through the fixed coils, while Ye, 
the coils on the moving system serve as the potential coils. In this case the TN 
power is directly proportional to the distance through which the weight has to ty 
be moved to balance the system. 


Range and Cost. — Kelvin balances are built in 5 standard sizes. The ki 
useful range and approximate cost of each instrument is given below. 
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Approx. ty 

T hey 

ype Range, amperes cost ti 

iu 

u 

; | ty 

Centi-ampere.................... O.025-I _ $150 Xy 

Deci-ampere..................... o.25-10 | 150 
Deca-ampere .................... 5-100 150 
Hekto-ampere................... 30-600 150 
Kilo-ampere.................005. 100-2500 250 


BIBLIOGRAPHY. — G. D. Aspinall Parr, Electrical Engineering Measurint 
Instruments, N. Y., 1903; Kempe, Handbook of Electrical Testing, London, 1993; [th 
H. Argmagnot, Instruments et Methodes de Mesures Electrique. Industrielles, i 
Paris, 1902. 
[H. PENDER AND H, R. RANKEN] 
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xiv BATTERIES, PRIMARY. — (See also Cells, Standard; Electrochemistry, 
(iG Principles of.) A primary battery or cell is a device for the direct transformation 
ai i “ of chemical energy into electrical energy. For convenience of treatment primary 
1S. batteries may be classified as wet batteries, dry batteries and standard cells. 
1225 The latter are treated in the article on Cels, Standard. The wet battery at one 
VaL" time was largely used in laboratory testing, for telephones, bells and other 
devices requiring small amounts of energy. In recent years it has been largely 
c2 supplanted by the dry battery and small storage battery cells (see Batteries, 
-ki Storage). Dry batteries are now (1913) used, in this country alone, to the 
ET estent of some 50,000,000 a year, chiefly for gas-engine ignition and telephone 
I 37: work (see Gas Engines and Telephone Instruments). 


Poles and Electrodes. — The pole or terminal of a battery which is at the 
iit: Aigher potential is called the positive pole or terminal, the other pole being called 
"Z5 the negative pole or terminal. The negative pole is the anode or positive elec- 
3232: imde or plate and the positive pole is the cathode or negative electrode or plate. 
For example, in a copper-acid-zinc battery the copper is the positive pole but 
the negative electrode or plate. 


THEORY OF PRIMARY BATTERIES. — The modern theory of prim- 
ary batteries is fully discussed in the article on Electrochemistry, Principles of. 
| Only one or two points of practical moment will be mentioned here. 


cue:  Blectromotive Force. — A battery consists essentially of two metallic con- 
ii ductors or poles dipping into an electrolyte. Copper or carbon is commonly 
des employed for the positive pole and zinc for the negative pole. The electrolyte 
may be sulphuric or nitric acid or sal-ammoniac, caustic soda or other salt. 
m Fora battery made of given materials the open-circuit e.m.f. is always the same 
jc Provided the temperature, degree of concentration of the electrolyte and the 
„ purity of the materials are the same. The terminal e.m.f. or potential difference 
cz (4) on closed circuit is always less than the open-circuit e.m.f. due (1) to the 
Internal resistance of the battery, (2) to the polarization of the battery and 
; (3) to the exhaustion of the battery. : 
ic Internal Resistance. — Let E be the initial open-circuit e.m.f. of the cell 
xi^ and V be the p.d. across its terminals, when it is supplying a given current J, 
then the “apparent ” internal resistance of the cell is 
i B-V. 
T rs I 
This is not the true resistance of the cell, for its net e.m.f. when a current Z is 
v — being drawn from it is less than the initial open-circuit e.m.f. due to polarization 
| (se below) and partial exhaustion. If, however, after measuring the p.d. on 
i dosed circuit the current is interrupted and the open-circuit e.m.f., say E’, be 
~  Wessured immediately (i.e., before the polarized condition of the cell has had 
time to change) then the true internal resistance of the cell is 


E'-V 


r= ! 

Polarization. Depolarizers. — Polarization is the name applied to the 
changes produced in the relative concentrations of the electrolyte at the two 
poles of a cell or to the production at the poles of new chemical substances 
fhe (such as hydrogen) as a result of the flow of current through it. A depolarizer 
* is any substance which when placed in the electrolyte or on the poles of the cell 
“will partially or wholly prevent these changes. Polarization always tends to 

. Teduce the effective e.m.f. of the cell. When a cell which has been polarized is 
* open-circuited, the relative changes in concentration gradually disappear, due 
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to diffusion, and any new substances formed also tend to diffuse uniformly ^". 
through the electrolyte, with the result that the open-circuit em.f. returns in ~ : 
time to nearly itsoriginal value, provided the active materials are not exhausted. m a 

The chief cause of polarization in a cell is the formation of hydrogen gas at ~*~ 
the positive pole or to the transfer of the metal from the negative pole to the ~: ` 
positive pole. The depolarizer is usually an oxidizing agent which reduces the ioe 
hydrogen or metal liberated at the positive pole to a form readily soluble in >=, 
the electrolyte and thereby prevents its accumulation at the positive plate. :—.. . 
This is the principle on which depends the depolarizing action of the varius -... 
metallic oxides, such as manganese peroxide or cupric oxide. The same result y, , 
may be obtained by surrounding the positive pole by a solution of a salt of 77 
itself which has the same acid radical as the electrolyte surrounding the nega- | >: 
tive pole, but which is less soluble, the two solutions being kept practically -` 
separated by a porous cup which renders the diffusion of one into the other Ta 


very slow. ae 


TYPICAL WET BATTERIES. — Numerous forms of wet batteries have ~w: 
been used; only some of the more common forms can be described here. The %_. 
materials used and the e.m.f. developed and approximate range of intemal ~.. 
resistance are listed in the following table. f te 


TYPICAL WET BATTERIES ao 


e €—— 


Positive pole....| Cu Cu (b) 
Negative pole... . Zn (a) Zn (a) 
H,SO, ZnsSO, KOH 


Electrolyte. vu or Or or Mna. 
ZnSO, MgSO, NaOH 
Depolarizer CuSO, | CuSO, CuO NH«CI 
With or With or 
P : 
un None d None | without 
pot 
pot 
1.07t0 I.14 I .9-I. 0.75 1.5 
Resistance, ohms|o. 3 to 30 0.1 to6 o.5to4|o.o2too.1| I to.5 


a. Amalgamated. b. In the Krüger cell copper-plated lead is used. . 


Daniell Cell (Fig. 1). — A typical form of this cell is shown in Fig. 1. 
forms, differing in certain details, are Muirheads cell, the : 
Siemens & Halske Daniell cell, Minotto’s cell (which may 
also be classed as a gravity cell, see below), etc. J is a 

: glass or glazed earthenware jar containing a concentrated 
solution of copper sulphate, P is a porous pot containing 
dilute sulphuric acid (about 10 per cent by volume) or 
zinc sulphate solution or both, C is the positive copper pole 
and Z the negative zinc pole which is usually amalga- 
mated. The chemical reaction which takes place may be 


represented by the formula Fig. 1. Po ous Pot 
Daniell Cell 


Pa 1 On, = Cu d ZnS. 
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A current of 1 ampere for 1 hour deposits 1.186 grams of copper and liberates 
1.219 grams of zinc. Hence 

0.042 oZ. copper is deposited per ampere-hour, 

0.043 0Z. Zinc is used up per ampere-hour, 

0.164 oz. copper sulphate crystals are used up per ampere-hour, 

0.106 oz. zinc sulphate is formed per ampere-hour. 


The latter when crystallized out will form o.189 oz. zinc sulphate crystals. 
These figures do not include any loss.of zinc due to local action, which may 


iz amount to 10 per cent or more. 


E.M.F. of Daniell Cell. — The e.m.f. of a Daniell cell varies from 
about 1.07 volts to 1.14 volts, depending on the density of the copper sulphate 
solution and on the amount of zinc sulphate present in the dilute sulphuric 
acid. The cell has its highest e.m.f. at the start when the sulphate of copper 
solution is saturated and no sulphate of zinc has formed. Hence, in order 
that the e.m.f. shall remain more nearly constant, it is better to start with both 
solutions saturated. The resistance of the cell will be higher and its e.m.f. lower 
than when dilute sulphuric acid is used, but this lower value of about 1.10 volts 
will be maintained nearly constant while the cell is sending a current. 


Internal Resistance of Daniell Cell. — This depends not only upon the 
dimensions of the cell but also upon the porosity of the pot or other separating 
medium. The type of cell shown in Fig. 1, having a pot 7 inches high which is 
quite porous, has an internal resistance of about o.3 ohm. The resistance of 
the Siemens type of Daniell cell is from 1o to 15 ohms, and the resistance of 
Minotto's modification of the Daniell cell, in which a layer of sawdust or sand 
is used in place of the porous cup, may be as high as 3o ohms. 

The resistance of a Daniell cell, like that of liquids generally, diminishes 
With increase of temperature. l 

Local Action. — Impurities in the zinc form with the zinc small short- 
circuited voltaic cells, resulting in a wasting away of the zinc without producing 
a current in the external circuit. This can be largely prevented by amalgamat- 
ing the zinc, i.e., coating it with mercury, which is readily done by thoroughly 
cleaning the zinc by dipping it into dilute sulphuric acid and then rubbing 
mercury over its surface. In the Daniell cell metallic copper also forms in the 
pores of the porous cup where the zinc touches it; this can be prevented by 
covering with paraffin those portions of the cup which may come into contact 
with the zinc. 

Care of Daniell Cells. — The type of cell shown in Fig. 1 must be 
taken to pieces when not in use. If it has to be put to one side for only an hour 
or two, it will be sufficient to lift the porous pot with the contained zinc rod 
bodily out of the cell, and to place it in another empty jar, or stand it in a dish 
while out of use. 


Gravity Battery (Fig. 2) . — The principle of this cell is the same as that of 
the Daniell cell, except that no porous pot is used, the copper sulphate and zinc 
sulphate being maintained scparate by gravity. There are various modifications 
ia the form of construction, known as the Meidinger cell, Calland cell, Kelvin 
tray battery, Krüger cell, etc. The gravity cell is still used in telegraph and 
telephone work. 

The copper electrode is placed at the bottom of the cell, and is then covered 
vith copper sulphate crystals. The zinc electrode is then put in place and the 
Jat either filled with dilute zinc sulphate or with dilute sulphuric acid. "When 
first set up the internal resistance is high, but if the cell is short-circuited for a 
considerable time the resistance is reduced due to the formation of zinc sulphate. 


To prevent evaporation the solution is covered with a layer of mineral oil. 
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Care of Gravity Battery. — The resistance of the cell increases 
rapidly with decrease of temperature; it should therefore be kept at a reason P* 
ably high temperature, say 70? F. A gravity cell must, Pas 
of course, not be moved about, or if moved great care 
must be taken to avoid the two liquids being mixed 
together. To prevent the copper sulphate wandering (> 
to the zinc plate, it is well to allow the cell to senda [ny | 
weak current through an external circuit of considerable 
resistance even when the cell is not in ordinary use. The 
electrolyte should be renewed when the blue sulphate 
solution turns brown. The line of separation between 2 4 31 
the copper and zinc sulphates, or the “blue line," should 
be about halfway between the two electrodes. 


Bunsen Cell. — In the Bunsen cell a zinc plate is 
placed in dilute sulphuric acid, as in the Daniell, but C- 
the copper plate is replaced by one of carbon and the 
copper sulphate solution by strong nitric acid, which is 
generally said to act as the depolarizer. The Grove : TM 
cell differs from the Bunsen only in the use of platinum Fis. 2. Gravity Daniell — aei 
in place of carbon. Both cells give a high e.m.f., from Cell p 
1.9 to 1.95 volts, and have low internal resistances, so they may be used for pro- >=": 
ducing fairly large currents. When working the cells give off dark brown fumes `: 
of nitric peroxide, NOs, and should be placed in the open air or under a chimney.  * - 

The chemical reaction which takes place may be represented by the formula tr: 
Zn + H$SO, + 2 HNO; = ZnSO; + 2 H;30 + 2 NOx. UU 


Care of Bunsen Battery. — A Bunsen or Grove battery must be ~*’ 
taken to pieces at the end of each day's use, since the mixing of the liquids ~~ 
through the walls of the very porous cup used to separate them would render 
the battery practically useless the next day. The porous pots should be placed 
in water after use, so that all the zinc sulphate solution may be dissolved out of ) 
the pores of the earthenware, for, otherwise, when-the pots are dried the zinc 
sulphate solution will crystallize in the pores and cause the pots to fall to piece — 


Chromic Acid Cell (Fig. 3). — The chromic acid or potassium bichromate |x- 
cell was devised by Poggendorff. In the original type of cell no porous pot was fs. 
employed. In the Fuller cell, shown in Fig. 3, a porous RE 
potisused. The depolarizer used is chromium peroxide, pop- ` 
ularly called chromic acid, which may be purchased ready 
prepared, or may be formed by heating potassium or sodium 
bichromate with sulphuric acid (1 part by weight of the 
bichromate, 3 parts of acid and 9 parts of water). In the 
type of cell shown in the figure the wire connected to the 
zinc rod is well amalgamated or coated with gutta-percha to 
insulate it. In the porous pot containing the zinc, there is 
put a quantity of mercury to maintain the amalgamation, 
and either dilute sulphuric acid or a solution of common 
salt NaCl. The chromic acid solution is placed in the jar te Cell 
containing the carbon plate. me 

The chemical reaction which takes place may be represented by the formula 
3Zn2 CrOs + 6 EBSO, = Cr2(SOx)3 + 3 ZnSO, + 6 H3O. 

This cell has an e.m.f. of about 2 volts, and is suitable for producing a fairly 
strong cutrent for a short time. When much used the cell becomes saturated 
with the potassium and chromium sulphates, and a double salt,. chrome alum, 
K3Crx(SOu«)s, crystallizes out and sticks so firmly to the bottom of the cell that 
** is somewhat difficult to remove. 
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wae Edison-Lalande Cell. — In this type of cell the positive pole is a plate of 
TT compressed cuprous oxide (CuO), the surface of which is reduced to metallic 

^ copper. The cuprous oxide acts as the depolarizer. The negative pole is 
amalgamated zinc and the electrolyte a strong solution (1 to 3 by weight) of 
caustic potash or of caustic soda. 

A layer of heavy oil is poured over the solution to prevent evaporation and 
“creeping.’’ No local action or polarization takes place in this cell; under 
| normal conditions it is an easy matter to set it up to give any required number 

j^ O[ampere-hours, and to so proportion the constituents that they are all exhausted 

| atthe same time. This is a matter of considerable importance where closed- 
circuit working is employed, as in some systems of telegraphy and in alarm 
circuits. Although the e.m.f. of the Edison-Lalande cell is low, its resistance 
is also low, and the cell is capable of producing large currents. The cell may be 
left set up for months without deterioration. 

The chemical reaction which takes place may be represented by the following 
formula 

Zn + CuO + 2 KOH = Cu + H3O + KzZnOs. 


-,  Leclanché Cells. — In the original form of this type of cell the positive pole 
(j was a plate of carbon embedded in a mixture of solid manganese peroxide and 
broken carbon contained in a porous pot. The electrolyte is sal ammoniac, 
dl NHiCI, and the negative pole zinc. The manganese peroxide acts as the de- 
j n polarizer. The only object of the porous pot was to hold the carbon and man- 
un ganese peroxide. In the later forms of this cell, such as the “agglomerate, ” 
WT Corsak, etc., the porous pot is dispensed with and a mixture of carbon and 
manganese peroxide are moulded together with a suitable binder, or the mix- 
tey E ture of carbon and manganese peroxide is held together by a wrapping of canvas 
(X^ — or sacking. : 
zZ* The chemical reaction which takes place may be represented by the formul 


TM ; 
n Zn + 2 MnO: + 2 NH4CI = MnO; + H:O + 2 NHs + ZnCh. 
us 

i ; If, however, too little sal ammoniac be present, zinc oxide or zínc oxychloride 
p is formed instead of zinc chloride, and the solution becomes milky; hence 
(^^ when this happens, more sal ammoniac should be added. 

U^ ^ Theem./f. of a Leclanché cell is about 1.5 volts, but falls rapidly when the cell 
is used to send a strong current. It will, however, regain its value if the cell be 
left for some time unused, and it does not sensibly dirninish when the cell is put 
to one side, even for some months. Hence, while the Leclanché cell is much 
inferior to the Daniell cell for the purpose of sending a steady current for an 
hour or two, it is much superior to the Daniell cell for producing intermittent 
currents at any time during the course of a year or more — for example, such 
currents as ate employed for the ringing of electric bells, for house telephones, 
and for railway signaling. 

Care of Leclanché Cells. — When the sal ammoniac becomes exhausted 
=! — ft should be thrown out and a new solution made. Three or 4 ounzes of sal 
i” — ammoniac for a jar of ordinary size is required, the jar to be filled about one» 
* — third with water before putting in the electrodes. : 


' DRY BATTERIES. — The modern dry battery may be looked upon às a 
,  Wodification of the Leclanché cell, the chief difference being that only enough 
!"  watet is added to the electrolyte to moisten an absorbent layer of pulp-board, 
~. _ blotting paper, cheese cloth or starch paste, this lining separating the positive 
" and negative poles. The negative pole, which also serves as a container, Ís a 
^" — bollow zinc cylinder, 6 inches high and 2.5 inches in diameter; the bottom of 
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this cylinder is also usually made of zinc. About 80 per cent of the dry batteries 
made in this country have these dimensions. The positive pole is a carbon rod, 
which may be either cylindrical or fluted. The absorbent layer above men- 
tioned is placed next the zinc and is saturated with a solution of sal ammoniac 
and zinc chloride. The zinc chloride is necessary to reduce the rapid deteriora- 
tion which would otherwise take place on open circuit. The space between 
this lining and the carbon electrode is tilled with a mixture of granulated carbon 
and manganese peroxide, the latter being the depolarizer. The top of the cell 
is usually sealed with a pitch composition. 


E.M.F. of Dry Batteries. — In new cells of practically all types the open- 
circuit e.m.f. is between 1.5 and 1.6 volts. The decrease in e.m.f. when the cell 
stands on open circuit is very slight, being only about o.r after the cell has stood 
many months. An open-circuit e.m.f. materially less than 1:5 volts is gener- 
ally an indication of serious deterioration or of some other defect. The effect 
of temperature on the open-circuit e.m.f. is slight, amounting to only a few 
hundredths of a volt for all ordinary temperature ranges. Due to the relatively 
rapid polarization and increase of internal resistance with use, the average 
terminal voltage during the useful life of the cell is only about 1 volt. 


Internal Resistance.— The internal resistance of a high-grade dry cell 
when new is usually less than o.1 ohm, which may increase to o.5 ohm within 
9 or 12 months, even though the cell is not used during this time. The polari- 
zation of the cell in actual service causes a much greater decrease in the terminal 
e.m.f. than does the internal resistance drop, and therefore the internal resist- 
ance test is of little practical value. 


Short-circuit Current. — Nine out of every ten users of dry cells consider 
the short-circuit current, i.e., the current produced through an ammeter having 
a relatively small resistance connected directly between the poles of the battery, 
as a direct measure of the value of the cell. There are other factors, however, 
which must be considered, such as the temperature of the cell, the service for 
which it is to be used, etc. According to D. L. Ordway (Trans. Am. Electroch. 
Soc., 190, Vol. 17, p. 346) a standard 2.5 by 6-inch dry cell should give when 
new a short-circuit current (external resistance not over o.o1 ohm) of from 18 to 
as amperes; a cell giving a short-circuit current much above 25 or below 16 
amperes should be looked upon with suspicion. A cell giving a short-circuit 
current much in excess of 25 amperes is liable to polarize rapidly, whereas if 
the short-circuit current is much under 16 amperes, it is probable that the cell 
has been made a long time or that cheap materials have been used. 

The effect of temperature on the short-circuit current is pronounced. Between 
1o and 80° C. the current increases about 1 ampere for each 10° increase in tem- 
perature. This effect is even more pronounced at very low temperatures. The 
short-circuit current returns to its normal value when the cell is restored to 
normal temperature. 


Shelf-life. — The shelf-life of a dry cell of the ordinary sizes is usually con- 
sidered as the time in months that the cell may stand on open circuit without 
its short-circuit current falling below 10 amperes. This current is about half 
the short-circuit_current when the cell is new, and represents a value which i$ 
probably lower than the minimum point at which a dealer could dispose of a 
cell to the average consumer. The average shelf-life of high-grade cells is from 
zo to 12 months, though the very best cells have a shelf-life of from 12 to 15 
months. Many makes of cells have a shelf-life of only 8 to ro months; and cells 
are on the market having a shelf-life of only x or 2 months. 

The shelf-life is increased by storing the cells at a low temperature. Ordway 
oives the following results on standard dry cells kept in storage at the stated 
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ther: "m "e 
,,; temperatures, These cells give initially a short-circuit current of about 20 
gui; amperes. 
i , Temperature at which cells were stored, °C,............ o 25 50 75 
_., Short-circuit current at 25° C. after 5 months............ 18.1 17.4 0.5 0.4 


p;  Ampere-hour and Watt-hour Capacity. — The short-circuit current, how- 

ever, is not a measure of the ampere-hours obtainable from the cell, as is indicated 

. inthe following table, taken from Ordway's paper. The ampere-hours given 

HE- are those obtained from the various cells when discharged continuously through 
i a resistance of 16 ohms until the closed-circuit voltage fell to 0.5 volt. 


Wi» Brand of cell... ccc. cceeeeseeseeees A D G J} M P V X 
d b Short-circuit current. ....... lesus. 33.0 24.5 22.5 20.9 20.1 19.2 11.6 6.6 
UT Amperehours....... eee 24.0 33.5 40.0 18.2 11.7 30.3 13.6 4.5 
tt 

sù: The letters are arbitrary designations. 

"i 


. A Although the short-circuit current falls off with the age of a cell, even though 
x the cell is not used, the ampere-hour capacity does not decrease in the same ratio. 
=" Ordway gives the following tests on samples from the same lot. 


9 months after 
manufacture 


Freshly made 


Short-circuit current 
Ampere-hour capacity (through 2 ohms 
- to0.25 volt) 


in Effect of Rate of Discharge on Capacity. — Ordway gives the 
v^ following results of tests on standard 2.5 by 6-inch cells, when the cells are dis- 
n charged continuously through 2, 4, 8, 16, 24, 32 and 40 ohms respectively. By 
“end point in volts” is meant the terminal voltage per cell at the end of the 
EP stated number of hours. 


Re HOURS OF CONTINUOUS SERVICE OF 2.5 BY 6-INCH DRY 
x. 4 . CELLS | 


Resistances used in ohms 
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WATT-HOURS FROM 2.5 BY 6-INCH DRY CELLS DISCHARGED 
CONTINUOUSLY i 


- 


Resistances used in ohms 
End point 


in volts 


Capacity on Intermittent Service. — Neither the ampere-hour nor watt: 
hour capacity of a battery on continuous service is a measure of its capacity on 
intermittent service. What the user wishes to know is the actual number of 
hours of service that he can obtain from a battery when used to operate a definite 
piece of apparatus, which as a rule takes current only intermittently, e.g. for 
telephone or ignition service. From curves given in Ordway’s paper for 3 cells 
connected in series and discharged through the stated resistances the following 
table has been made up. 


HOURS OF INTERMITTENT SERVICE OF 2.5 BY 6-INCH DRY 
CELLS 


(The hours given are the hours the cell is actually supplying current) 


a : 5 minutes each hour, 
3 Continuous discharge 5 minutes each hour 8 hours per day, 

> night and day 

gu 6 days per week 
FE m 

e e 

3 5 IO 20 5 10 20 
[5] ohms | ohms | ohms ohms | ohms | ohms 


3.6 4 12 30 3 IS 45 
3.01 9 25 65 12 30 | 60 
2.4| 15 49 i 23 45 75 
1.8| 25 60 150 35 70 100 
1.2 42 140 475 52 100 150 
o.6 95 = 70 115 | 165 


From the above table it is apparent (1) that the terminal voltage falls of 
more rapidly on continuous discharge than on intermittent discharge, counting 
hours of actual discharge only, but (2) that during the latter stages the terminal 
voltage falls off more rapidly for the intermittent discharge, this latter effect 
occurring earlier as the external resistance is increased. The second effect i5 
probably due to the deterioration of the battery while standing on open circuit. 


It should be kept in mind that the length of time the batteries were in service 
Z 6 68. the intermittent tests were respectivelv v^ and 4^ timec the period of 
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... Proper Arrangement of Cells for Best Results. — The data given in 
IG? the above tables may be used as a basis for the determination of the number 
and proper arrangement of cells for a given service. For example, if a certain 
—— piece of apparatus has a resistance of 8 ohms and cannot be operated at a voltage 
under 0.8, then 143 hours of service can be obtained from a single battery. If 
—— however 4 cells in parallel are used, the drain on each cell will be one-fourth as 
|, great as before, which is equivalent to discharging each cell through 32 ohms. 
| Therefore the 4 cells will give 1078 hours of service, or 270 hours per cell. If 
| the 4 cells were connected in series, then drain on each would be 4 times as great 
11]: as for a single cell, which is equivalent to discharging each cell through 2 ohms, 
$5 - but each cell could discharge to 0,2 volt instead of 0.8. The 4 cells in series 
yi |} would then give 160 hours, or only 40 hours per cell. The parallel arrangement 
2; ! therefore the best in this case, — 
$1 3 For ignition service 6 cells in series are usually required in order to obtain a 
ajii sufficiently high voltage. On heavy service of this kind two or more such series 
_~ groups connected in parallel are usually more economical than a single group. 
For telephone service 3 cells in series are usually required in order to obtain a 


vM 
us suffciently high voltage. For such light service a single group of cells is more 
s advantageous than two or more groups in parallel; any gain which might at 
P first sight be effected is more than offset by the deterioration caused by local 
ier i 


7 action on standing. This may be seen by a consideration of the data on inter- 

e mittent service given above. 

at Tests of Dry Batteries. — The proper testing of dry batteries has been the 

| subject of considerable discussion during the last few years. See Trans. Am. 
Electrochem. Soc., 1909 to date. A preliminary report was submitted by a com- 

.,. mittee of this society in April, 1912. The following is a brief summary. 

NE- In measuring the terminal voltage of a dry battery a voltmeter having a fairly 
high resistance, 300 ohms or more, should be used. The ammeter and leads 

am — for measuring the short-circuit current should have a combined resistance of 

— ^ oor ohm, The internal resistance test is not recommended. 


e aif Service Tests. — Dry batteries to be used in telephone work should be 
p tested by discharging 3 cells, connected in series, through 20 ohms résistance 
pH — fora period of 2 minutes, each hour, during 24 hours per day and 7 days per 

week, until the closed-circuit voltage of the battery at the end of a period of 


— contact falls to 2.8 volts (0.93 volt per cell). Report the results as the num- 
» | berof days during which the closed-circuit voltage remains above the limiting 
"T value of 2.8 volts. 


For ignition service discharge 6 cells connected in series through 16 ohms 
—^ resistance for 2 periods of 1 hour each per day, seven days per week. Determine 
at the end of every 12th period of closure the current which the 6 cells are cap- 
P. able of sending through a o.5-ohm coil in series with an ammeter, the two being 
i |. in parallel with the 16-ohm coil. The test is considered completed when the 
*? , rent through the o.5-ohm coil at the end of a period of closure falls below 
. 4amperes. Report the results as the number of hours of actual discharge to 
7, this limiting value of the current. 
LN For flash-light service discharge the battery through a resistance of 4 ohms 
— for every cell in series, for a period of 5 minutes, once each day, until the closed 
gi  Grcuit voltage at the end of a discharge period falls to 0.75 volt per cell in 
,u- Seis, Report the result as the number of minutes of actual discharge until the 
ke — Voltage reaches this limiting value. 
Maa Full details for making these tests, together with a description of proper 
n automatic arrangements for opening and closing the circuit at the designated 
pt times, will be found in the Trans. Am. Electrochem. Soc., 1912, Vol. 21, p. 282. 
i4 The timing device is an ordinary cheap clock provided with suitable contacts 
agi’ — by means of which the hand closes the circuit. 
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Shelf-life Test. — Keep the cells open-circuited in a dry room at nor 
mal temperature. Determine the short-circuit current at the end of every 
8 weeks. Report results as the number of months before the short-circuit 
current falls below 10 amperes. 


COST OF DRY BATTERIES. — Dry batteries of standard size (2.5 by 
6 inches) cost at retail from 1o to 25 cents, depending upon the quality of the 
battery. When bought by the barrel, good dry batteries may be had for 10 
cents apiece. 


BIBLIOGRAPHY. — Cooper, W. R., Primary Batteries, London, 1901; 
Ayrton & Mather, Practical Electricity, New York, 1911. For recent data on 
dry batteries see the Trans. Am. Electrochem. Soc., particularly Ordway, D. L. 
Some Characteristics of the Modern Dry Cell, 1910, Vol. 17, p. 341, and Report of 
Committee on Dry Cell Tests, 1912, Vol. 21, p. 275 (which contains references 
to numerous other articles). 


(H. PENDER AND H. R. RANKEN. 
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£77 BATTERIES, STORAGE, ALKALINE TYPE. — (Se also Auto- 
diis mobiles, Electric; Batteries, Storage, Applications of; Batteries, Slorage, Lead Type.) 
~ The alkaline type of storage battery consists in its best-known form, i.e., the 
Edison battery, of an irun-nickel element immersed in dilute caustic-potash 

ids. solution. The alkaline type of storage battery was first exploited commer- 
he quis: dal by Edison in 1904. At the present time (1914) it is being used ex- 
yh; tensively for the propulsion of electric vehicles, the operation of railroad block 
signals, the electric lighting of trains and the ignition and starting of gasoline 


engines. 


[et 
ree THEORY OF ALKALINE STORAGE BATTERY.* — Numerous active 
(i; elements have been used in the alkaline type of storage battery. The elements 
pali in the Edison type of alkaline battery consist of nickel hydroxide for the 
„nes active material of the positive plate, iron for the active material of the nega- s 
tive plate and dilute potassium hydrate solution for the electrolyte. On dis- 
ph charge the iron is oxidized and the high nickel oxide is reduced to a lower 


oxide, while the electrolyte is not appreciably changed. 

As far as the writer knows, an exhaustive study of all of the secondary reac- 
tions which take place during charge and discharge of this type of battery has 
not been made. It is generally conceded that the ultimate reaction of charge 
and discharge is simply a transference of oxygen backwards and forwards be- 
tween the two electrodes. For this reason, only sufficient electrolyte need be 
provided to form a conductor between the positive and negative plates. A test 
of the electrolyte outside the pores of the plate shows that the specific gravity 
during charge and discharge does not vary to an appreciable extent. 

The following simple reaction may be taken to indicate the probable final 
reaction on charge and discharge: 

2 NiO: + 2 KOH + Fe = NrOs+2KOH+ FeO 
+ Plate — Plate + Plate — Plate 

This equation when read from left to right is the equation of discharge; when 
read from right to left it is the equation of charge. For simplicity, the water 
of the electrolyte has been eliminated from the equation. This, however, makes 
ho duference, since it will be noted that the electrolyte indicated by 2 KOH 
remains unchanged whether the cell be charged or discharged. 


Density of Electrolyte in Pores of Plates. — Although the density of the 
body of the electrolyte remains practically unchanged, it has been noted that, 
when the battery is on charge, the 
electrolyte becomes more dense in Obarged 2(N102) — 2KOH + » 
hs pores of the iron plate and less 

ense in the pores of the nickel Ni903* 0 +2020 l 
me A possible explanation of | a | hw 
is action might be indicated by Ew 


the accompanying diagram. "m. 
panying diagr Discharged Nin03 + 2KOH + FeO 


As neither potassium nor potas- 
sium oxide can exist in the presence 0+ H,0+2E . 04 Fe 
of water, the reactions as shown in . EN 
this diagram are necessarily hypo- E d 
thetical, However, although these  Obarged 2(N103) -+ $EOR + Fe 


elements cannot exist under these 
conditions, it is probable that the potassium oxide (K20) is formed in the pores 
of the cathode and immediately reacts with the water present in the electrolyte 
at this point, the result being a concentration of the solution at the cathode 
(iron plate) and a weakening of the solution at the anode (nickel plate). 

*-By T. Milton. 
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** Gassing.” — In the alkaline type of cell, as in the lead type of cell, a certain >; :-y 
amount of the water (H2O) is broken up on charge by the electrolytic actiona |. jy 
the charging current. The rate at which gas is evolved during a charge at 4; 
the normal rate of current remains approximately constant during the frst |... 
half of the charge, and increases rapidly during the latter portion of the charge. |; : 
Of the total amount of gas evolved during a 7-hr. charge, about one-half is |. 
evolved during the first 5 hr. of the charge. As the oxygen and hydrogen `- 
thus liberated form an explosive mixture, provision should be made witha ..., 
battery of any considerable size to carry the gases away to prevent their be- Qu. 
coming a source of danger. n 


DESIGN * — The only alkaline type of battery in use at present (1914) in =% 
the United States is that made by the Edison Storage Battery Co. This bat- =>: 
tery is made up of a positive plate having as the active material a high nickd 
oxide, a negative plate having as the active material powdered iron, and an y t 
electrolyte consisting of dilute potassium hydrate solution. i 


Positive Plate. — The positive or nickel plate consists of perforated sted MN 
tubes, nickel plated, filled with alternate layers of nickel hydroxide and pure 
metallic nickel in thin flakes. The nickel is added to give the necessary con 


E 

ductivity to the active material. 2 
The tube is formed from a perforated ribbon of steel, nickel plated, and has». 

a spiral lapped seam. This tube, after being filled with active material, is =) 


reinforced with steel bands, which prevent the tube expanding away from and 
breaking contact with its contents. The tubes are flanged at both ends and 
held in contact with a steel supporting frame or grid made of cold-rolled steel, 
nickel plated. 

Negative Plate. — The negative or iron plate consists of a grid of cold- 
rolled steel, nickel plated, holding a number of rectangular pockets filled with 
powdered iron oxide. These pockets are made up of very finely perforated 
steel, nickel plated. After the pockets are filled they are inserted in the pi 
grid and subjected to pressure between dies which corrugate the surface of the 
pockets and force them into contact with the grid. 

After the plates have been prepared, as outlined above, the positive or nickel 
plate is further oxidized electrolytically and the nickel hydroxide converted to | 
a high oxide of nickel, probably NiOz. The negative or iron plate is reduced | 
electrolytically, the powdered iron oxide being converted into metallic iron. : 
See section above on Theory for an explanation of the chemical action. | 


Separation and Insulation. — After the plates are assembled into a com- 
plete element, narrow strips of hard rubber are inserted between the plates to 
insulate them from each other. The side insulator is provided with grooves : 
to insulate the complete element from the steel container. At the ends of the 
element, that is, between the outside negative plates and the container, are 
inserted smooth sheets of hard rubber. At the bottom, the element rests upon 
a hard-rubber rack or bridge, insulating the plates from the bottom of the con- 
tainer. 


Assembly. — The jar is made from cold-rolled sheet steel, nickel plated. 
The walls of the jar are corrugated to give the greatest amount of strength 
with minimum weight. 

The cover is of sheet steel, nickel plated, provided with three mountings, two 
being pockets for containing stuffing boxes about the terminal posts. The third 
mounting is an opening for filling the cell with electrolyte, and for the occa- 
sional (every four or five discharges) addition of distilled water to take the 
place of that which is lost during charge. This opening) is ‘provided with a 


* By T. Milton. 
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vedi hinged cap, on the under side of which is loosely hung a spherical segment of 
tui hard rubber, The latter, when the cap is closed, seats upon the circular 
RNIT opening beneath and is lifted by escaping gas, permitting its free egress. It 
at ditt) closes the cell however to the admission of foreign gases or other material 
rai from without. The cap is opened only for filling and is held open or closed 
abua by a flat steel spring. 

xaa The plates are grouped on steel connector rods with steel spacing washers, 
] be wii all being attached to a steel terminal post. The terminal posts are insulated 
pets? from the cover by means of hard and soft rubber washers and bushings. 

The cells are assembled in wood trays, the positive and negative terminals 
wet of adjacent cells being connected together by copper connecting links. Each 
H Gi as cell is insulated from the adjacent cell and from the containing wood 
mie "Y 


nit! RATING AND PERFORMANCE. — It is standard practice to rate an 

Edison battery in terms of the amperes it will give continuously for 5 hours. The 
ele rated capacity in ampere-hours is then 5 times this current rate. The normal 
rgs Tate of charge is the same as the normal rate of discharge and the time of 
pms NOrmal charge is given as 7 hours. In the trade designations employed, e.g., 

A-6, the letter designates the size of the plate and the numeral the number of - 
did: positive plates per cell, i.e., in the A—6 cell there are 6 positives; see below under 
qz Dimensions, Weight and Cost. The values of the rated current and output for 
ax each size of cell are given in the following table; the average voltage per cell 
n during discharge is 1.2 volts. 


RATED PERFORMANCE OF EDISON CELLS 
pg | 
i Normal rate Rated capacity Watt-hours | Average 
ul ic Size of of charge per pound | watts during 
e | ol | argo, | Ampere- | Watt- [ote |o normai 

: hours hours ; 
amperes capacity rate 
SRS mM, Se ee eh 
A 

| AE B-2 8 40 48 10.4 9.6 " 
i f B-4 16 80 96 13.0 19.2 
if B-6 22.5 112.5 135 13.7 27 
T ait A~4 30 150 180 I3.3 36 
we | 45 37.5. 187.5 225 13.4 4S 
^ P A-6 45 | 225 270 14.I 54 
uo A-8 60 300 360 13.1 12 
M À-10 75 375 . 450 13.2 go 
"- A-12 go 450 540 13.2 108 


The capacity of new cells increases for at least twenty cycles of charge and 
"s discharge. This betterment may be as much as 3o per cent above rating and 
{s@ Comes from an improvement of conditions in the nickel electrode which is 

brought about by regular charging and discharging. It is expedited by over- 
gis Charging, The capacity then decreases slowly with use until the electrolyte 
f; B Tenewed, which should be done before the capacity has fallen to the rated 
T value. The capacity again increases for a few charges and subsequently falls. 
) Voltage Characteristics. — The charge and discharge voltage characteristics 
M? of an Edison battery vary with the conditions, among which are temperature, 

condition of electrolyte, time since last discharge or charge, etc. Typical 
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charge and discharge voltage curves at the normal rate are given in Fig. 1. = 
It will be noted that the voltage rises rapidly at the beginning of charge, de |z- 
creases somewhat during the second hour, and then rises gradually during the |... 
remainder of the charge. 
This hump in the voltage 
curve is characteristic of 
the Edison battery, and 
may lead to confusion as 
to battery's condition of 
charge. The value and 
duration of this hump 
may vary considerably 
even on successive charges 
of the same battery. The 
final charging voltage, 
with current on, is approx- 
imately 1.8 volts per cell, 
but ranges from 1.7 to Fig. 1. Voltage Curves at Normal Rate 

1.95 volts per cell. The 

rise in voltage near the end of charge is not sufficient to serve as avery : 
satisfactory criterion of complete charge, but the Edison Storage Battery Co. 
recommends that if the extent of the previous discharge is unknown, the charge 
at the normal rate should be continued until the voltmeter reading has re- 
mained constant for 30 minutes at about 1.8 volts per cell. 


Effect of Temperature on Charging Voltage. — The normal average 
temperature of a battery on charge is between go and 100° F. The values of 
average and maximum charging voltage are higher for low temperatures of the 
electrolyte than for high temperatures. The range is indicated by the results 
of a series of tests given in the accompanying table. 


Temperature, Average 


deg. Fahr. voltage 
35 1.88 
55 1.81 
75 1.76 


95 1.70 
IIS I.67 


Discharge Voltage. — On discharge the voltage performance of an Edison 
battery is more uniform than on charge, although during the early portion of 
the discharge the voltage is liable to vary considerably from the values indi- 
cated in Fig. 1. This depends chiefly on the length of time the cell has stood 
on open-circuit since the completion of the charge. The average discharge 
voltage is 1.2 volts per cell when discharged to o.9 volt per cell (with current 
on) at the normal (5-hour) rate. 

As with lead cells the open-circuit voltage is valueless as an indication of the 
state of charge. The open-circuit voltage in general will be about 20 per cent 
higher than the corresponding terminal voltage at normal rate of discharge. 


Specific-gravity Characteristics. — The normal specific gravity of the 
electrolyte is about 1.200, and decreases slowly as the cell is used. (See sec- 
tion below on Tests of Electrolyie.) The specific gravity does not change ma- 
terially on charge or discharge. A slight concentration has been noted on 
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gmt discharge, but the variation is too small to have commercial significance. The 

indie: Specific gravity decreases 0.002 with each 10° F. increase in temperature. 

isz Variation of Capacity With Rate of Discharge. — The ampere-hour capac- 
ity of an Edison battery is practically independent of the rate of discharge, pro- 

[^ vided the discharge is carried to a sufficiently low voltage. In this connection 


3 Normal 
Normal 
2 x Normal 


4x Normal 


6 x Normal 


Hours 
Fig. 2. Discharge at Various Rates 


25- it may be pointed out that no harm is done an Edison battery by discharging 
“+ it to a complete short-circuit. The total ampere-hour outputs of a battery 

when discharged to zero voltage at various current rates from one-third normal 
xr to four times normal, after a normal charge in each case, vary by only 2 per 
yb cent. As the low voltage 
ve Dart of a discharge can- 


ts Not be considered useful, g 120 
it is customary to con- | 
sider the discharge com- rai 
pleted for any rate of 5 so 
discharge when the volt- © 
age has reached a value ® " 
diferingfrom o.9 volt per 8 40 
cell by an amount equal & 
to the difference between ™ ? 
the resistance drop in the 1 5 
cell corresponding to this Ratio of Discharge Rate to Normal 
rate and that correspond- Fig. 3. Relation of Output Characteristics to Rate 
ing to the resistance drop of Discharge 


fs atthe normal rate. Thus 
for a cell with an internal resistance (for values see paragraph below on Internal 
Resistance) of 0.003 ohm and a normal rate of 30 amperes, the terminating volt- 
age for a discharge at 60 amperes would be 0.9 — 0.003 (60 — 30) = 0.81 volt. 
-: Fig. 2 shows a series of voltage curves for discharges at various rates following 
< normal charges. The discharge has been discontinued in each case in accord- 
: ance with the above rule. The variations of average voltage, ampere-hour out- 
^ put and time of discharge, with discharge rate are shown in Fig. 3, where values 
v of these factors for the normal (g-hour) rate are each taken as 100 per cent. 


Variation of Capacity with Rate of Charge. — The energy contained in a 
; newly charged Edison cell depends upon both the rate and length of charge. 
, Fig. 4 gives the variation in the time of discharge at normal rate for various 
; Charge rates and periods for-a particular battery. In this particular test when 
; the cell was discharged at the normal s-hour rate to 0.9 volt, after a 7-hour 
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charge at this same rate it gave this current for 5.9 instead of 5 hours. Te ^ 


curve for the normal rate of charge shows that the capacity for a 10-hour charg 
is 13.5 per cent and for a 14-hour charge 22.0 per cent greater than for a noma 
(7-hour) charge. The results of a series of charges of various lengths and sub- 
sequent discharges, both at the normal rate, are given in the accompanying =” 
table. ae E | 


Charge at 4% Normal Rate 


0 40 80 120 160 200 240 280 
Time of Charge, in Por Cent (7 hr. == 100 €) 


Time in Per Cent to Discharge at Norma! Rate 
(5 hours = 100%) 


Fig. 4. Capacity at Normal Rate Discharge after Charging at Various 
Rates and Periods 


Length of charge, hours 5.5 y.0 10.0 
Length of discharge, hours 5.0 5.8 6.4 
Average discharge voltage 1.19 1.202 1.203 
Ampere-hour efficiency, per cent 9I 83 64 
Watt-hour efficiency, per cent 66 59 45 


Variation of Efficiency with Length of Charge. — As shown by Fig. 4 the 
capacity of a cell depends upon the rate as well as upon the length of charge. 
For charge and discharge at the normal rate, the watt-hour efficiency is ap- 
proximately 72 per cent for a short charge (i.e., one hour or less), it drops to 
about 58 per cent for a normal or 7-hour charge, and has smaller values for 
larger charges, being approximately 30 per cent for a 15-hour charge. The 
normal rate of charge has been chosen by the manufacturers such that for an 
output of approximately the rated number of ampere-hours at the normal rate 
the efficiency is higher for the normal rate of charge than for a rate which is 
considerably higher or lower than the normal. 


Variation of Capacity with Temperature. — With the Edison battery, as 
with all alkaline batteries, there is a critical electrolyte temperature for each 
rate of discharge below which the capacity falls to a low value. The higher the 
rate of discharge the higher is this critical temperature. If the electrolyte 
throughout the cell has been chilled below the critical point for a given rate of 
discharge, the full capacity can be obtained as soon as the cell is warmed above 
the critical range. A series of tests, reported by W. E. Holland (Central Station 
Nov., 19011), showed that the temperature should be kept above 55° F. if a large 
current is to be required. In the operation of Edison batteries in electric auto- 
* mobiles in cold weather it is recommended that the batteries be given a wamm- 
ing charge shortly before the car is taken from the garage. See also nex 
paragraph. j 

Rate of Cooling of Electrolyte. — The rate of cooling of the electrolyte 
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ae contact with the battery, the temperature of this air, and the rate at which 
is current flows from the battery. Another series of tests reported by Holland . 
: i (Ceniral Station, Nov., 1911) showed that in an open box a battery which had 
a been charged in a room temperature of approximately 65° F. could stand idle 
ighi in still air at 8° F. for a period of about 4 hours before the electrolyte dropped 
fat qo ss? F. When placed in a closed box it took about 13 hours for the battery 
to cool from an initial temperature of 9o? F. (which a battery would have at the 
end of a normal charge) to the critical temperature for high discharge rates. 
These tests pointed out the efficacy of a closed battery box for keeping cells 
warm. (See also Automobiles, Electric.) 


Internal Resistance. — The effective internal resistance of a cell determines 
. the immediate change in voltage at the cell terminals with a sudden change in 
` the discharge rate. For method of measuring see section on Testing, below. 
The value in ohms of the mean effective internal resistance for an A-type cell 
discharging at normal rate is approximately equal to o.or2 ohm divided by the 
number of positive plates as given by the designation of the cell size, and for a 
B-type cell is approximately equal to 0.024 ohm divided by the number of posi- 
tive plates. For two or more cells in series the total effective internal resistance 
is the product of this value by the number of cells in series. The internal 
resistance of Edison cells is such as to cause an immediate drop in terminal 
voltage of between 7 and 8 per cent with a sudden increase in current equal to 
the normal rate, The virtual internal resistance increases slightly during the 
progress of a discharge. 


Retention of Charge. — The rate of loss of charge of a battery during idle- 
ness varies with the temperature at which it stands. The loss is slight 
in the cold and becomes greater 
asthe temperature increases. The $100 
_ variation for cells charged under i 
.* normal conditions and discharged & 
| alter resting for various periods 3 
— in one case at normal tempera- à? 
MET ture of 75°F., and in another case * 
ads at 35° F, is shown in Fig. 5. 8 
cat Accordingly a cell which bas not i: 
VÉ been used for ro days following $$ 906 2 1 6 8 
à normal charge may be expected Days between Charge and Discharge 
pt to retain at least 85 per cent of Fig, 5, Retention of Charge when Standing Idle 
^, WS initial capacity, It will be | 
s noted that the rate of loss of capacity after the second day is practically the 
at same at both temperatures. . 


yr, TESTING. — There are described below only those tests which are of in- 
nit? terest in the commercial operation of the batteries. The methods of conduct- 
n ing several of the tests are the same as for the lead type of battery and are 
‘tex described more fully in the article on Batteries, Storage, Lead Type. 


w? Tests of Electrolyte, — The normal specific gravity of the electrolyte at 
sd) 80° F. is 1.200 as measured by hydrometer but may range from 1.160 to 1.230. 
dE Specific gravity is not necessarily a true indication of the suitability of the 
ji” electrolyte, since harmful impurities may get into the electrolyte when watering 
di^ Or in other ways. The manufacturers recommend that the electrolyte be 
23 removed when the specific gravity has fallen to 1.160; this will usually be re- 
je  — quired after from 8 to 10 months of daily service. It is advisable to discharge 

the battery before renewing the electrolyte, and to give it a 12-hour charge, at 
y the normal rate after renewing. 
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Test for Internal Resistance. — The internal resistance of a battery maybe :—-- 
determined by momentarily opening the switch during discharge and noting ..: 
the rise in voltage. This rise represents the JR drop in the battery due toits [---- 
internal resistance and cell connections. Hence the value of the internal re- ;« .- 
sistance at the given point of discharge will be the quotient of the volts rise :;: 
divided by the current rate. This value divided by the number of cells in senes  :- .- 
will give the internal resistance per cell. Since on interrupting the current tle 
voltage may rise for some time, due to change in the e.m.f., a better voltage 
reading may be obtained by momentarily reducing the current flow instead of 
opening the circuit. In this case the resistance is found by dividing the differ- .. 

; : ; LN- 
ence in voltage at the two rates by the change in current. | 


Capacity; Efficiency. — In testing for the capacity of an Edison battery at has 
any given rate, the discharged battery should first be charged for 7 hours at | ` 
the normal (s-hour) discharge rate. The battery is then discharged at the ~~~ 
desired constant-current rate until the terminal voltage has reached the value ` `; 
as determined by the rule given in the paragraph above on Variation of Capacity ^ 
with Rate of Discharge. The capacity in ampere-hours is the product of timeof 37 
discharge in hours by the rate of discharge in amperes. The watt-hour efficiency “+= 
of the battery is the ratio of the energy given out on the discharge to the energy **~: 
put in on the charge. The term “volt efficiency” is used to express the relation ~~" 
of the average voltage of discharge to the average voltage of charge. For ^*: 
charge and discharge at the normal rate the value of the volt efficiency willbe =- 
close to 72 per cent for any length of charge not extremely short or long. Thus “2r 
72 per cent is the limit of possible efficiency at the normal rate. The watt-hour ~~: 
efficiency on any normal rate test may be calculated accurately enough for al `= 
practical purposes by taking 72 per cent of the ampere-hour efficiency, ie, by =" 
taking 72 per cent of the ratio of ampere-hours output to ampere-hours input. 

Test Electrodes. — The best substance for a third electrode in analyzing 7 
voltage curves of alkaline batteries is a partially reduced oxide which wil *: 
undergo reduction in the electrolyte without polarization, and which is insoluble `= 
in the electrolyte. Either cupric oxide or the high nickel oxide of a charged `= 
Edison positive fills these conditions for alkaline cells. For a discharge at X] 
normal rate the readings of the cell electrodes to a test electrode of cupric oxide — . 
are: iron, approximately 0.44 volt, nickel, 0.9 to o.5 volt; for a test electrode |: 
of nickel oxide the readings are: iron, approximately 1.28 volts, nickel — 0.1 to s 
— 0.4 volt. " 

INSTALLATION. — The A- and B-types of cells are usually assembled by 
the manufacturer in wooden trays holding from 2 to 12 cells each, according to 
requirements. There is an air space between cells for ventilation and in- 
sulation. The standard form of tray is made “bottomless,” in order to prevent 
short-circuits between cells from the collection of dirt and moisture. If A-type 
cells are to be used where they will be pulled horizontally for filling, etc., trays 
with bottoms are used on account of the greater strength. Data on typical 
assemblies in bottomless trays are given in the following table: 


Size of cell B-a A-4 A-8 A-12 
Neue ETT (fee Muere. 
Width of standard tray, in. 615 64% 616 9 
Over-all height (filler cap closed), in. 956 14946 1478 1542 
Length of trays, in.: 
` 2-cell tray 5 794 1275 13% 
s-cell tray i 10% 17% 29% 32% 


8-cell tray 1656 274 4796 
12-cell tray 2496 aoe E" 
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ikte: For the extra high container which is sometimes furnished (designated by H) 
ag z:the over-all height for B-type is 2 in. greater and for A-type 3 in. greater than 
attey the figures given in the above table. 

(zz The over-all height with filler cap open is about 14% in. greater than the height 
of x ewith filler cap closed. 

‘dais Ifa battery is to be used for stationary service a clearance of 6 in. above 
‘ty:cscells should be allowed so as to permit the proper filling of the cells in place. 
a kte In vehicles from which the battery is removed for filling the clearance need be 
fa only % in. 


iE OpERATION.—An Edison battery should never be operated in any manner 
_ except in accordance with the instructions received from the Edison Storage 
dio Battery Co. Disobeying these instructions may result in forfeiture of the 
1:7 guarantee with regard to the life of the cell. As the detailed instructions differ 
xiz*- somewhat for various services, only general directions which apply to all services 
acid: are noted below. 
ut: Charging. — The batteries are usually shipped in a discharged condition. 
xti- The initial charge should continue for 12 hours at the normal rate. A similar 
"i^ overcharge should be given after 30 days of service, one after 60 days of 
g ve: service, and another after each renewal of electrolyte. The normal charging 
155^ rates are given above in the section on Rating and Performance; the time of a 
/2* normal charge is 7 hours. The boosting rate may be as high as desired pro- 
‘hee vided the temperature does not exceed 115° F. in any of the cells. The best 
ut” results are obtained when the temperature is kept between 75 and 95? F. Under 
T:*' average operating conditions the charge in ampere-hours necessary to replace 
-ëe a discharge is from 15 to 25 per cent greater than the discharge. The Edison 
X^ Storage Battery Co. recommends that if an ampere-hour meter is used, it 
vik’ should be set to operate 20 per cent slow on charge. 
LIF Precautions as to Gases. — The battery should be well ventilated while 
ie © charging, and no open flame or arcing contact should be allowed near the cells 
32^ while charging or immediately afterward, as the evolved gases may be exploded. 
(7^ Standing Idle. — An Edison battery may be allowed to stand idle in any 
G7. etate of discharge provided the level of the electrolyte is kept above the plates. 
Jc After long idleness an overcharge may be required to bring the battery up to 
rated capacity. — . 
7" Watering Cells. — The level of the electrolyte must be kept above the plates 
. by adding distilled water from time to time. The frequency of adding water 
se will depend upon the amount and rate of charging. The manufacturers of the 
A^ battery Supply an indicating filler which is of assistance in preventing slopping 
55^ and over-filling. 
a ^ Cleaning. — The trays and containers must be kept dry, and dirt or other 
l . foreign material must not be allowed to collect between or under cells. Dirt 
t^' and dampness may cause leakage which may result in corrosion of the con- 
i" tamers, The outside of the cans may be cleaned with a steam or air blast. 
If a container becomes leaky it should be returned to the manufacturer for 
repair, 


.~ DIMENSIONS, WEIGHT AND COST. — The Edison battery is made in 
t. two standard types, the plates of the A-type being approximately 434 by 914 in. 
is and those of the B-type 494 by 45% in. Plates of other dimensions can be ob- 
tained for special purposes. The sizes of cells are commonly designated by 
.$ the type letter and a number which indicates the number of positive plates, as 
5 for instance, an A-6 cell has 6 positive and 7 negative plates. The several 
|. Bzes of cells together with data on the dimensions and weight of each are given 
là the following table: 


ee 


p Wehen = 
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DIMENSIONS AND WEIGHTS OF EDISON CELLS 


Over-all dimensions of cell, in inches Weight in pounds 


Size of l Average pe | ^ 
cell ; Complete cell with 
L h Width 
engt i Height cell trays and 
connectors | .— " 
B-2 I.5 : . 4.6 5.5 
B-4 2.6 i 7.4 8.2 
B-6 3.8 l l II.0 12.0 
A-4 2.7 13.3 14.5 
A-5 3.2 ; 16.8 18.54 
A-6 3.8 : 19.0 21.0 
A-8 5.0 ; l 27.0 30.0 
A-10 6.2 ; 34.0 37.5 
A-12 7.4 l ; 45.0 


For services, such as the lighting of railroad cars, which require that the 
batteries work for long periods without the addition of water, the A-type plates 
are assembled in containers (designated by H) about 3 in. higher in each case 
than those indicated in the table, in order to obtain additional space above 
the plates for the electrolyte. The weight per cell is then about 15 per cent 
greater than the above. 

The cost of Edison cells assembled in trays is approximately $1.00 per pound, 
including weight of trays and connectors. "This is equivalent to a cost of ap- 
proximately $420 per kilowatt at the normal (5-hour) rate of discharge or $125 
per kilowatt at the one-hour rate of discharge. The manufacturers guarantee 
that these cells will show at least their rated capacity after being used a specified 
time, the usual guarantee period for A-type cells. being 4 years and for B-type 
cells, 5 years. | 


BIBLIOGRAPHY. — Holland, W. E., Effect of Low Temperatura on Ue. —— 
Alkaline Storage Battery, Central Station, Nov., 1911; Kammerhoff, Mem, .. 
Der Edisonakkumulator, Berlin, 1910; Lyon, H., The Manufacture ond Pe- .: 
formance of the Edison Storage Battery, Jour. of Indus. and Eng. Chem. Dec. 
1911; Foljambe, E. S., The Edison Storage Battery, Its Conception and Method ^ 
of Manufacture, Com’! Car Jour., Jan., 1914; Smith, H., H., The Edison Storage u 
Battery in Service, Cent. Sta., Nov., 1912; Manual of Storage Batlery Pracitt, ..— 
printed by Assoc. of Edison Ill, Co., 1912; Publications of the Edison Storage |. 
Battery Co., especially The 1910 Edison Storage Battery, by Holland, W. E. | 
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s . 
— BATTERIES, STORAGE, APPLICATIONS OF. — (See also Bat- 
37 tries, Storage, Alkaline Type; Batleries, Storage, Lead Type.) The following 
7. shows some of the more important applications of storage batteries. 

[e 2 

ET " Emergency reserve — ''Stand-by service," p. 88. 

u ats or io regulation, p. 9o. 

" ; aking peaks, p. 95. 
Tan Central Stations Day load on small systems, p. 96. 

Exciter reserve, p. 92. 
] Remote-control switch operation, p. 93. 


os Mine hoists, steel mills and other heavy motor regulation 
(see Index). 
Carrying entire load during certain hours of light load. 
Isolated Plants 4 Load and voltage regulation in office buildings or hotels, 
where electric elevators are in service, p. 98. 
. Giving 24-hour service in residences, 
E Operation of drawbridges, p. 101. 
_- Other uses are: | E 
Regulation of long feeders, see Trolley Systems, Qwrhead. 


P Propulsion of pleasure cars, trucks, street cars, submarine 
i boats, launches, etc., p. 100. _ 
p Gas-engine ignition, p. 102. 
a Railway passenger-car lighting, sce Pise of Trains by 
uf Electricity. 
Railway signaling, see Signaling, Railway. 
og Telephone and telegraph (q.v.) 
je Portable and small stationary lamps. 
Be Fire and burglar alarm (q.v.) 
i Electroplating, p. 102. 
: i Dental and other surgical work. 
Probably the largest application of storage batteries at the present time is for 
" “stand-by” service in central stations, for peak and regulating work in railway 
" power stations, in electric vehicles and in the steel-mill power stations where 


. the load fluctuations are very rapid and of great magnitude. 


v. Extent of Application in the United States. — The first application in 
xi America of storage batteries to central-station service was in 1886. In 1912, 
ji? there were in service in the United States, for central-station “stand-by” 
në Work, 185 storage batteries of the lead-lead acid type, having a combined capacity 
c5 of approximately 147,000 kw.-hr. at the one-hour rate of discharge. Twenty- 
it! one of these are of the Faure or Pasted type, the rest being of the Planté type, 
gg a combination of Planté and Faure types. 

In railway power stations there were in service in the United States in 1912 
batteries of the lead-lead acid type aggregating approximately 120,000 kw-hr. 
at the one-hour rate of discharge. All of these batteries are of the Planté or 
combined Planté and Faure type. B 

There were in service in steel-mill power plants in the United States in 1912 
twelve batteries of the lead-lead acid type aggregating approximately 7000 
kw-hr. at the one hour rate. All of these batteries are of the Planté or Planté 
Faure type. 

There were in service in the United States in 1912 approximately 500,000 
cells of the lead-lead acid type, operating telephones, lighting railway cars and 
operating signals. There are probably over 400,000 lead storage-battery cells 
in operation in electric automobiles. 
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STAND-BY BATTERIES IN CENTRAL LIGHTING STATIONS. ~, 


Formerly the storage battery in a central lighting station served a dual purpose: 


5t 


first, as a source of current in an emergency, and second, to take short peaks T. 
of load, thus cutting down the generating capacity in service and increasing -. 


the economy of plant operation. In certain cases the batteries are used in this -... 


manner to-day, but owing to the desire always to have the full battery reserve 
in case of emergency, the peak battery feature is being abandoned and the 
stand-by feature only is being retained. 


This method is considered by some authorities to be even more conducive to E 


economy of station operation than that in which the battery was also used on . .. 


the peak, inasmuch as the presence of a fully charged battery behind the generat- — i 
ing apparatus permits station operation at a much higher load factor than were . 


the battery fully or partly discharged. Furthermore, as one of the important ~ 


factors in the life of the battery is the amount of work it does, this life is greatly = 


increased if the battery be used only for emergency service. 


Connections for Battery and Its Auxiliaries, Stand-by Service.— ps. 


Fig. 1 shows a general standard scheme for the operation of a battery on a 


3-wire lighting system, either for peak work or stand-by emergency work. As ~~. 
will be noted in this scheme, the neutral of the battery is connected to the « 


neutral of the system. 
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Fig. 1. Connections for Stand-by Service’ 


Charging. — For stand-by emergency work it is standard practice to take 
the battery off the bus for charge and in most cases the battery is floated on 
only one bus. In this service the battery is kept fully charged and floating on 


the bus-bars continuously, except during charge. Except in case of an emer- e 


gency discharge having been required from the battery, it will only be necessary 
to give the battery an occasional overcharge about once a week or once in two 
weeks in order to keep the active material in proper condition. - Since this ovet- 
charge is given at the normal rate for only a few hours, once every week or every 
two weeks, a time for this overcharge can be selected when it will be safe to take 
the battery off the bus. It will also be noted that on charge, sufficient voltage 
is obtained for charging the complete battery by adding to the bus voltage the 
voltage of a simple charging booster. It is necessary with the 3-wire system to 
have two generators, one on each side of the system, in order to be able to charge 
the two halves of the battery at different rates in-case-the)battery has become 
unbalanced on discharge. The diagram shows a simple shunt motor driving 
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| End-Cells and Switches for Stand-by Service. — The connections 
C ST between the two sides of the battery and the outside bus-bars of the system 
"£iC:;are made through “‘end-cell switches," by means of which the number of cells 
nuon the systern can be varied at will within certain limits. This scheme 
“ezizshows two end-cell switches in parallel on each side of the system, this nurn- 
rz: ber of switches being installed in this case in order to provide sufficient capacity 
ici for the discharge. 
ix: The number of end-cell switches necessary on each side of the system depends 

upon the current to be carried, upon the number of bus-bar voltages to be main- 
merz tained from the battery simultaneously, and upon whether or not it is desired 
; vas: to keep the battery on the bus during charge. It is frequently required to float 
vi: the battery on more than one bus. In such cases there must be one end-cell 
iia switch on each side of the system for each bus. If it is not desired to keep the 
iter battery on the bus during charge, and if the battery is to float on only one bus, 
kos me end-cell switch on each side of the system will be sufficient, provided the 

one end-cell switch has sufficient current-carrying capacity. 
"TS If, however, it is deemed advisable to keep the battery on the bus at all times, 
tater it will usually be necessary to have at least two end-cell switches on each side 
ver of the system and the number of end cells required will be greater than the 
m number of end cells required where the battery can be taken off the bus for 

charge, This point is referred to again in the next section. 

It will be noted from the diagram in Fig. 1 that on discharge the cells are 
connected in series and that the voltage on discharge is controlled by means of 
the end cells. 


Importance of Well-designed End-cell Switches. — It should be 
noted that the end-cell switches used with this standard scheme are by far the 
most important of the auxiliary apparatus and the efficacy of the battery is 
absolutely dependent on the successful operation of these end-cell switches. 
The factors necessary for successful operation of the end-cell switches are, first, 
there must be no chance of interruption of the battery discharge; second, the 
~ Switch must be able to carry the required current without dangerous heating 
or sparking. End-cell switches having a continuous current-carrying capacity 
= Of 10,000 amperes are now on the market. These switches can carry 40,000 
¿m amperes for six minutes and the contact brushes can be moved from point to 
li point without injurious sparking or heating. 
rd 
Ye 


| Number and Capacity of Cells for Stand-by Service. — The number 
= and the capacity of the cells depends upon the lowest bus voltage maintained 
under normal operating conditions, the minimum allowable voltage at the end 
of discharge in case of emergency, and the load required to be carried during 
cig’ emergency. . 
jac _ M the battery can be taken off the bus for charge, the number of cells in 
gie the main battery will be equal to the lowest bus voltage (between outside bus 
jp bats) divided by 2.1. "The number of cells in the entire battery will be equal 
„p to the lowest allowable voltage in emergency divided by the final voltage per 
pu cell at the rate of discharge required by the emergency. ‘The difference between 
zt the number of cells in the main battery and the total number of cells will, of 
1t Course, be the number of end cells. When the total number of cells in the 
,,7 battery is determined it will become necessary to put half the number of 
‘0% ls including half the end cells, on each side of the system. 
ae If it is deemed necessary to keep the battery on the bus at all times during 
ag Charge and discharge, the total number of cells will be determined as indicated 
yee Above, but the number of cells in the main battery will be equal to the bus 
m voltage divided by 2.7, since this is the average cell voltage at the end of charge. 
ai In this case, at least two end-cell switches on each side of the system will be 


2 
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à required. On charge one end-cell switch on each side oí the system is connected... 
to the main bus and is set at such a position that the total voltage of the cll..." 
in circuit during charge equals the bus voltage. The other end-cell swith à... 
get so as to include the cells being charged. "That is, at the start of charge, the 
circuit from the charging booster to one end-cell switch will include all of the 
cells, and the circuit from the lighting bus to the other end-cell switch will only 217 
include sufficient cells to give the lighting-bus voltage. As the charge proceeds, 7:58 
the end-cell switch in the charging circuit will be shifted to cut out end cells as **»- 
their charge is completed, and the end-cell switch connecting the battery with “a 
the lighting bus will be shifted to cut out cells as the voltage of the battery come £5- 
up, so that the voltage of the cells in circuit on the lighting bus can be held at zx 
the lighting-bus voltage. "oU 
It is seen that with this operation the end-cells included between the two etd ::::. 
cell switches will have to carry the charging current plus or minus any curtent 27s. 
transferred between the battery and the lighting bus. It is thus apparent that ‘=: - 
with this method of operation, unless especial care is taken to float the battery :7« 
at the true lighting-bus voltage, the end cells will be worked unequally. Itis i: 
also seen that, if it is desired to keep the battery on the bus at all times, the =x 
amount of end-cell copper is considerably increased and the cost of the battety =- - 
installation is proportionately increased, for the number of end-cells required >.~ 
is greater than the number of end cells required when the battery can be taken x: : 
off the bus for charge. On account of this increase in cost and the possibilities <=.) 
of unequal work on the end cells, it is desirable to install the simpler scheme .:.. 
shown in Fig. 1. i 


Determination of Size of Stand-by Battery. — As an example of the ~~ 
method used in determining the number and capacity of cells required for this 
class of work, suppose it were desired to install a battery to take care of an ` 
emergency of 20,000 amperes for 20 minutes at a normal bus voltage of 230 = 
volts with a minimum allowable voltage during emergency of 225 volts. The is 

20-minute rate of discharge is 8 times the normal rate, as shown in Figs. 3 ` 
and 6 in the article on Batteries, Storage, Lead Type, and it will be noted from ~ 
Fig. 6 that the final voltage per cell at the end of this rate is t.5 volts. The ^ 
total number of cells will be 225 divided by 1.5, or 150 cells. If it is desired *’ 
to use standard practice, taking the battery off the bus for charge, the numbe | &: 
of cells in the main battery will be equal to the normal bus voltage, 230, divided ` z 
by 2.1, or 110 cells. ; 

dt will therefore, be necessary, in this case, to install a battery having 150 ^ 
cells, including 40 end cells, each cell having a capacity of 20,000 amperes fot ~ 
20 minutes. This battery will be installed with 75 cells, including 20 end cells, 
on each side of the neutral. In standard stand-by practice the 20 end cells on . 
each side of the neutral will be connected to the end-cell switches, with one : 
cell per switchpoint for a few of the cellg and with 2 or 3 cells per switch- 
point for the remainder of the end cells. A certain number of single-cell con- 
nections will be required in order to take care of the variation in the bus voltage, 
as it may be necessary to cut in and out cells while the battery is floating. |. 
The rest of the equipment necessary should be in accordance with the diagram |. 
shown in Fig. 1. 


LARGE REGULATING BATTERIES FOR RAILWAY WORE, 
ETC. — Often the load (particularly a railway load) on the power house is 
subject to frequent. and violent fluctuations, causing severe strains on the gen- 
erating apparatus in service and in many cases requiring the operation of a 
greater number of units than would be necessary to-furnish a steady average 
load. This not only results in a lower load factor and consequent loss of econ- 
omy, but it reduces the surplus capacity of the generating station by the extra 


b 
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tfittidinennt of apparatus required in operation. Another loss in economy is due 
ll vari the rapid changes in the cut-off point of reciprocating engines, due to the 
it ais jolent fluctuations of load. Fig. 2 shows a simplified wiring diagram of the 
3G heme generally used. 


I ndis . 3 
per Carbon Regulator. — The carbon regulator shown in Fig. 2 consists of 
ds of carbon disks arranged in two groups on opposite sides of the fulcrum 


-—— lever, the lever being subjected at one end to the tension of a spring and 
"E the other end to the pull of 
"n coil connected in series with 
tsi $e main bus-bar. Variations 

in the force applied to oppo- 
reaver Ste ends of this lever will in- 
5, TS the pressure on one 
dis pe SOUP of carbon disks and de- 
vex T the pressure on the 
ig other, thus varying their rela- 
M tive resistances. These piles 


,,, M connected in series across Fig, 2, Connections for Regulating Service 
alat the battery terminals, and the — 

ui feld winding of the booster exciter is connected between the middle point of 
t , the battery and a point in the circuit between the two groups of carbon disks. 

.., Variation in the resistances of these two piles, produced by variation of the 
dd pressure of the lever, will cause current to flow in one direction or the other 
through the field of the exciter, thus controlling the operation of the booster 
axă and compelling the battery to charge and discharge with small variations of 
mp Current in the series coil. 
pt? In this manner the load on the generator can be maintained constant within 
, it’ & few per cent on either side of the average value for which the apparatus has 
2388 ben adjusted. The load on the generator is determined by the tension of the 
g^ spring, which may be adjusted to balance any average current in the series coil. 
Iku If the average load on the line should exceed for a considerable period of time 
11 the generator load for which the spring is adjusted, the battery will be subjected 
[1^ to a sustained discharge which may in time exhaust its available capacity. If, 
xú” on the other hand, the average load on the line falls off for a considerable period 
p131 of time, the battery will be subjected to a sustained charge which may produce 

 cessive and unnecessary overcharge. To follow these variations in average 
4: bad, it is necessary to adjust the spring from time to time. 


: ji Automatic "Average" Adjustor. — In order to eliminate the necessity 


er for such frequent adjustment by hand in cases where the average load is con- 
" , tinually changing and where the generator is capable of handling these compara- 
NT tively slow changes, the automatic average adjustor has been designed. This 
5; Dieœ of apparatus consists of a small motor connected by a reducing gear to the 
7; drum which controls the tension of the carbon regulator spring. The armature 
“tz Of this motor is connected across the main bus-bars through a fixed resistance 
is ;; Which maintains a practically constant current through the armature. The 
“field of the motor is connected across the terminals of the booster. 

Whenever the booster voltage is in the direction to discharge the battery, 
| V) the motor field is energized and the motor revolves in the direction to increase 
«X the tension of the spring, thus gradually increasing the load on the generator 
go! and relieving the battery of its discharge until the booster voltage comes back 
nE’ to zero. If, on the other hand, the booster voltage is in the direction to charge 
j^ the battery, the motor of the average adjustor will operate in the opposite 
g0” direction, gradually relieving the tension on the spring and reducing the average 
i load on the generator until the booster voltage is again brought back to zero 
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and the battery is again restored to its floating condition. This transfer of lad © ::2. 
between the battery and generator is brought about slowly so that the battery E : 
is still free to relieve the gencrator of all quick fluctuations of load. The battery, fers: 


however, is relieved from a considerable amount of sustained peak charge and |: 
discharge. 


Load-limiting Device. — To prevent the average adjustor from throw- |e; s 
ing load on the generator beyond its capacity, a load-limiting device has been j:: 
designed. This consists of an electrolytic valve in series with the fied t::..-. 
of the motor. Ordinarily this valve is short circuited by a switch. When the =:-.. 


"^u 


corresponding to the maximum permissible load on the generator, a projection MT. 
mounted on the shaft of this drum engages with the switch and opens it, where- | 
upon the valve prevents current from passing through the motor field ina ae 
direction to cause a further increase in the spring tension. The valve will 7 
however, permit the current to flow in the opposite direction so that as soon as | 
the load has decreased sufficiently to cause the battery to charge, the motor will ^^ 
operate so as to relieve the tension on the spring and at the same time permit the == 
switch to close, thus restoring the original adjustment. 


Automatic Current Stop.— While the capacity of a storage battery to 
withstand an excessive momentary overload without injury is practically un- |" 
limited, the booster must be protected by an automatic circuit breaker. When- |. ~ 
ever the setting of this circuit breaker is exceeded on heavy overload and the | ^ 
breaker opens, the entire maximum load is thrown on the generator. This =: 
usually results in opening the generator circuit breaker also and interrupting {= 
the supply of current to the line. To avoid this and permit the battery to |: 
furnish the maximum current which the booster can handle without danger of |= 
overloading the latter or opening the circuit, there has been designed an auto |= 
matic current stop. This stop is arranged to automatically prevent the battery |-- 
from discharging above a certain predetermined value, for which this stop has 
been adjusted. All load demand above this predetermined value is thrown upon |. 
the generator. The generator is thus subjected only to the excess of load above |-. 
the maximum capacity of the battery booster, instead of having the entire load |. - 
of the line suddenly thrown on it when the battery circuit breaker opens. The |. 


adjustment of this automatic current stop can be changed within certain limits " 
to meet the requirements. 


Batteries for Controlling Alternating-current Loads. — For controlling |: 
fluctuations of an alternating-current load a solenoid which is responsive to the 
energy component of the alternating current is substituted for the series coil 
shown in Fig. 2. The general operation of this scheme is the same as described 
above, except that it is, of course, necessary to discharge the battery on to the 
alternating-current bus through suitable alternating-current-direct-current trans 
forming apparatus. There are in service at present several battery installations 
which regulate fluctuating alternating-current loads. Most of these installa- 
tions are based on the carbon regulator principle, as outlined above. 


Number of Cells and Capacity of Cells and Booster. — The number and 
capacity of cells required for regulating work depends upon the bus voltage and 
upon the nature of the fluctuating load. It is also frequently desirable to 
utilize a regulating battery for emergency and peak work, and the extent of the 
emergency and peak requirements will also be a factor in fixing the capacity of 
the battery. The number of cells installed will be equal to the bus voltage 
divided by 2.1, since this is the floating voltage per cell. A reference to Fig. 2 
shows that during the regulation of load fluctuations. all of the battery discharge 


passes through the armature of the booster generator. It is thus seen that it 
= n fe aha haAnctar $5 cqanarata cufGiciant eonleaewn tan maka un for the drop 
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wi in battery voltage on discharge. This drop in battery voltage depends upon the 
4: Capacity of the battery, and the amount and duration of the discharge. Be- 
[5 fore the booster can be properly designed it will be necessary to have complete 
ez data on these points. 

Emergency Work. — For emergency work, where the battery is carrying 
cnt, the entire load without the assistance of any generating apparatus, it may or 
is, may not be necessary to keep the booster in circuit, depending upon whether 
ri: of pot it is desired to maintain a constant bus voltage. If it is not desired to ~ 
à% maintain a constant bus voltage, a saving can be effected by cutting the booster 
ie: Out of circuit and allowing the battery to discharge directly on to the system. 


ti Peak Work.— For peak work, where the battery must work in parallel 
xi with the generators, it will either be necessary to keep the booster in circuit 
i'; In order to maintain the same voltage as the generator or else to give the gener- 
tw ators a drooping characteristic so that the battery can discharge in parallel 
ks with the generators without the aid of the booster. 


zs Current Capacity. — If it is desired to float the battery on the system 
ci- at all times in order to regulate load fluctuations, it will be possible to float the 

battery about 75 per cent fully charged. If this battery must have a definite 
:* capacity always available for peak or emergency work, it is seen that the battery 
att must be of sufficient capacity, when 75 per cent fully charged, to deliver the load 
i:' Called for by the emergency or peak conditions. 


Determination of Size of Regulating Battery. — In all cases where a 
battery is to be considered for any one of the above conditions or any combina- 
tion of them, it is recommended that the complete data summarized below be 
** snt to the battery manufacturer with a request for a complete report covering 
X^ the battery and accessories recommended to suit the conditions. The data 
Decessary are as follows: 


Number, type and capacity of boilers, if the plant is a steam plant. 

Schedule of boiler operation, if the plant is a steam plant. 

Number, type and rating of generators. 

Schedule of generator operation. 

a Bus voltage maintained. 

If the generators are of the alternating-current type, give frequency, number 
of phases, and the number and rating of any static transformers used. 

If the station in question is a substation, describe the complete substation 
equipment along these same lines. ; 

^" Give complete 24-hour load curve showing half-hour readings of the total 


2i load on the station bus bars. A graphic recording meter chart will be 
pi sufficient, if such an instrument is available. 

°°" If possible, obtain five-second readings on the total indicating ammeter or 
1 wattmeter, over a period of one-half hour during the time of maximum 
n fluctuations. — . 


If the battery is required to assist the generators on the peak, give the amount 
of load in kilowatts required from the battery and the length of time this 

us load is required. It would be well to have an exact load curve showing 

qu the shape of this peak, if it is possible to obtain such a record. 

If the battery is to be used for emergency, give the amount of the load and 


i the time over which this emergency extends. In all cases state the exact 
ex i. of the load required, that is, whether it is a motor load, a lighting 
T oad, etc. 


BATTERIES FOR REMOTE-CONTROL SWITCH OPERATION. — 
It is standard practice in central stations of any magnitude to install a storage 
i battery of sufficient capacity to give ample insurance against interruption of 
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the switch-contro! circuit. It is the usual practice to utilize this battery, not | 
only for the operation of the remote-contro) switches, but for tbe operation of |" 
the signal jamps and a suflicient number of emergency lamps throughout the 


station. In some stations the remote-control switches are operated from the 
exciter bus bars, but it is better practice to operate these switches together with 
their signal lamps and the emergency lamps from a separate source of power. 


Control Battery Connections. — Fig. 3 shows a scheme which is moreot 
less standard with the larger central-station companies. This figure shows a 
motor-generator set consisting of an in- i 
duction motor driving a direct-current 
generator whose voltage can be varied 
from 110 volts up to 168 volts, the 
latter voltage being required to com- 
pletely charge the 62 cells in series. 

Under normal operation the battery 
is floated on the 130-volt bus with the 
motor-generator set, the battery switches 
being thrown into positions 1 and 2. It 
will be noted that with this arrange- Fig. 3. Connections for Control Battery 
ment all 62 of the cells are floating 
on the bus. When it becomes necessary to charge the battery, the battery 
switches are thrown into positions 1 and 4, and the generator voltagc is raised 
sufficiently to start the charge of the entire 62 cells. With this arrangement 
. the voltage at the load bus bars will be the voltage of 55 cells. At the finish of 
charge the battery switches are thrown into positions 3 and 4. It will be noted 
that in these positions the group of 7 end cells is out of circuit, as they have re- 
ceived their complete charge, and the motor-generator set will be furnishing 
power to charge the 55 cells and to carry.the load. 


Size of Battery. — With this arrangement the voltage at the bus bars may 
vary from 145 volts to the minimum voltage of the battery on discharge. The 
number of cells for this scheme can be varied to suit the voltage conditions. 
The capacity of the battery is fixed by the maximum current demand, the total 
ampere-hour current demand over the period of estimated possible shutdown, 
and the minimum allowable voltage on the load bus bars. With these condi- 
tions known, it will be possible with the aid of trade catalogues showing the 
charge and-discharge curves of the battery and the battery capacity at various 
rates, to select a battery to suit the conditions. 

Control Battery on Exciter Bus. — If the oil-switch load is furnished ftom 
the exciter bus it will be necessary to float the emergency battery on the exciter 


bus, or to supply automatic means for throwing the battery on the exciter bus _ 


when the voltage of the exciter bus drops below a certain predetermined value. 
If this method is used, unless the battery is of sufficient capacity to carry the 


entire exciter load, it will be necessary to place a reverse-current circuit breaker. | 


between the battery and the exciter load, so that when the exciter bus " goes 
dead " the battery will be automatically cut off from the exciter bus and left 
on the remote-control switch bus. 


EXCITER BATTERIES. — It is standard practice with the larger central- 
station companies to install a battery of sufficient capacity to carry the total 
maximum exciter load for from one hour to two hours continuously. The 
number of cells will depend upon the voltage of the exciter bus, which is usually 
110 but is sometimes as high as 250 volts. . 

Tf it is desired to maintain constant the voltage on discharge, it will be neces 
sary to utilize end cells by means of an end-cell switch. In this case the number 
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, the total number of cells in the battery will be equal to the bus voltage divided 
^" by the voltage per ce!l at the end of discharge for the discharge rate used. The 
“difference between the number of cells in the main battery and the number of 
` cells in the whole battery will be the number of end cells. These end cells 
"e can be connected to the points on the end-cell switch singly or in pairs, de- 
*- pending upon the voltage regulation desired. If it is not desired to maintain 
~ a constant voltage on an exciter bus, the end cells will not be required. The 
* total number of cells will be kept on the bus bars and as the voltage of the 
^: battery falls the field excitation of the generators can be maintained constant by 
changing the generator field rheostats. 

— ‘The ampere capacity of the cells will be determined by the amount and dura- 
— tion of the load to be carried. Knowing the ampere capacity, the length of 
n timeand the minimum allowable voltage during the period, the number of cells 
4 andthe type of battery can be determined by the use of the charge and dis- 
wa: Charge curve and battery rating given in trade catalogues. 


| LINE BATTERIES FOR RAILWAY WORK. — (See also Trolley Sys- 
kms) The functions of a storage battery floating on an electric railway line 
at a distance from the power house are as follows: 


I. To improve the line voltage and displace a certain amount of feed wire. 

2. To relieve the power house of fluctuations of load. 

3. To keep the cars moving when the power supply is temporarily interrupted. 
4. To supply power for the operation of a few cars or lights at night when the 
m - power house is shut down. 


si Location. — Before any calculations can be made, the location of the battery 
A must be decided. Where there are no other determining factors, the battery 
x7 would ordinarily be located about three-quarters of the distance from the power 

house to the end of the line, or, if the line is fed from both ends, midway between 
qx! the feeding points. In some cases the location of the maximum momentary 
aa koad, due, for example, to a severe grade or to the passing of two cars at a siding, 
mz Will influence the location of the battery. In other cases the location of a suit- 
yix able piece of property owned by the company, or the location of a car barn 
ji where attendance would be available, may be the determining factor. 


5" Line Battery without Boosted Feeder. — In this class of line-battery 
installation the number of cells is determined by the average line voltage at 

the proposed battery site on the basis of approximately 2.1 volts per cell. Thus, 
_ if the average voltage at the battery site, as determined by voltage readings 
yn’ taken at frequent intervals, such as five or ten seconds, over a considerable 
ott? length of time, should be found to be 500 volts, the number of cells suitable for 
pa. this average voltage would be 238. If it is found that, owing to changes in load 
nut conditions at different hours of the day or on different days of the week, the 
~ average voltage varies considerably for prolonged periods of time, it may be 
gd? necessary to provide means for changing the number of cells connected to the 
et line, This may be accomplished by separating a group of cells at one end of 
Jet the battery, and arranging suitable switches so that these cells may be connected 
either in series with the main battery when the average voltage is high or in 


„qg Pavallel with an equal number of cells of the main battery when the average 
us p voltage is low. It is found preferable to connect these end cells in parallel with 
3». a portion of the main battery, and thus keep them active rather than disconnect 


1 ie them from the system entirely. 
y 


Calculation of Size of Battery Required, — See article on Trolley Systems, 
ilk’ Overhead, and Bulletin No. 134 of The Electric Storage Battery Co.; also Chap. 
itf 44 of Lyndon's Storage Battery Engineering. 


pM c Ses = Si Rig see. hU ER e 


96 Batteries, Storage, Applications of 


BATTERIES FOR SMALL CENTRAL STATIONS AND ISOLATED |. 
PLANTS. — The objects of a battery installation in small electric lighting and }**-- 
power plants may be any one or all of the following: E 


I. Twenty-four-hour serviée with but a few hours daily operation of engine. 

2. Reduction in size of engine and dynamo otherwise required. 

3. Improved voltage regulation. 

4. A source of current during breakdown of machinery, or while repairs are 
being made. . 


Twenty-four-hour Service. — In this service the battery supplies the 
current during the hours when the engine is not running. As the capacity 
of a battery of normal size in many instances in this class of work, especially 
in residential service, is not generally exhausted in daily operation, it may . . 
usually be charged by running the engine and dynamo only two or three hours... 
each day at the most convenient time. In summer, when the lighting hours 
are shorter, it may be sufficient to charge only once in two or three days. 


Reduction in Size of Generator. — If the plant is so designed that the com . =: 
bined capacities of the dynamo and the battery are equal to the maximum load  : .- 
requirements, a smaller engine and dynamo may be installed than would be w; 
required if the dynamo alone had to carry the total maximum load. The 
battery will then be discharged in parallel with the dynamo, to assist it by taking "d 
a part of the total load on special occasions, as when the maximum number of 
lights is in use. 

Improved Regulation. — Objectionable fluctuations of voltage and con- |; 
sequent flickering of lights, due, for example, to the operation of an electric E x 
elevator or other motor work, may be eliminated by floating the battery across « 


the lighting bus. es 
i Voltmeter a 
Emergency. — In case of temporary de- 
rangement of the engine or dynamo, which Fuse $. H Puse 
may occur when the lighting service is most A 
important, or in case repairs to the machinery Voltmeter Sw. 


are required, a battery will serve to tide over 
the break and avoid any interruption in the 
current supply. 


Small Regulating Battery with Counter 
Cells. — Fig. 4 shows an ideal arrangement 
for small battery lighting plants where the 
capacity of the battery does not greatly ex- 
ceed 300 ampere-hours at the normal rate. 
This figure shows 62 cells in the main bat- 
tery with 8 counter cells, the whole being 
designed to operate on a rro-volt bus-bar. 
It will be noted that the battery is charged 
with two halves in parallel. During charge 
each half is placed across the bus-bars in 
series with a fixed resistance. At the be- 
ginning of ed jen pud cells are all | " 
in circuit and assist the fixed resistances in : ; 
reducing the bus voltage to the proper charg- Fig. T hod M E 
ing voltage. The counter cells are cut out = : 
of circuit as the battery voltage rises. On discharge, all of the cells in the P 
battery and the full number of counter cells are connected in series. AS the 
voltage falls on discharge the counter cells are’ cut) out-of ‘circuit, thus gon 
taining a steady voltage at the bus-bars. The number of cells and counte! 
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m cells shown in the figure are selected to maintain a steady voltage of rro volts 


*' at the normal rate of discharge. The counter cells are composed of unformed 
. , battery plates or grids, and since they have very little active material they 
H5 have practically no capacity. Each counter cell will, however, furnish an 
opposing voltage of approximately 2.3 volts; this counter voltage is practically 
constant over the range in current demand for an ordinary small station. 


Small Regulating Battery with Charging Booster. — For larger-sized 
plants this method of operation is not economical owing to the loss in the charg- 
ya ing rheostats and the loss in the counter cells. For a straight lighting plant 
4:2 where a battery of more than 400 ampere-hours capacity is required, it is usual 
wis to use the scheme shown in Fig. 5. lt will: be noted in this scheme that the 
wu: cells in series are connected to the bus for 
otv. discharge, the voltage being controlled by 
pine: cutting in and out the end cells at one 
ei; end of the series. On charge the re- 1 
quired voltage to complete the charge is — tn E Lo Care 
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x obtained by adding to the bus-bar volt- 
"m the voltage of a small booster gen- 
"m erator. . 
m Size of Battery. — For ordinary ‘ioie E inu D AEn 
yz Small plants which operate at a bus : y Eo aa 


voltage of 110 the standard equipment starting ^" 
consists of 64 cells, including 12 end  , Rheostat ' 
* el The de city and "ut of the Fig. 5. enne of Small Battery 
. cells are fixed by the ampere-hour re- kb d 
" quirements and the minimum-voltage requirements on discharge. For any bus 
„ Wage other than 110 volts the complete number of cells, including the end 
' — tells, can be determined by dividing the minimum allowable bus voltage by the 
" minimum voltage per cell at the end of discharge at the rate which will be used. 
The number of cells in the main 
- — battery will be equal to the bus 
ye voltage divided by 2.:. The 
3i difference between the number 
2/5 of cells in the main battery and 
| the total number of cells will give 
| the number of end cells; An end- 
cell switch having one point more 
than the number of end-cells re- 
quired will be necessary. 


Small Battery without Volt- 

4 age Regulation. — If voltage 
; egulation on discharge is not 
; required, the scheme shown in 
Fig. 6 can be used. It will be 
| noted that this scheme is prac- 
tialy the same as shown in 


Doar 


l Junct 


Fig. 4 except that the counter . 
.; Œlls have been omitted and only 
059 56 cells are used ( Voltmeter Connections) 
° - Fig. 6. Connections of Small Battery without 
Small Battery on 3- Wire Booster Cells | 


nns 

in ji System. — In small central sta- 
i» ^ tions or isolated plants which utilize the 3-wire 110 to 220-volt system, the bat- 
ue tery is arranged in two halves, one on each side of the neutral. A group of 
ul end cells on each side of the system and two booster generators direct con- 
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nected to one motor are used. This scheme of operation is shown in general +, 
in Fig. 1 which is described in detail above in the section on Stond-ly ; 
Batteries. "M 

Small Battery for Low-voltage Lighting. — Since the advent of the Erz 
tungsten lamp, 32-volt plants for private residences and other small power 
plants are growing very popular. Fig. 7 shows a standard scheme utilizing 4 |" 
32 to 42-volt generator, driven by a gasoline engine, and 16 cells of storage battery. 
It will be noted from the diagram 
shown that the lights can be car- 


* 


ried entirely by either the battery et 5 33 v 
or the generator, or by the battery ef E 3 = d : F a 
and generator in parallel. It will pa ETS = jagd r, 
also be noted that on charge the CF 6 | SSeS Le | 
: . Tete) J | EE \ 
voltage of the generator 1s raised x JT oA te | 
and three counter cells are placed Ae F | 
in series between the generator and E ag a 
the lights, thus preventing exces- E Jiu | , 
sive voltage at the lights. f Damen [L | Polarized Undead | | 
Referring to Fig. 7 it will be ut. OR Mr 2 
noted that there is shown a polar- Fig. 7. Connections for Small Power Plant 


ized underload circuit breaker | 
which is used for opening the circuit in case of trouble with the engine during | ~ 
charge. This is a reversc-current circuit breaker, which permits the current to 
drop to zero and even to reverse slightly before the circuit breaker will open. 
This provision avoids the difficulty of frequent opening of the breaker when E 
the gas engine misses an explosion in normal operation. The polarizing coil i$. ~ 
connected across the counter cells with a resistance in series for adjustment. 

Current for ignition is taken from the terminals of the counter cells. The dry- ©- 
battery cells shown are utilized for sparking the engine when the plant is first |. 
installed until the storage-battery cells have been charged. ur 

The ignition resistance shown is for charging the counter cells whenever the » 
dynamo is running. Ordinarily the engine ignition is obtained from the counter ». . 
cell circuit, the generator supplying the average current required and the counter | * 
cells acting 2s a reservoir. . |. 

The starting resistance shown in the diagram is used for starting up the enge 
from the battery. The generator is then used as a motor. E 

Size of Battery. — The proper type and capacity of cell will depend ES 

upon the requirements. It is customary to install a battery having 2 capacity jx: 
at the normal rate sufficient to carry the ordinary lighting load for from ? to § t- 
days. With a battery ot this capacity it will be necessary to run the engine an^ |. 
generator only a few hours each day in order to keep the battery fully charged. lx; 
Trade bulletins describing in detail these small plants can be obtained from 
the manufacturers. 


SMALL REGULATING BATTERIES FOR ELEVATORS, EI 
Fig. 8 shows a scheme of load regulation which has been adopted as standat 
for situations where it is desirable to operate a lighting load and a fluctuating] * 
motor load from the same generator. This scheme ig known as the “ constant- 
current” scheme. f 5 

Elevator Load Regulation. —-This scheme finds its greatest use in p x 
buildings, hotels, etc., where electric elevators are in service. The load on " |: 
a plant is a very fluctuating one on account of the heavy current required on 
starting the elevators. This starting current i$ generally about twice n 
elevator running current. Moreover, as the elevators are mot in service Ck" 
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»«:terrent per elevator. There is generally, therefore, a considerable difference 
n à» between the average load on the station and the maximum momentary load. 

This difference varies with the number and type of elevators, the character of 
„ġe Gevator service and the magnitude of the lighting load. If the fluctuations 
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'* above and below the true average arc a comparatively: large percentage of the 

f true average load, they are liable to cause fluctuations in the generator voltage 
ke with consequent flickering of lights. In addition to this objection, the generat- 

rico ing capacity necessary without a battery must be increased and it is neces- 
ab" sary to operate the whole plant at a poor load factor. 


ic Constant-current Scheme. — Reference to Fig. 8 shows that the 
,, battery and the elevator circuit are in multiple, and that the booster is in series 
;. between the lighting bus and the elevator bus. The booster in the constant- 
cin scheme, as the name would imply, is wound in such a manner that the 
I^" current going through it is rendered constant. Therefore, the parallel system of 
battery and clevator circuit can only draw a constant current from the generator, 
^ and it follows that all of the fluctuations due to the elevator load must be taken 
by the battery. When the elevator current is greater or less than the average, 
c. ^ the difference is given or absorbed by the battery. It is important to note that 
i ti battery voltage applied to the elevator motors is that of the battery alone 
i1™ and is therefore variable. Ordinarily this is not a disadvantage as the heavy 
d di is caused by the starting of motors, in which case high voltage is not an 
' object. 

d" It will be noted that the scheme given in Fig. 8 shows end cells. These are 
used for regulating the voltage on the lights when the generator is shut down 
¿fand the booster is out of circuit, the battery carrying the entire lighting and 

s elevator load. 


yl: * Other Uses of Small Regulating Batteries. — Electric-elevator service has 
Sd dem taken as an example, as this, is the class of work usually encountered. This 
scheme may be used, -however, for other fluctuating loads, such as are due to 

ae ‘electric cranes, shop tramways, mine hoists, etc., and in general for any fluctuat- 
og te ing load where the maximum load is greatly in excess of the average load and 
at nstant potential on the motor bus is not required. 

L For fluctuating loads where constant potential on the power bus is required, 
«the scheme described above under Large. Regulating Batteries and shown in 
` Fig. 2 should be used. 
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Number and Capacity of Cells. — The number of cells in the main battery , ~ 
is usually determined by dividing the bus voltage by 2.2, The number of end | ^. 
cells necessary will be determined by the minimum allowable voltage and the |" ' 
final cell voltage at the end of discharge when the battery is carrying the entire |“ 
load. The capacity of the battery will be determined by the amount of the [ ^ 


taken out of the battery when the generating apparatus is shut down. 


Booster. — It will be noted in Fig. 8 that the diagram shows a differentially- F- 
wound booster. The desired regulation is obtained by means of the series field, = -: 
which carries the constant current between the lighting bus and the elevator `: 
bus, and which is designed to produce a booster voltage in the direction to oppose +~- 
this current. The relation between the series field and the shunt field is ad- =~ 
justed for any given average load. iM 

A straight shunt booster with the field controlled by the carbon regulator as .... 
shown in Fig. 2 can be utilized with this constant-current scheme, if the =. . 
solenoid is connected between the lighting bus and the elevator bus and if -... 
the carbon regulator actuated by this solenoid is utilized to control the field x. . 
of the exciter as shown in Fig. 2. In all other respects this carbon regulator =. . 
constant-current scheme operates according to the same general principle as T 
the scheme for the differentially-wound booster. (001 898m 

It will be noted also that with the scheme shown in Fig. 2 the booster is in s 
series with the battery and carries only the battery current, whereas in the con- |:.... 
stant-current scheme shown in Fig. 8 the booster carries the average current | | 
of the fluctuating load. The relative magnitude of the fluctuations as compared =z: 
with the average will determine which booster will be least expensive and may, T 
therefore, be a factor in deciding between the two schemes. eS 


` 


Two- and Three-wire Systems. — The scheme shown in Fig. 8 is for a two- ... ; 
wire system. This same general scheme is utilized for a three-wire system where ,.. 
the motor load is connected across the outside wires and the lights are balanced |...” 
on each side of the neutral. Where the three-wire system is used, the general Es 
principles of the scheme are exactly the same as shown in Fig. 8, except that it he 


will be necessary to have one booster generator and one set of end cells on |. 
each side of the system. 


ELECTRIC-VEHICLE BATTERIES. — The use of storage batteries for |... 
the propulsion of electric vehicles is increasing rapidly. The voltage and "xr 
capacity of the battery necessary to operate any given vehicle is usually specif [ve 
by the manufacturer of the vehicle, as the design of the vehicle determines the hoy 
number of watt hours per car mile under certain definite conditions. Unless i... 
the vehicle user is a battery expert and a vehicle expert, it is not advisable that ty.. 
he specify either the number or capacity of cells to be used. C 

Desirable Characteristics of Vehicle Batteries. — The following are the 
chief characteristics of a good vehicle battery: 

1. Low internal resistance, because of high current demand required for 
acceleration or for ascending grades. 

2. Small capacity temperature coefficient, in order that the capa 
baftery shall not be unduly affected by chilling of the cells. 

.3. Veltage characteristic as nearly flat as possible under average con 
of discharge. l l ; 

4. Construction of sufficient ruggedness to prevent breakage of parts i 
ordinary service. l l 

s. Assembly such as to minimize possible labor and attention for flushing, 
cleaning, removing short-circuits, etc. 
6. Ability to stand some abuse, as the average vehiclejoperator is not a battery 
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It is impossible for a battery to possess all these qualities to the same extent. 
With regard to the first three requirements the lead battery possesses peculiar 
advantages, whereas the Edison battery is superior in the last three features. 

The use of batteries for vehicle work is treated in greater detail in the 


article on Automobiles, Electric. 


DRAWBRIDGE BATTERIES. — It is becoming standard practice to 
install storage batteries in connection with electrically-operated drawbridges, 
chiefly as an insurance against the interruption of power from the generating 
sation. The voltage of drawbridge motors is usually 220 or 500. The 
number of cells and the capacity of the cells to meet the requirements will 
depend upon the maximum and minimum allowable voltages, and the total 
energy required from the battery before recharging. 

Size of Drawbridge Battery. — Assume a 2000-ton bascule lift bridge with 
a 185-foot span. This bridge is to be operated with 220-volt motors. The time 
required to open or close is 114 minutes, or a total of 3 minutes for a complete 
opening and closing. Assume the following conditions: The battery will be 
required to open and close the bridge 40 times on one charge, the maximum 
allowable voltage during bridge operation will be 250 and the minimum allow- ' 
able voltage 200; the average current demand over a complete cycle will be roo 
amperes with a maximum momentary current demand of 320 amperes lasting 
a few seconds. | 

It is seen that the total energy in ampere hours required for the 40 complete 


2 X 100 X 40 
openings and closings of the bridge would be equal to DUM — 200 am- 


pere hours during a total period of 3 x 40 = 120 minutes or 2 hours. The 
battery, therefore, must have a capacity nót less than 200 ampere hours at the 
2.hour rate of discharge. Bearing in mind the voltage limits specified above, 
an inspection of Figs. 3 and 6 in the article on Batteries, Storage, Lead Type, 
will show that the battery capacity will be fixed by the voltage limits in this 
case and not by the ampere-hour requirements. In any case that may arise, 
if there is any doubt as to which requirement will fix the capacity of the bat- 
tery, select a battery having the ampere-hour capacity required and then 
examine Fig. 6 to see if a battery having this ampere-hour capacity will meet 
the voltage requirements. 

For a maximum allowable voltage of 250 and a floating voltage of 2.1 volts 
per cell, there would be required 120 cells. Referring to Fig. 6 and using the 
upper curves, for plates 1094 inches square, we will assume that the battery 
must not discharge at a higher rate than 4 times the normal rate. At 4 
times the normal rate the voltage drops almost immediately to 1.9 volts per 
cell. With 120 cells the voltage would drop to 228 volts. It is noted that.the 
normal rate of this battery will be 80 amperes, and the average discharge 
of 100 amperes will be 114 times the normal rate. By interpolating a curve 
between the normal curve and four times the normal curve, it is seen that with 
an average discharge at this rate for 2 hours, the voltage per cell at the end 
of the two hours, with 100 amperes flowing, will be approximately 1.9 volts, or 
the voltage of the 120-cell battery will be 228 volts. If, now, the current 
were increased to 320 amperes (4 times the normal rate), and this current 
flow continued for an appreciable period of time, the voltage would drop 
further, by about 20 volts, leaving a voltage of 208 at the battery terminals. 
It is, therefore, evident that the voltage requirements will be met by a 120- 
cell battery having a capacity of 80 amperes at the normal rate. 

A battery having a normal rate of 80 amperes could be discharged at 1M, 
times the normal rate for something over 4 hours. It is, therefore, seen that 
the battery which we selected has more than ample ampere-hour capacity to 
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meet the requirements, its capacity being fixed by the momentary current "n 
demand. 

It usually will be found that the capacity of cells required for drawbridge 
operation is fixed by the maximum discharge rate and not by the ampere-hour | ` 
capacity at the average rate. vie 


Size of Charging Generator. — If a scparate power plant is installed for the |... 
operation of the drawbridge, it will be well to install an engine-generator set ja 
having an available voltage range of from 220 to 325 volts. There may be. zs 
required 2.7 volts per cell for charge, which with 120 cells would call for 324 >=- 
volts. If the battery installed is of sufficient capacity to carry the bridgea —- 
complete day or more on one discharge, it is good practice to install a genera — 
tor of only sufficient capacity to charge the battery at the normal rate and to 
operate the bridge at all times from the battery. In the case cited above the 7 
capacity of the generator would be approximately 80 amperes. If it is re- 0] 
quired ordinarily to supply the bridge from the generator and hold the battery «~:~ 
for emergencies, the generator must have sufficient capacity to carty the RR 
maximum current required by the bridge motors. Pu 


IGNITION BATTERIES FOR PORTABLE AND STATIONARY GAS Te 
| ENGINES. — It is the usual practice with portable gas engines, automobiles Em 
il etc., to use for ignition a 6-volt portable battery put up in a wooden case. The o 
1 capacity most frequently used is 60 ampere hours, though capacities ranging : 
| from 40 to 100 ampere hours are used, depending upon the requirements. . M 
| For stationary engines of large capacity it is customary to use 4 voltage ` i 
i ranging from go to 110 volts. Glass-jar batteries of sufficient ampere-hout c 
j capacity to meet the requirements are installed in a cabinet in the main engine — i 
room. The number of cells in the main battery necessary to float on the sy Sto Sud 
i will be equal to the bus voltage divided by 2.1. The capacity of the battery — 32 
5 will depend upon the number of ampere-hours required on one charge and the ds 
E minimum allowable voltage during a discharge. These requirements being : - 
known, the correct number and type of cells can be determined from the chat- d 
acteristics of the batteries (see Batteries, Storage, Lead Type and Alkaline Type) E 
in connection with trade catalogues. | nes 
Occasionally, there is installed in addition to the cells in the main battery ?. — 
es group of end cells which can be cut in on discharge by means of a single switch sU 
| 
| 


and thus hold up the voltage of the battery. ‘The number of cells in this end- — 
cell group usually varies from 3 to 8, depending upon the voltage requirements. — 7, 
i Usually a large ignition battery is charged by placing the two halves in parallel, —.. 
each half being connected to the bus through a fixed resistance somewhat aite a, 
the fashion explained above and indicated in Fig. 6. l | 


BATTERIES FOR STEADY-VOLTAGE RE QUIREMENTS. — lt is 

frequently required to obtain a source of direct current with a steady voltage, 

P as, for instance, in electroplating, instrument calibration, telephone wok 4 

; laboratory work, etc. In such cases there should be chosen a battery that has, 

more capacity at the normal rate than the ampere hours actually required betot? 

recharging, in order that the battery may be worked on the flat portion of ur 

discharge curve. 

For instance, to furnish ro amperes continuously for 8 hours at about 20 

volts, with a variation of 1 per cent between the beginning and the end of the 
discharge, the time of discharge must be limited to about 50 per cent 0 


total time. A cell having a capacity of ro amperes for 16 hours should, there- 
fore, be chosen. 7 


Put en s — See Bibliography in article on Balleries, Storage, Lead 
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| BATTERIES, STORAGE, LEAD TYPE. — (See also Batteries, Stor- 
_ age, Applications of; Batteries, Storage, Alkaline Type; Electrochemistry, Princi- 
e , ks of) The following is a brief outline of the contents of this article: 
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TYPES OF LEAD CELLS.— A secondary or storage cell is any voltaic 
couple which can be regenerated, after exhaustion, by passing a current through 
it in a direction opposite to the direction of current flow when the couple delivers 
energy to the external circuit. Three types of storage batteries are now in 
use in this country, the Planté type, the Faure type, and the alkaline or Edi- 
son type. The special features of the alkaline type are treated in a separate 
“5 article, viz., Batteries, Storage, Alkaline Type. 


Planté Type. — The principle of the storage battery was discovered in 1801 
by Gautherot, a Frenchman. However, practically nothing further was done 
until 1860 when Gaston Planté constructed a storage cell consisting of two lead 
strips immersed in dilute sulphuric acid. Planté found that, by giving this cell 
a long charge by passing the current through in one direction, and then giving 
the cell a long charge in the opposite direction, and repeating this cycle many 
times, the capacity of the cell was considerably increased. Little improvement 
was made in the Planté cell until a number of years after Planté's discovery. 

At present the Planté type of storage battery is made by preparing a pure 
lead plate with a large superficial area exposed and then oxidizing the surface 
electrolytically so that it is covered with lead peroxide. A plate formed thus 
is a positive plate. To form a negative plate the peroxide, after electrolytic 
., formation, is reduced to metallic sponge lead by reversal of current. In this 
- manner a thin layer of active material which is porous and which adheres 
7, firmly to the supporting lead plate is produced. 
p^ Use of Plante Type. — The Planté type is used chiefly where weight 
`n and space are of no great importance. 


m Faure or Pasted Plate. — In 1880 Camille A. Faure, in France, and Charles 
F. Brush, in America, simultaneously developed the “pasted” type of storage 
gi battery. In this type of storage battery the active material, on both the positive 
and negative plates, instead of being formed electrolytically, as was done by 
Planté, was applied, in the form of a paste, to a stiff lead-antimony alloy sup- 
porting grid. This type of plate is now commonly called the Faure type of 
M plate, and it was the discovery of this type that gave the storage battery its first 
, Wmmerdal impetus. 


Use of the Faure or Pasted Plate Type. — The Faure type is used 
"T chiefly where it is desired to obtain the greatest possible capacity with a minimum 
the at’ of weight and space occupied. ‘This type is used chiefly for vehicle propulsion 
.4 and for central-station “stand-by service.” | 


THEORY. — The electrochemical theories of the storage battery are quite 
complicated and the various authorities on these subjects do not agree on all 
ont details, In this outline no attempt will be made to cover the various theories 
in detail; only the simplest fundamental chemical actions will be described. 


ee 


104 Batteries, Storage, Lead Type 


Positive and Negative Plates. — The terms positive and negative are em- |»... 
ployed throughout this article in accordance with engineering usage; that is, |... 
the positive plate is the one from which the current flows on discharge and |. ... 
the negative plate is the one into which current flows on discharge. In a lead or 
battery the positive plate, on which the lead peroxide is formed, has a om. 
paratively hard surface of a reddish-brown or chocolate color, while the negative |... . 
plate, which carries the sponge lead, has a much softer surface of a grayish |... 
color. s 

Chemical Reactions. — The active elements of the lead-lead acid type :-.- 
of battery consist of lead peroxide (PbO2) on the positive plate, sponge lead (Pb). .-:.: 
on the negative plate and dilute sulphuric acid (HaSO) for the electrolyte. ETE 

Whatever the secondary reactions may be, it is agreed that the final result; 
on discharge is the formation of lead sulphate (PbSO4) on both the positive and 
negative plates, the SO, radical of the sulphuric acid combining with the lead 
of both plates to form this compound, resulting in the formation of some water 
(H:0), with a consequent decrease in the specific gravity of the electrolyte. On 
charge the electric current splits up the lead sulphate (PbSOs), returning the 
SO, radical to the electrolyte, oxidizes the positive plate to its original condition z 
of lead peroxide (PbO2) and reduces the negative plate to its original condition v 
of sponge lead (Pb). This action may be represented as follows: S 


PbO.--2 H:S0+. Pb = PbSO. +2H2O+  PbSO, 
+ Plate — Plate + Plate — Plate 


This equation read from left to right is the equation of discharge; if read from yp, 
right to left, it is the equation of charge. In practice, on charge, towards the 
end of charge some of the water (HO) is split up by the current into its compo” 
nent parts, hydrogen (H) and oxygen (O), the hydrogen being liberated at the 
negative plate and the oxygen at the positive plate. This occurs whenever the 25 
density of charging current is greater than can be utilized in decomposme i... 
the lead sulphate remaining in the plates. 


DESIGN. — The capacity of a storage-batter¥ plate depends not only up? ' 
the amount of active material but also upon the active surface exposed to the x 
electrolyte. Plates should therefore be designed to expose a maximum amount 3. 
of surface consistent with the strength of the supporting grid or lead base. In p: 
order that the active material of the plates can be acted upon by the electrolyte, 
it should be as porous as is consistent with its proper support by, and proper 
contact with, the grid or supporting lead base. NI 

Sponge lead and lead peroxide possess little mechanical strength. Lead ee 
peroxide is a poor conductor. Since mechanical conditions require a certain — . 
amount of rigidity in the plates and since the current generated by the active — .. 
materials must be carried away, a battery plate must necessarily consist of two. 
parts, viz., the grid or supporting base and the active material which in the y, 

lead battery is finely-divided porous sponge lead or porous lead peroxide, ad ^ 
in the alkaline battery is finely-divided nickel and nickel hydroxide in the |- 
positive plate and iron oxide in the negative plate. 

Lead Plates. 
storage-battery 


— There are certain ideal requirements to be met by 4 lead 
plate, among which may be mentioned: 


Te Tbe grid and active material should be so proportioned as to obtain, a5 
r as possible, uniform current distribution over the entire surface. 


2. The active material should be applied to, or formed on, the grid in such 
a manner that good electrical contact exists when the plate is new and this 
contact should be maintained during the life of the plate. 

3. In pasted plates and pell 


T AS | et plates the grid should be of material that is not 
injuriously affected by the electrolvte. dcn n 


fa 
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duit? 4 The material of the grid should be such as to insure a minimum of local 
RBE: action between itself and the active material. 

opes $. The surface of the active material exposed to the action of the electrolyte 
dug should be as great as is compatible with proper mechanical strength and a 
UH. suitable provision for the natural expansion of the active material in use. 

mat? 6. The plates should be so made and assembled as to allow the maximum pos- 
fiti sible diffusion of the electrolyte through and around the plates and through the 

containing vessel. 

4h: 7. The grid or lead base should be of ample cross section to carry the current 
ix Benerated under working conditions without undue loss. 

heu 8. The lugs which collect the current from the grids should be of ample cross 
tten section, and when designed for heavy currents they should be so arranged as to 
ites distribute the current uniformly through the grid. 

mw 9. The negative, sponge-lead plate should be constructed so that the sponge 
wig led retains its porous character and does not grow hard and dense in service 
dme and thus lose its capacity. | 

yrz 10. The lead and the electrolyte should be pure; otherwise secondary reactions 
sac Will be set up, with a consequent decrease in efficiency. 


yg Of the many lead plates on the market to-day, the most commonly used are 
w: the “pasted,” Planté and composite or "pellet" plates. Cuts showing the 
Psi construction of the various types of plates may be found in manufacturers’ 
_Piz Catalogues; the essential features of design are briefly discussed below. 


Pasted Plates. — The pasted plate is usually made by applying to a hard 
lead-antimony grid a paste made of some oxide of lead, usually litharge (PbO) 
or red lead (Pb:O4), and some liquid and other substances. In the so-called 
"Iron-dad" battery made by the Electric Storage Battery Co., the active 
material is held in perforated hard rubber tubes. Various substances are used 
to mix with the lead oxide, the idea being to increase the hardness, porosity, 
toughness and conductivity. Some of the substances used by different manu- 
facturers include anthrocine,-glycerine, graphite, potassium silicate, asbestos, 
ammonium-sulphate, etc. 


“ Forming " of Pasted Plates. — After the grid is filled with the paste, 
the plate is dried. After being completely dried a number of plates are assembled 
ln a forming bath of dilute sulphuric acid with dummy lead plates for the opposite 
electrode and the forming charge is given by passing the proper current through 
the voltaic couple thus formed. Positive plates are formed by connecting the 
plates to be formed as the anode; the current oxidizes the lead oxide further 
to lead peroxide (PbO2). Negative plates are formed by passing the current 
"v the opposite direction, reducing the lead oxide to sponge lead. After the 
em forming charge the plates are dried and are ready for.the market. 


di Planté Plates. — Of the various types of Planté plates, among those 
4S most commonly in use may be mentioned the central-web type; the cast-lead 
ji^ having no central web; and the composite or “pellet” type. The main idea 
In any of these methods of manufacture is to produce a large surface on which 
to form the active material. 


Central-web Type. — In the central-web type there is a solid sheet 
i or “web” of pure lead on which the ribs are formed. This web prevents the 
circulation of the electrolyte through the plate. The ribs are formed from the 

4 original lead plate, either by rolling, spinning or cutting. In the rolling and 
; Spinning processes the plate is formed from a lead blank by means of a number 
of steel disks placed side by side and separated by small spacers on a shaft. 
5? The lead blank is passed between two sets of disks by forward and backward 
movements. The disks gradually work deeper into the plate and squeeze up 
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lead into the spaces between the adjacent steel disks. In the cut type of plate | 
the ribs are formed from the lead sheet by a tool, which at each stroke turns up 


stand out from the surface. The ribs may incline upward from the central web 
and thus form pockets to hold the active material and prevent its falling away. 

'The disadvantage of the web type is the web itself. "There is invariably a 
tendency towards unequal work on the two sides of the positive plate, this 
tendency being caused by difference in the plate spacing, unequal capacity of. 


the negative plate on either side, inequality in the shape of the ribs, etc. Where :-:: 
the active material and the active surface of a plate are disposed in planes pet- 
pendicular to the face of the plate and extend through the plate, excessive action S 
on one side simply works the plate a little further through from that side, the Ee 
effect on the active material, however, being uniform throughout. With a E 
plate provided with a central web, preventing such action, any inequality of di 


i 
A. 
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work will charge or discharge one side more than the other, producing a tendency o 
to buckle. 


Cast-lead Type. — The type of plate which has no central web is ` 
made by casting pure soft lead in a mold, casting having the advantage of allow- 
ing for distributing metal in the plate without limitations in manufacturing e- 
process. The plate as it comes from the mold consists of a great number of oue 
short vertical ribs running entirely through the plate and bound together by . 
transverse ribs to give strength to the plate. In this manner a large surface ` 
can be obtained and in a plate having no central web the electrolyte can circulate 
through the plate, and the active material will be uniformly worked throughout 
even though the amount of work on the two sides of the plate be unequal. The 
best-known form of this plate is the “Tudor” positive. 


Composite or ‘‘ Pellet? Type.— The composite or pellet-type plateis ~-. 
made by rolling up into pellets pure soft-lead corrugated ribbons. These pellets |... 
or buttons are then forced by pressure into circular openings in a grid composed | -. 
of a hard-lead-antimony alloy. The openings in the grid are beveled towards 
the center so that when the pellets are formed the swelling action causes them 
to rivet tightly into place. The corrugations on the lead ribbon allow the 
electrolyte to circulate through the plate and thus expose the full surface of 
the closed lead spiral to the action of the electrolyte. It will be noted that in 
this type of plate additional mechanical strength is obtained from the supporting 
grid. The best-known form of this plate is the ‘‘Manchester”’ positive. 


** Forming” of Planté Plates, — In all Planté positives, after the ribs |” 
or corrugations have been formed on the lead blank or the pellets have been | 
placed in the hard grid, the plates are assembled in a sulphuric-acid bath con- 
taining some corrosive chemical, called a “forming agent," together with dummy 
lead plates. The forming agents used by various manufacturers are usually | 
kept as trade secrets; the nature and method of using such agents determines 
largely the quality of the battery. To form the positive plates the dummics 
are connected as the cathodes, and a current is passed through the couple thus 
formed. The electrolytic action of this current causes lead peroxide (Pb0:) 
to be formed from the lead of the ribs. The strength and duration of the cur- 
rent produce tlie desired thickness of lead peroxide on the ribs or pellets. 
Negative Planté plates are made from positive plates by electrolytically re- 
ducing the lead peroxide to sponge lead. In most types of Planté negatives, 
however, it is necessary to form them with an initial capacity considerably in 
excess of the capacity of the positive plate. This is due to the fact that in 
actual service the sponge lead shrinks and loses its spongy nature, thereby 
reducing its capacity, since insufficient surface is exposed to the action of the 
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“Permanizing " Process. — One of the large manufacturers of storage 
batteries has recently developed a process for making the Planté negative plate 
permanent. This method consists of injecting into the sponge lead a material 
which prevents the shrinking of the sponge lead and thus enables it to maintain 
its spongy character and its initial capacity. This permanizing process can 
be applied to the pasted negative plate as well as to the Planté negative plate. 
The most widely used form of the permanized negative plate is one in which 
the sponge lead, formed by reducing lead oxide electrolytically, is retained in 
boxes made by casting a soft-lead perforated sheet on a hard lead-antimony 
grid. This negative is known as the “Box negative.” 


Applications of the Various Types of Plates. — In stationary work 
requiring frequent discharges, where expert attention is available at all times, 
and where the conditions of operation are properly suited to its use, the all- 
lead Planté type of plate with through-and-through circulation is the plate 
that should be used. Where the battery is to receive little attention and where 
the conditions of service are variable and uncertain, the composite or “pellet” 
type of plate is the safest plate to use, on account of its rugged structure and 
its ability to stand great abuse. As stated above, for stand-by service and for 
vehicle service and other service where high capacity with a minimum weight 
and space is desired, the pasted type of plate is more desirable. 

Electrolyte. — The electrolyte used with the lead type of battery is always 
a dilute solution of sulphuric acid. The specific gravity of the electrolyte, 
when the battery is fully charged, varies from about 1.210 for stationary bat- 
teries to 1.300 for automobile igni- Specific Gravity 


tion batteries. "These values have 107 1. 
been adopted as standard by all the à BN 
leading manufacturers. aAA T1 
The proper specific gravity to use 1 LNETLLLSIqC CAE 
varies with the conditions. Fig. 1, % (MICE E al 
showing the variation with specific à Pe A Us qe 
gravity of the resistance of one cubic € 1 Esp ur EEq. 
centimetepal elestrolvte shows th EI pb RE EE 
eter of electro yte, shows t at 8 | 11111 T1. T1111 1- 
the resistance of dilute sulphuric T rr 


tye è > 20 40 50 60 
acid is least at a specific gravity of Per Cent by Weight of Acid in Electzolyte 
from 1.224 to 1.240, this resistance Fig. 1. 
increasing if the specific gravity be 
either increased or decreased. There are numerous other conditions which 
influence the selection of the proper specific gravity. . : 

The curves in Fig. 2 show the specific gravity of various mixtures, both by 
weight and by volume, of one part of 1.840 specific gravity acid with from %o 
to 7 parts of water. There is also a curve showing the percentage, by weight, 
of 1.840 specific gravity acid in mixtures of various specific gravities. These 
curves are approximately correct at 60? F. Unless a compensating hydrometer 
is used in determining the specific gravity, allowance must be made for tem- 
perature variation, on the basis of an increase of one point (i.e., one one-thou- 
sandth) in gravity for each 3 degrees Fahrenheit decrease in temperature, and 
vice versa; for instance, electrolyte that has a specific gravity of 1.210 at 70° F, 
will have a specific gravity of 1.213 at 61? F., and 1.207 at 79? F. 


Impurities in Electrolyte, — The electrolyte should be free from organic 
Substances, iron, chlorine, copper, arsenic, mercury, nitrates, acetates and the 
slightest possible trace of platinum. The various battery manufacturers issue 
etact specifications to the acid manufacturers, specifying the maximum amount 
of these injurious ingredients which the acid may contain. Electrolyte that 
is not approved by the company furnishing the battery should never be used. 
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Preparation of Electrolyte. — In preparing the electrolyte, sulphuric |: | 


acid, approved by the battery manufacturer, should be diluted with sufficent 
pure distilled water to bring the 
mixture to the required specific 
gravity. The acid should be 
poured into the water; never pour 
the water into the acid. If the 
water is poured into the acid, 
the heat formed by the mixture 
is sufficient to cause sputtering 1.200 — 
and damage may ensue. 

The sulphuric-acid manufac- 
turing companies furnish elec- ` 


Per Cent of Acid in Electrolyte |... 


trolyte for battery work in such z 1.300 
large quantities that they carry £ 
a stock of various standard mix- S 
tures. It will usually be found E 
cheaper and more convenient to Bae 


purchase the electrolyte ready- 
mixed than to purchase the con- 
centrated sulphuric acid and 
prepare the mixture on the 
ground. The latter course, how- 
ever, is sometimes adopted 
where the amount of acid used 1.600 
is considerable and where the 
item of freight saving is appre- 
ciable. 


Containers for Lead Bat- 
teries. — The containing recep- Parts of Water to Each Part of Acid 
tacles for holding the battery Fig. 2. 
is and electrolyte are usually rubber jars, glass jars or lead-lined wooden 
tanks. 


Rubber Jars.— Hard-rubber jars are used exclusively in vehicle and 
portable batteries. In these batteries the plates are supported on ribs at the 
bottom of the jars. To reduce cleaning to a minimum, these ribs should be of 
sufficient height to leave ample space in the bottom of the jar for the reception 
of the active material which falls away from the plate. If the sediment in the 
bottom of the jars is allowed to reach the plates and short-circuit them, serious 
damage will result. The jars themselves should be made of the very best hard 
rubber which is not affected by sulphuric acid. 


Glass Jars are ideal containers for small batteries when they are properly 
installed. The glass jar has the advantage that the plates and electrolyte can 
always beseen. ‘The use of the glass jars is limited to the smaller sizes on account 
of their liability to break, due to strains left in the glass after annealing, tem- 
porary strains set Up by unequal temperatures between the inside and outside 
of the jars, and to strains due to weight of the plates and electrolyte. Glass-jat 
manufacturers have, up to the present time, been unable to produce a thoroughly 
reliable jar larger than 21 by 13 by 18 inches. 


Lead-lined Tanks. — In the larger sizes of batteries lead-lined tanks 
are standard. Tanks are generally made from specially selected yellow pine, 
dovetailed together without the use of nails or other metallic fastenings. The 
nnper edges should be slightly beveled inward so that the moisture will drain 
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_lated; these bottoms are usually constructed of slats across the tanks, separated 
"= by a small spacing to provide drainage. To further facilitate drainage under 
D the lining, the upper surface of these slats should be grooved crosswise. Before 
nt: the tanks are lined they should be coated inside and outside with two coats of acid- 
3 i, resisting paint, and a third coat should be added outside during installation. 
| | The tanks should be lined with lead of 3 to 4 pounds per square foot, depending 

— on their size. The lining should extend over the upper edge of the tank and a 
4 | short distance down the sides. The outer edge of the lining should be provided 
we with drip points projecting clear of the tank, so that any drip from the lining 
P /4 will dear the wood of the tank and the. tank supports. Especial attention 
$— should be paid to the seaming of the linings. All seams should be burned with 
| | the hydrogen flame with pure lead, without the use of any flux. The lower 
—- comers of the lining should be reénforced by puddling with lead. The upper 
comer should be reénforced by burning on an additional thickness of sheet lead. 
Fach tank should be so built that it is self-supporting without the use of any 
braces or reénforcements. If this is done, any tank in the battery can be 
removed and replaced without affecting the remaining tanks in any way. A 
poorly constructed wood tank is bound to cause trouble. Special attention 
should be paid to_this detail in preparing specifications. 

Covers. — While covers are not absolutely necessary for stationary 
batteries, it is considered good practice to cover all cells. Covers should pref- 
erably be made of glass of sufficient weight to prevent excessive breakage in 
handling. Covers will more than pay for themselves in reducing evaporation 
and keeping out dirt. They are absolutely necessary in situations, such as 
steel mills, where the air is liable to contain particles of foreign matter injurious 
to the battery. 


Support of Plates in Container. — As stated above, in the portable 
p vehicle types of batteries, the plates are supported on ribs at the bottom 
of the jar. 
9 1n stationary types, using glass jars or lead-lined tanks, it is preferable to 
support the elements from the top. In glass jars, plates are supported on the 
. topedges of the jars by means of lugs cast or burned on to the plates. In lead- 
lined tanks it is, of course, necessary to insulate the plates from the lead lining. 
.. The plates are, therefore, supported in the tanks by vertical sheets of glass rest- 
be ing on the bottoms of the tanks. The bottom of the tank lining, under the 
D glass sheets, should be heavily reénforced. These glass sheets should be ground 
1+“ top and bottom and the lower corners should be cut off at an angle of about 
23 45°, to avoid injury to the lead lining during installation by sharp corners. 


Separation and Separators. — Since the positive and negative groups, 
c forming the complete element in a cell, are assembled with positive and negative 

plates alternating, it is necessary that some means be provided to prevent con- 
tact between adjacent positive and negative plates. Such contact would mean 
a short-circuit and might result in injury to the element. Various forms of 
"' Separators have been used for keeping the plates apart. The most common 
v" practice to-day, and the one considered the best for stationary work, is to use 
7' wooden diaphragms. Each wooden diaphragm should consist of a thin sheet 
i? of porous wood mounted in slotted dowels which will allow free passage of the 
ws electrolyte between the plates. The wood should be specially treated to insure 
U^ the absence of elements which in conjunction with the electrolyte might form 

. adds injurious to the plates. 

2^ n vehicle batteries rubber separators are generally used in addition to the 
a? Wood separator. That is, a rubber separator is placed on each side of each 
=" Positive plate and one wood separator between each positive plate and the 
2^ adjacent negative plate. In the so-called “‘iron-clad” battery, made by the 
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Electric Storage Battery Co., the active material of the positive plate is om 1:777? 


necessary. Ignition batteries use wood separators only. Portable batteries |z 3%: 


use rubber only. Car-lighting batteries use wood only or rubber only. Yaht- 
lighting batteries use rubber only. 


Sediment Space. — In all types of batteries, no matter what œn- 
tainer is used, there should be a certain amount of free space between the 
bottoms of plates and the bottoms of jars. This space is designed to receive |+. 
the sediment or active material which falls away from the plates. The --. 
amount of sediment space required will depend upon the service, and no fixed 
rule can be given to cover this point. If not prohibitive from space or expense 
limitations it would be well to have this sediment space great enough to take >... 
all of the active material which will be shed from the plates during their useful ;.... 
life. E. 

Assembly of Parts. — All portable, automobile, car-lighting and other bat- hit 
teries that will be subject to jar or vibration should be assembled in the con- P 
taining vessel in such a manner that the plates cannot move. They should be E 
packed in as tightly as is possible with due consideration to the amount of pr 
electrolyte necessary and the avoidance of injury to the plates when being put. |. 
into or taken out of the jars. llard-rubber covers should be used and these |^ 
covers should be so sealed as to avoid any splashing of the electrolyte. The |’ 
crates containing the jars should be constructed, as far as possible, without the | 
use of metallic fasteners and they should be thoroughly painted with acid-re- 
sisting paint. In portable batteries that will receive rough handling, if several ` 
jars are assembled in a single crate, they should be imbedded thoroughly inan. ~~ 
acid-proof elastic compound. i. 

Cells assembled in crates should be connected by burning together the adjacent “~~ 
positive and negative terminals. Cell connections should never be soldered. `“ 
The main terminals of the series in one crate should be brought out and fastened ~~ 
in such a manner that these terminals will not be attacked by the acid. 

The methods of assembling and connecting stationary types of cells at ` 
described below in the section on Installation. ui 


METHODS OF TESTING. — The tests described below are intended to H 


cover only those tests that are of interest in the commercial operation of 
batteries. | 


Test of Specific Gravity. — The specific gravity of the electrolyte is the 
most accurate guide as to the state of charge of a lead-type storage battery. 
Specific instructions furnished by the manufacturer of the battery are given, 
showing the range in specific gravity over a given amount of charge and discharge 
and the operator should be guided by the instructions of the manufacturer. 
The test of the specific gravity is made by: means of a hydrometer having 4 
suitable scale for the type of cell to be tested. In stationary types of batteries 
the hydrometer has a scale reading of 1150 to 1250 and is left floating in one 
cell. Inall portable types of batteries, and ordinarily in vehicle- and car-lighting 
batteries, it is usually necessary to draw some of the electrolyte from the cell 
in order to test its specific gravity with the hydrometer, which should have à - 
scale reading of 1150 to1300. Hydrometer syringes, with hydrometer contained 
in a glass barrel, can be obtained on the market for this purpose. There is also 
on the market a regular acid-testing set consisting of a syringe for withdrawing 
the acid and a test tube into which the acid is poured from the syringe, in order 
that the hydrometer may be floated for reading. 


Test for Impurities in Electrolyte. — The proper testing of electrolyte for 
impurities requires not only some knowledge of chemistry, but also experience 
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for the ordinary user to attempt it. Furthermore, it is usually entirely un- 
necessary that he should, since the leading battery manufacturers make analyses 
for their customers free of charge. The harmful impurities most likely to be 
present are iron, hydrochloric acid, oxides of nitrogen, sulphurous acid, arsenic, 
organic matter and platinum. In order to insure freedom from the latter, it is 
advisable to specify acid which has not been concentrated in platinum. 


Test of Internal Resistance. — The most accurate method of determining 


` the internal resistance of a cell is to subject it to a discharge current of a certain 


amount, and after the voltage has become sufficiently constant to permit accu- 


; mte reading with the discharge current flowing, the current is instantly inter- 
: mupted and the rise of voltage noted. This rise of voltage divided by the current 


will give the internal resistance. If this test is made on a battery of more than 
one cell in series the result shows the internal resistance of the entire battery, 
induding the cell connections. 


Test of Capacity. — The capacity of a storage cell depends on various con- 


- ditions, such as the temperature, the rate of discharge, the strength of the 


electrolyte, the character of service to which it has previously been subjected 
and the attention it has received. The “normal capacity" of a storage cell is 
usually expressed in ampere hours at the 8-hour rate at 70? F., down to a certain 
definite voltage per cell. For instance, when it is said that a cell has a capacity 
of 100 ampere hours, it is usually meant that this cell can be discharged at a 
rate of 1244 amperes continuously for 8 hours at 70° F., down to the limiting 
voltage specified by the battery manufacturer. In lead cells this limiting volt- 
age is usually taken at 1.75 volts per cell. The “watt-hour” capacity of a 
battery is equal to the ampere-hour capacity multiplied by the average voltag:. 
during discharge. 

The "available" ampere-hour and watt-hour capacity of a battery varies 
with the rate of discharge, the available capacity decreasing with increase of 
rate. The higher the rate of discharge the lower the limiting voltage at end of 
discharge. Therefore, to test the capacity at any given rate of discharge, the 
limiting voltage at that rate as specified by the manufacturer should be known. 

Bearing in mind the above facts, to test the capacity of a storage battery at 
any given rate, the battery should be first charged at the normal rate, as specified 
by the manufacturer, until the voltage and gravity in all of the cells will rise no 
further and until all cells gas freely at both the positive and negative plates. 
The capacity of the battery, as a whole, will be limited by the capacity of the 
lowest cell and all cells should be as nearly as possible in a condition of full 
charge before the discharge is started to test the capacity of the battery. In- 
dividual cell readings should be taken of the voltage and gravity while the 
charging current is flowing. 

When it is certain that the battery ig fully charged, discharge the battery at 
8 constant current at the desired rate, down to the limiting voltage at this 
rate. The ampere-hour capacity will be equal to the constant current in am- 
peres, multiplied by the time of the discharge in hours; and the watt-hour 
capacity of the battery will be the ampere-hour capacity multiplied by the 
average voltage during discharge. 

In erder to be sure that the battery is in good condition it is well to take 
several complete discharges before making the final charge, preceding the final 
test discharge. 

On each charge and discharge observations should be taken of the voltage, 
the current, the temperature and the specific gravity. The temperature of 
the room should be held as nearly constant as possible throughout the test. 
In order to facilitate tlie plotting of curves, the readings should be taken at 
intervals of time which are even factors of an hour. 
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Cadmium Test. — When a strip of cadmium is placed across the top of the kiwe r 
plates in a cell, and properly insulated from them, there will be a difference in |: 
potential, as measured by a voltmeter, between the cadmium and the.positive fas č 
plates and between the cadmium and the negative plates; the sum or difference |: 
(depending on the relative directions of the two potential differences) between E: 


SUE 

these two readings being equal to the internal voltage of the cell. m Ty 
Such a test, when properly interpreted, is a valuable guide to the capacity [io 
and condition of the positive and negative plates separately. The results are, Pz 


however, very apt to be misleading to one who has not had a wide experience x: 
in storage-battery work. 


Test of Efficiency. — The ampere-hour efficiency of a battery is the ratio iT 
of the output on discharge in ampere-hours to the input on charge in ampere- =: 
hours; the watt-hour efficiency of a battery is the ratio of the output on dis ixe 
charge in watt-hours to the input on charge in watt-hours. | 

The efficiency of a battery depends upon numerous conditions, chief among 
which are the charge and discharge rates and the temperature. 

It has been noted above that the available capacity of a battery depends upon 
the discharge rate. For instance, if a battery is discharged at the one-hour rate 
to the allowable final voltage limit, the energy taken out at this rate is approxi- 

mately only fifty per cent of the energy that could be taken out at the normal 
rate. However, if, at the end of one hour's discharge at the one-hour rate, the 
rate of discharge be reduced to the normal rate, much of the available normal 
capacity of the battery can be obtained. 

It is thus seen that any statement of the true efficiency of a battery should 
include the charge and discharge rates. It is also seen that in order to makea 
true efficiency test an average of several charges and discharges should be taken, 
and the battery should be given several discharges and charges before the actual 
test is begun. Failure to observe these conditions may result in figures that 
are misleading. The writer has seen test figures showing an efficiency of more 
than one hundred per cent; he has also seen figures showing efficiencies far below 
the actual efficiency. 

: To determine the efficiency of the battery, get all the cells in satisfactory 
condition by preliminary charge and discharge, as outlined above under the 
capacity test, and then take a preliminary discharge down to the final voltage 
specified by the manufacturer for this rate of discharge. The first test charge 
should then be made at the normal rate until the cells are fully charged. The 
first test discharge should then be taken at the specified rate down to the same 
final voltage used in the preliminary discharge. The watt-hour efficiency of 
the battery will then be the ratio of the total watt-hours discharged to the 
total watt-hours charged. If greater accuracy is desired, this cycle should be 
repeated several times (say, from four to six times) and the watt-hour efficiency 


will then be the ratio of the total watt-hours of all the discharges to the total 
watt-hours of all the charges. 


RATING AND PERFORMANCE. — The capacity of a storage-battery 
plate of a given size varies somewhat with the conditions, chief among which 
are the specific gravity of electrolyte, the temperature of electrolyte, the 
amount of electrolyte, the original formation of the plate, the design of the 
grid, the age of the plate, the length of time between charge and discharge 
and the final voltage limit specified. 

Rating of Stationary Batteries. — The rate of discharge of a storage battery 
is the number of amperes that it will supply continuously for 8 hours, for 3 hours 
or for 1 hour. The 8-hour rate is the so-called “normal” rating, the 3-hour rate 
is approximately twice the normal rating and the 1-houür rate is approximately 
4 times the normal rating. The capacity of a storage battery is usually 
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qwir Stated in ampere hours. Since the capacity varies with the rate of discharge, 
iad It is necessary to specify the rate of discharge in stating the capacity in 
nati: ampere-hours. If the rate is not specified, the normal rate is assumed. 

^u Certain plates especially designed for high rates of discharge are rated in 
fps; terms of the amperes they will supply for 6 hours, this rating being designated 
gj;  as"normal" The corresponding 1-hour rate is 4 times this 6-hour rate. 

bit: While the above is standard for ordinary batteries, plates for certain classes 
Tog ol service are designed to give the normal rate for from 7 to 74 hours. 

irig The capacity of a storage battery is sometimes expressed in kilowatts, but 
— this is ambiguous unless the rate of discharge is specified. 

Rating of Vehicle and Ignition Batteries. — It is standard practice to 
rate a vehicle battery in terms of the amperes it will give continuously for 4, 
4% or 5 hours, specifying the battery to have a capacity of so many ampere- 
hours at one of these rates. In most portable types of ignition batteries the 
"TS batteries are rated at so many ampere-hours at the "service rate," i.e., the rate 

of discharge (amperes) corresponding to the service for which they are designed. 
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we Variation of Rate of Discharge with Time of Discharge. — Fig. 3 TER 
13 an average capacity curve for a Planté plate, the time for a complete dis- 
tts” charge at any rate being shown as a fractional part of the normal time and the 
mi tate of discharge for any given time being shown as a multiple of the normal rate. 
it From these curves it will be noted that a cell which will give its normal rate 
«for 8 hours will give 4 times that rate for about 146 hours; and a cell which 
ist! will give 4 times the normal rate for 1 hour will give the normal rate for only 
ce 7 hours. These are approximately correct relations for the average Planté 
we” cell. Trade catalogues usually specify the normal rate for 8 hours and 4 
nÈ” times the normal rate for z hour. This is due to the fact that a cell which is 

regularly worked at the normal rate will tend to hold its 8-hour capacity, 
„xt While a cell which is regularly worked at 4 times the normal rate will tend to 
at lose some of its 8-hour capacity and finally give only 1 hour at 4 times the 
.,; Dormal rate. 


"SL Variation of Capacity with Rate of Discharge. — It will be noted 
j& from the capacity curves that the available capacity in ampere-hours decreases 

With increase of rate of discharge. This is largely due to the time required for 
vt fresh electrolyte to penetrate into the pores of the active material of the plate. 
: At the higher rates of discharge the diffusion of electrolyte is not sufficiently 
,; Tapid to reach the more remote portions of the active material, and these por- 
“y tions are not fully available at these high discharge rates. As should be ex- 
pected, if, after all of the available capacity at any given rate has been delivered 
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by the battery, the battery be allowed to rest or the rate of discharge be de «rx» 


creased, additional capacity can be obtained from the battery. 
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Variation of Capacity with Temperature, — Fig. 4 shows the varia- 
tion of capacity with temperature at various rates of discharge. This change 


of capacity is temporary and the capacity will be restored to its original value“ -- 


when the temperature is restored to its original value. 
Voltage and Specific-gravity Characteristics. — The charge and discharge 


voltage characteristics of a battery vary with the conditions, Fig. 6 shows a 


typical average voltage and spe- 
cific-gravity charging characteris- 
tics of a Planté type of cell de- 
signed for stationary service. It 
will be noted that the specific grav- 
ity increases gradually until all of 
the lead sulphate in the plates has 
been reduced, the (SO4) radical P 
being returned to the electrolyte * uM 
to form sulphuric acid, which ac- & 
counts for the steady increase in Ž ps 
specific gravity and for the fact ge 1160 
that the specific gravity will rise a : s 
no further aíter the battery is Hours 
completely charged. Fig. 5. 
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Final Charging Voltage (Fig. 5). — The scale of volts on the uppe 5m 


curve has been purposely omitted, 


but this curve shows the general 2.0 14 T! 
shape of charging curve for any d St 
type of lead battery. The final oe lO ESEITSS IT 
charging voltage of any lead type EL | | | TON ee 
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able range, according to the type "^| | | 
of cell, age of plates, temperature 


of electrolyte, strength of electro- i 4-1 NM | 
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Discharge Voltage. — Fig. 


6 shows discharge curves at the Fig. 6. 
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ise’ These curves, used in conjunction with the capacity curves shown in Fig. 3, will 
enable anyone to determine the approximate performance of any lead battery 
when the capacity at any given rate is known. 
» The voltage readings at the very beginning of the discharge are liable to vary 
(- more or less from those shown on the curves depending upon the length of time 
—— the cell has been allowed to stand on open circuit after the completion of the 
| charge. 

Open-circuit Voltage. — The open-circuit voltage of a lead cell is of 
no value as an indication of its state of charge. A healthy cell will regain its 
full voltage on open circuit, even though fully discharged, if sufficient time is 
allowed for depolarization. 


Internal Resistance. — The true internal resistance of a cell may be deter- 
mined by the method explained above in the paragraph on Test of Internal 
Resistance. This internal resistance determines the immediate change of volt- 
age at the cell terminals with any sudden change of discharge rate. In the 
ordinary commercial types of lead cells at 70° F. the internal resistance is such 
st asto cause an immediate drop in terminal voltage of between 5 per cent and 7 
k: percent, with a sudden increase of current equal to four times the normal rate 
of discharge, the drop being proportional to the change in current. If this 
change in current is not strictly momentary, the change in terminal voltage 
will be greater, due to the effect of polarization. The internal resistance of a 
cell increases with reduction of temperature; at o ?F. the internal resistance is 
twice as great as at 70° F. 


DIMENSIONS AND WEIGHTS. — In determining the dimensions and 
Weights of a storage battery to meet the requirements, it is suggested that the 
proper type of battery be determined in accordance with the curves and examples 
given above and a battery be selected from trade catalogues to meet the speci- 
fications. When the battery has been thus chosen, the dimensions and weights 
of individual cells can be obtained from the trade catalogues. In order to 
determine the total installed dimensions and weights, it will be necessary to 
make a layout according to standard practice. ‘The distances between adjacent 
cells and the dimensions of aisles are given below in the section on Installation, 


SPECIFICATIONS, CONTRACTS AND PROPOSALS. — (See also 
arlide on Specifications.) In preparing specifications for a storage-battery 
plant and accessories, special care should be taken to avoid drawing up specifi- 
cations in such a manner as needlessly to embarrass the manufacturers who 
are requested to bid. 


Preliminary Specifications. — It is recommended that preliminary specifi- - 
cations of a very general nature be prepared. These specifications should 
contain complete detailed data of the conditions to be met, so that the manu- 
facturers who are requested to bid can readily determine the number and capac- 
ity of cells, the proper scheme of operation, the correct design of booster, 
switchboard and other accessories recommended by them to meet the require- 
ments in hand. That is, the preliminary specifications should state plainly 
just what the battery is intended to accomplish. ‘These preliminary specifica- 
tions should be sent to the manufacturer with a request for a complete proposal, 


Manufacturer's Proposal. — This proposal should give detail specifications 
covering the apparatus recommended by the manufacturer, In order to obtain 
the best results, it is recommended that after these proposals are received, the 
prospective purchaser confer with the bidders that are to be considered, and that 
complete final specifications be prepared, covering all details of the necessary 
yo SWüpment. These final specifications can then be sent to the manufacturers 
,@ Ft their fina] bids. 
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Final Specifications. — As a guide in preparing the final specifications the 
points enumerated below should be thoroughly covered: 


Number of cells; Detailed specifications for booster and... 
Number of plates in elements initially exciter apparatus according tothe Rz 
installed; A.LE.E. Standardization Rules. 1:7 ~ 
Size of plates; Foundation for booster and switch: kz. 
Capacity of the elements initially in- board; Los 
stalled; Testing instruments; u 
Charging rate of the elements initially Battery room; MET 
installed; Erection; : 
Size of the containing vessels ex- Skilled and unskilled labor; - 
pressed in the number of plates First charge; en 
which the vessel can contain; Operation; A 
Separators and supports; Test; T 
Electrolyte; Freight, cartage; : 
Insulation; Delivery; n 
Assembling and lead burning; General scheme of operation; 4 
Bus bars, both plain and reénforced; Temporary work; bey 
End-cell switches; Cutting of walls, etc.; = 
All copper work and cables; Access, storage and hoisting; = 
Switchboard in detail; Acceptance. 
If specifications are drawn, covering all of these points clearly and if the NE 


specifications are attached to, and form part of, the contract, no trouble should 
arise in the future from misunderstandings. 


Contract. — The contract should cover the price, time of payments, guarantee, 
protection from patent litigation and insurance of the material during con- 
struction. 


INSTALLATION AND ERECTION. — Never install any battery without 
following ex plicitly the detailed instructions furnished by the manufacturer who 
made the battery. 

If the battery is of considerable capacity, detail drawings showing the method 
of installation should be obtained from the battery manufacturer. The leading 
manufacturers issue printed instructions and detail drawings describing the 
method of installation. Much time and money can be saved by obtaining these 
data from the battery manufacturers. 


Spacing of Glass Jars. — The spacing between cells along rows varies from 
rV, inches with the smaller types of multiple plate-glass cell batteries to 34% 
inches for the largest size multiple plate-glass cell batteries. This space is the 
space from jar to jar. It is standard practice to place the jars on wood or glass 
sand trays filled with sand; the distance between the sand trays along the rows 
varies from ¥% inch to 24 inches, depending upon the size of the glass jars. As 
the outside dimensions of the sand trays are not usually given in trade cata- 
logues, it would be well in figuring the length of the rows to use the spacing 
between glass jars as given above, for the outside dimensions of the glass jars 
are usually stated. 

With glass-jar batteries the aisle space between the rows should never be 
less than 24 inches, and aisles of 36 inches are recommended. In the case of 
double rows or where a row is installed near a wall or partition, the distance 
between rows, or the distance between a row and the wall, should not be less 
than 6 inches. 

All batteries should be installed in one tier, if space is available, though glass- 
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^in two or three tiers, if more space is not available. In installing batteries in 
more than one tier, sufficient headroom should be allowed in each tier to permit 
isthe removal of the elements from the jars without displacing the jars. The 
~~; minimum headroom} for a single-tier glass-jar battery varies from 44% feet to 
< $feet; for two tiers from 5 feet to 715 feet and for three tiers from 7 feet to 12 
„z: feet, depending upon the size of the battery. In all cases the ceiling of the 
battery room should be of sufficient height to allow for the passage of a man 
without stooping. 
Spacing of Lead-lined Tanks. — Lead-lined tank batteries should always 
be installed in one tier, if space is available. More than one tier should not be. 
4; Installed without consulting with the battery manufacturer. With lead-lined 
tanks the distance between tanks along rows is from 2 to 214 inches. The 
aisle space between rows should never be less than 30 inches and should always 
be sufficient to allow the tank to be pulled out into the aisle for repairs. Where 
space will not allow the tank to be pulled out its full length the aisle should 
bave at least sufficient width to allow the tank to be stood on end in the aisle. 
Jit In double rows or in rows next to the wall, at least 18 inches should be allowed 
between rows or between the tanks and the walls so that a man can get in for 
examination. The battery room should have sufficient headroom for a man 
to walk upright. With large-sized batteries where the amount of gases liber- 
ated on overcharge is considerable, sufficient headroom should be allowed for 
proper ventilation. 
ic Dimensions of Containers. — For any given type of plate, either in glass 
ri hars or lead-lined wood tanks, there is one dimension for all jars or tanks which 
is practically constant, independent of the number of plates in the cell. This is 
, the dimension parallel to the horizontal edge of the plates. This dimension 
"is usually specified in trade catalogues as the “width.” The other dimension 
J^ is the dimension across the row and is usually specified in trade catalogues as 
the “length.” 
iw’ Dimensions of Battery Room. — Keeping in mind these definitions one 
mu” Qn determine from trade catalogues the approximate inside dimensions of a 
battery room necessary to house the battery in question. Note, however, that 
577 any manufacturer will gladly furnish a sketch showing an ideal layout for a 
. f given battery and such a layout should always be obtained from the manufac- 
n^ turer, if there is sufficient time. If there is available space in a building 
ize already built, the battery manufacturer will gladly prepare a sketch showing 
the layout of any given battery in the available space. 


ait Insulation of Cells. — Cells in stationary batteries, whether in glass jars 
„œ orin wood tanks, must be insulated from the ground and from each other. 
„gt Glass jars are usually mounted in glass or wooden sand trays which rest on 
4" glass insulators. The glass insulators, in turn, rest on wooden racks or stringers, 
ni these racks or stringers being mounted on vitrified brick set on the battery 
„ii Toom floor. 
mor For lead-lined wood-tank cells the standard practice at present is to mount 
SES each tank on a sufficient number of oil insulators. These insulators consist 
eg’ Of a glass insulator provided with a circular trough partly filled with oil, this 
oil surrounding a central section which supports the tank. Over the insulator 
gr 5 placed a lead-alloy cap, designed to exclude spray or other foreign matter 
T from the oil. This cap rests on the central section of the glass insulator, there 
go being no connection between the tank and the glass except at this section. The 
qp ol around this central section of glass is for the purpose of preventing a film 
of acid from collecting thereon; if, by any chance, acid or water should get 
ut? into the trough, it would sink to the bottom, the oil would float on top, and 
yi Perfect insulation would be maintained. 4 
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The glass insulator rests upon a heavy earthenware truncated cone, havig: 
three feet. Between this cone and the glass is a Y-shaped lead washer. Thw;:. 
three-point support is obtained between the foor and the earthenware, and ;::: - 
between the earthenware and the glass. This form of support is not necessary ... :,.: 
between the glass and the tank, because the wood and lead cap take up any, , , 
surface inequalities. 

Connections between Cells. — In glass-jar batteries of small size, elements __ 
in adjacent cells are usually bolted together. In the larger-sized glass-jat i-i 
batteries and in all lead-lined wood-tank batteries the positive plates in one cll *= *- 
are burned to the negative plates in the adjacent cell through the medium of *“'¥ 
a lead bus bar. The bus bars at the ends of rows, and wherever current taps “ 
are made, are reénforced by a bar of copper embedded in the lead. Tus 


Battery-room Design. — Though no battery should be installed without ~~ 
specific instructions from the manufacturer, the following points should receive *-5x 
special attention. im. 

Floor. — The floor of the battery room should be made acidproof and ** « 
should be graded to drain. A wood floor should never be used, as it is bound ^^ 
to become acid soaked and eventually be destroyed. For small batteries a ‘= 
cement floor can be used, but, unless it is kept thoroughly washed, acid will * © 


Vy, 
i) 


cat holes in it. A glazed tile tloor is preferable. Ex 
Ventilation. — All battery rooms should be well ventilated. With small £11 


batteries natural ventilation is usually sufficient; with !arge-capacity batteries, —- 
where the gassing during overcharge is considerable, artificial ventilation should «:,, 
be provided. Exhaust ventilation is preferable to compression ventilation. =>». 
Temperature. — The temperature of the battery room should be kept *. : 
as near 70° F. as possible. me 
Exposed Metal. — The amount of exposed iron or metal work in the ^. 
battery room should be reduced to a minimum on account of the action of acid ~. 
fumes upon it. Any iron or metal work that must be in the battery room should Ty, 
be protected with an acid-resisting paint. 
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OPERATION. — Never operate any battery in any manner except in accord: ‘to; 
ance with the instructions of the battery manufacturer furnishing the battery. 3 

With all large battery plants there should be supplied by the manufacturer ~.. 
the proper testing instruments and detail instructions for the operation of the . 
battery under the conditions obtaining. The blank forms furnished by the |. 
manufacturer should be filled in at regular intervals and mailed to the manu- |. 
facturer for analysis and recommendations. es 

No general instructions for the proper operation of a battery are given m , 
this article, since the different manufacturers differ in their opinions on certam 
points of operation. 

Printed instructions for operating any type of battery can be obtained free 
of charge from the manufacturer. 


Attention from Operator. — The successful operation of a battery plant | 
does not require much time from the operator, but attention. given the battery 
should be systematic and absolutely in accordance with the instructions fur- 
nished by the manufacturer. If the manufacturer's instructions are followed 
implicitly and systematically, it will be found that the battery can be kept In |. 
good condition with a small amount of labor and time. If the operator neglects | 
to follow the regular instructions and does not appeal to the manufacturer until 
he gets into trouble, the usual result will be considerable loss in time and money. 


Addition of Water. — Pure distilled water, or natural, water that has been | 
analyzed and approved by the battery manufacturer, should be added to the 


eg 381 — eterna 


B cp dE LI MIE M CEDE CC LO 


e Batteries, Storage, Lead Type 119 


un of pure, natural water, and if distilled water cannot be purchased cheaply, a 
kdar distilling outfit will usually be found necessary with large sizes of batteries. 
zate: Standard water stills, for this purpose, can be purchased on the market. 


otis: Addition of Acid. — Acid should never be added to a battery except upan the 
AGE recommendation of the battery manufacturer. The manufacturer should specify 
the specific gravity and the proper amount of acid. 


. REPAIRS. — Very few repairs, other than battery plates, should be required. 
For replacing the plates in the larger sizes of batteries, a lead-burning outfit 
f.. and the necessary lead-burning material will usually be required. No one 
. buta skilled lead burner should attempt to burn in plates. 

Smaller sizes of batteries, with bolted connections between adjacent cells, 
can be purchased from the manufacturer with each element assembled. 


Leaky Tanks. — A leaky tank should be repaired immediately. No one but 
" an expert sheet-lead burner should be allowed to repair a leaky lead-lined tank. 
To repair the leaky lead-lined tank it will be necessary to cut loose from the 
bus bars all of the plates in the leaky tank and remove the tank into the aisle. 
- Tf it is necessary to keep the rest of the battery in commission while the 

H repairs are being made, the cell or cells cut out should be jumped by a 
53^ jumper of sufficient current-carrying capacity. 


;; FIRST COST. — It is impossible to give exact figures for the total cost 
„ Of installation of a complete battery plant of any size. An analysis of the 
first costs of a great many plants now in operation shows that the first cost per - 
kilowatt for the entire battery installation, exclusive of building, varies from 
$75.00 per kilowatt to $250.00 per kilowatt. The kilowatt rating as used here 
and elsewhere in this article is an arbitrary rating determined by multiplying 
__ the one-hour discharge rate in amperes (four times the normal rate) by double 
t9 the number of cells. 


ANNUAL COST. — The total annual cost includes operation, maintenance, 
depreciation and interest. 


Operating Cost. — The operating cost will consist largely of labor, All 
material except necessary water should be included under maintenance. 


» Maintenance and Depreciation. — The cost of maintenance of a battery 
vares with the conditions. Other things being equal, the life of a battery is 
o dependent upon the work done. The maintenance cost of a battery varies 
pe from 4 per cent to 10 per cent per annum. When the battery is used only for 
strictly emergency service the maintenance cost may be less than 4 per cent. 
figures cover not only maintenance, but also what is commonly in- 
- düuded under the term depreciation. The plate being the essentia] component 
of the battery, plate renewals, which are made from time to time, involve all 
m improvements that have been made in design and construction and serve to 
bring the battery up to date. An increase of voltage or capacity to meet changed 
conditions may be effected by the addition of cells or by increasing the number 
of plates in each cell, without sacrifice of the original investment. In the 
opinion of the writer there is, therefore, little, if any, true depreciation in a 
battery installation which is properly maintained. 


wë BIBLIOGRAPHY. — Lyndon, L., Storage Battery Esdinving, N. Y., 19113 
už Wade, E. J., Secondary Batteries, London. 1908; Treadwell, A., The Storage 
m Balery, N. Y., 1906; Fitzgerald, D. G., The Lead Storage Battery, London; 
v» Planté, G., The Storage of Electrical Energy, London, 1887. 
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BEARINGS. — (See also Friction; Lubricants and Lubrication; Shafting) |i: 
The common types of shaft bearings may be classified as follows: 


Plain Cylindrical Bearings. — The usual form of bearing is a metal cylin- 
der of cast iron, brass, bronze or gun-metal, mounted in a pedestal, bracket or iai | 
frame, which serves as a support for the shaft. The portion of the shaft within Iz; 
the bearing is called the journal. Plain bearings are usually lined with some 
soft metal, such as babbitt metal or other white metal. In a self-aligning bear- 
ing the seating of the bearing in the pedestal is made a portion of a sphere, 9 - 
that the bush may automatically align itself with the shaft. Cylindricalbea- 
ings are sometimes provided with an oil bath within the pedestal just below ... 
the bearing proper; rings or chains running loosely over the journal through .... 
slots in the bearing and dipping into this bath supply a steady stream of oil to . 
the rubbing suríaces. n 


Roller Bearings. — In this type of bearing the journal is supported on rollers DE 
which are in turn supported by smaller shafts in smaller bearings.  Therolles |: 
support the journal of the main shaft. 


Step Bearing. — A step bearing is essentially a large pivot bearing used at 
the end of vertical shafts carrying a heavy load. The end of the shaft is pro- 
vided with a steel plate or “step,” which rests on a second plate or bearing. 
The bearing proper may be either of the ball or roller type, or may bea plane 
surface with one or more grooves into which oil can be forced under pressure. 
For heavy loads on a plain step bearing the pressure of the oil must be sufficient |. 
to actually raise the step by a small amount so that a thin film of oil is formed =. 
between the step and the bearing. : 


Thrust Bearings. — Thrust bearings are used on horizontal shafts when `~ 
the shaft is subjected to a horizontal thrust. They are similar to step bearings 
for vertical shafts, except that a collar fitting around the shaft is used instead 
of a plate at the end of the shaft. Steamship shaft bearings have numerous 
collars on the shaft, with thrust blocks between them. Roller or ball bearings 
may be used instead of collars. 


Ball Bearings. — A ball bearing consists essentially of a track of curved 
cross section which is filled with a set of balls. 


Pivot Bearings. — Various types of pivot bearings are used. The pivot 
may be either a flat surface, a pointed cone, a truncated cone, a hemisphere or 
a surface of special form, such as Shiele’s * tractrix." 


ALLOWABLE LOADS AND SPEEDS. — If the pressure on a bearing 
is too great the oil film between journal and bearing surface will be destroyed 
and the bearing will overheat and “seize.” Various formulas have been de- 
veloped for the allowable pressure in terms of the speed and type of bearing. 

Safe Loads, Line Shaft and Mill Bearings. — F. W. Taylor (Trans. | 
A.S.M.E., 1905), as the result of an investigation of line shaft and mill bearings | 


that were running near the limit of durability and heating, yet not dangerously 
heating, gives the formula 


where p = pressure in pounds per square inch of projected area (i.e., product of 
diameter of the journal by its length) and v — peripheral velocity of journal in 
feet per second. l 
The formula is applicable to bearings in ordinary, shop ormill use on shafting 
‘which is intended to run with the care and attention which such bearings usually 
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ordinary chain or oiled ball- and socket-bearings which are babbitted. It is not 
yi x Safe for ordinary shafting to use cast-iron boxes, with either sight feed, wick feed 
& Or grease-cup oiling, under as severe conditions as p X v= 200. 
uz Safe Loads, Miscellaneous Plain Bearings. — Archbutt and Deeley’s 
- Lubrication and Lubricants gives the following table of allowable pressures 
i- in pounds per square inch of projected area of different bearings: 


tiz Crank pin of shearing and punching machine, hard steel, inter- 

EZ mittent load bearmg; sds oud of es o eese X eee a 3000 

i Bronze crosshead neck journals... .......... 0... e cece lun. 1200 

vz. Crank pins, large slow engine.,..........--...-e eee e eee eee 800-900 

diz Crank pins, marineengines............ e 00.0. e eee eee ee eee 400-500 

az: Main crankshaft bearing, fast marine......................0. 400 

see: Same, slow Marine: 4: swish Caweus dco m osteo ueeaw hae 600 
Railway coach journals. ... 2.0.0.2... cece eee eee te ences 300—400 

sco Flywheel shaft journals... ........... 0 cee eee eee eee ee eee 150-200 

: Small engine crank pin... 1... 1... eee eee eee eee ee ee ete 150-200 

* Small slide block, marine engine. .......... esses 100 

" Stationary engine slide blocks... 0.0.0... cc eed eee ec ee eee . 25-12 

a. ' VBAme USWA CASE, todd E E T ined Ceu diy edis 30- 60 

"" Propeller thrust bearings. ............0.20 eee 50- 70 

' Shafts in cast-iron steps, high speed. ..............00.000 eee 15 


Safe Loads, Roller Bearings. — The following table gives the safe load in 
_< pounds for Mossberg roller bearings (Trans. A.S.M.E., 1905). D = diameter 


+ Of journal, in inches; d= diameter of roll, in inches; N = number of rolls: 

ate . . . d 
P= safe load on journals, in pounds. The rolls are enclosed in a bronze sup- 

„~ Porting cage. 

E 

x 


| Surface speed of journal from o to 5o feet per minute. Length of journal 114 
pı% diameters, The rolls are made of tool steel not too high in carbon, and of 
2 pring temper. The journal or shaft should be made not above a medium 
»* Spüng temper. The box should be made of high-carbon steel and tempered as 
qz hard as possible. 
v^ Safe Loads, Ball Bearings. — The following formula is given by Mr. 
TE d Hess, 1910. See also paper by Mr. Hess in Trans. A.S.M.E., 1907. 

t 


W = total safe load on bearing in pounds, 
n= number of balls, 
d= diameter of balls in eighths of an inch. 
r Then for radial (cylindrical) bearings 
i W = Knd?, 

3 where K ranges from o.9 to 9 depending upon the condition and type of bearing 
x% and the hardness of the balls, but for ordinary speeds is practically independent 
p% Ob the speed. (See Kent’s Mechanical Engineers’ Pocket- Book.) 
to" 
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For thrust bearings WAST 
E W= Kind? ee » 
O YN "M 


where N is the number of revolutions per minute, which may range from 3000 E. 
down to 1 revolution per minute, as for crane hooks and similar elements. For . 
high quality ball Ki ranges from 25 to 40 for a race having a cross section of .,.. . 
radius 1.66 x (radius of balls). For unhardened steel, occasionally used for .,.. 
very large races, Ki = 0.5. uy 
In both types of bearings the balls must be carefully selected to make sure... 
that all that are used in the same bearing do not vary among one another by — 
more than 0.0001 inch. A ball that is more than that larger than its fellows 
will sustain more than its proportion of the load, and may therefore be ovet- ty; 
loaded and will in turn overload the races. iid 


FRICTION OF BEARINGS. — The coefficient of friction of a well-lubri- ~~ 
cated plain cylindrical bearing is practically independent of the projected area , 
of the journal, the pressure per unit area remaining constant, and in the case te 
of plain bearings is also practically independent of the nature of the rubbing em 
surfaces, provided these are smooth. 


Friction of Plain Bearings. — The coefficient of friction of plain bearings =: 
however, does depend to a very great extent upon the following factors: 


1. The method of lubrication. de 
The nature of the lubricant. E 
. The temperature of the lubricant. 

. The peripheral velocity of the journal. 
The pressure of the journal on the bearing surface. ir. 
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1. The more perfectly the bearing is bathed in oil the less will be the coef- 
cient of friction. The friction coefficient of a scantily lubricated bearing may 
be from 6 to 1o times the coefficient when an oil bath is used. buc 

2. Asa rule the lower the viscosity of an oil the less will be the coefficient of `` 
friction. There are other factors, however, which must be taken into account ^ 
in selecting the proper lubricant for any service (see article on Lubricants and 
Lubrication). | 

3, 4 and s. The variation of the friction coefficient with temperature, speed — 
and pressure is shown by the curves in Fig. 1. The pressures are nomind ^ 
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ve E 
60 45 100 125 160 0 100 200 800 400 500 600 700 800 
Deg. Fehr. Ft. per Min. 
(Speed 840 ft. per min.) (Temp. 17 EJ 


Fig. 1. Numbers at end of curves are pressures in lb. per sq. in. 


pressures, i.e., pounds per square inch of projected area of journal These 
curves are taken from a paper by Stribeck (Zeit. Ver. Deutsch. Ing., 1902, Vol. 465 
p. 1341), and are test results on a Sellers bearing with oil rings; journal 13 inches 
long, 2.75 inches in diameter, lubricated with *gas motor oil" These curvo 
are typical of ordinary bearings. 
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POWER LOST IN BEARINGS. — Let 
J = coefficient of friction, 
W = weight on journal or pivot in pounds, 
r = radius in inches, 
yaş d= diameter in inches, 
lez S= space in feet through which sliding takes place per minute. 
ice! = inner radius in inches, 
gud. f= outer radius in inches, 
n= number of revolutions per minute, 
tlis a= the half-angle of the cone, i.e., the angle of the slope with the axis. 


Ei di ET . 
e| Type of beaving Friction torque in | Power loss ft-lb 
n dit 
& 7 | Flat surfaces.......... sees. RENS JWS 
, 17^ | Shafts and journals................. Vo fWd 0.2618 fW dn 
v5 | Plat pivots.............ccecceeeees. 28 fWr 0.349 fWrn 
io 3 y 3 "5 
wu | Collar-bearing. ........ LLL eeu AIW zan 0.349 /Wn diua 
dpe . ro? — r? r2 =r 
itë | Conical pivot... ... oaoa. 235 fWr cosec a e | 0-349 /Wrn cosec a 
Conical journal... Laaa aaa. 38 /Wr seca 0.349 /Wrn sec a 
3 — y. p" 
Truncated-cone pivot............... 38 fW cate di 0.349 f/Wn HA 
rasina risina 
Hemispherical pivot..............-. {Wr 0.5236 fWrn 
Tractrix, or Schiele's ‘‘ anti-fric- 
tion” pivot........ cece cece cee cee {Wr 0.5236 /Wrn 


It should be noted that for peripheral speeds of 100 fect and over the coefficient 
p Of friction is approximately proportional to the square root of the peripheral 
„ziv Velocity of the journal. These particular curves also indicate that the coefficient 
jv Of friction is approximately inversely proportional to the square root of the 
Pressure. Other experimenters, however, have found that this variation is 


gic Uversely as the first power of the pressure. ; 

;z* Friction of Roller and Ball Bearings. — The friction coefficient of a 
well-made annular ball bearing is 0.001 and 0.002 of the total load on the journal 
and is independent of the speed and load. The friction coefficient of a good 
roller bearing under normal loads and speed is from o.0035 to 0.014; it rises very 
much if the load is light. It increases also when the speeds are very low, though 
not so much as with plain bearings. (Henry Hess.) | 


Lubrication is absolutely necessary with ball-and-roller bearings, although 
the contrary claim is often advanced. Under favorable conditions an almost 
imperceptible film is sufficient; a sufficient quantity to immerse half the lowest 
balt should always be provided as a rust preventive. Rust and grit must be 
kept out of ball-and-roller bearings. Acid or rancid lubricants are as destructive 

, Brust. (Henry Hess.) . 


l BIBLIOGRAPHY. — Archbutt and Deeley, Lubrication and Lubricants, 
| Med, London, 1912; Smith and Marx, Machine Design, N. Y., 1909; Kim- 
< baland Bart, Machine Design, N. Y., 1909; Reuleaux’s Constructor; Hess-Bright 
ij Mfg. Co., Ball Bearing Engineering, Phila., 1908; Kent's Mechanical Engineers! 
y Pocke-Book, 1913; Halsey's Handbook for Machine Designers, 1913. 
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BELTS AND BELTING. — (See also Ropes and Rope Drive.) Beltsat |.. 
usually made of tanned leather, though rubber belts are frequently employed, .. +. 
as well as various woven fabrics. Rubber belts are made of two or more layers .,... 
of canvas connected together with a rubber composition, and then heated until . ' 
the rubber vulcanizes. The “ply” of a rubber belt is the number of layers of ~ * 
canvas. Leather belts are referred to as single, light-double, medium-double, : 
standard-double and 3-ply. 


Thickness of Belts. — The following figures are from a paper by Samuel 
Webber (Am. Mach., May 11, 1909). The thickness of leather belts, however, 
is variable, depending on the hide and process of manufacture. 


[E 


BELT THICKNESS, INCHES 


Rubber 


"t 


Leather 


30-02. duck, new 
rubber vuléanized 


Single thickness és 
Light-double n 
Medium-double 

Standard-double 


`. 


Weight. — The average weight of leather per cubic inch is ¥o0 pound (Barth). .. 
The average weight of rubber belting made of 30-ounce duck is about 0.045 .. 
pound per cubic inch. l 


ins 
Strength. — The strength of the solid leather in belts is from 2000 to 5000 

pounds per square inch; at the lacings, even if well put together, only from +. 
1000 to 1500. If riveted, the joint should have half the strength of the solid +- 
belt. Rubber belts have approximately the same tensile strength as leather '; 
belts. The working tension on the driving side is generally taken at not over 7 
one-third of the strength of the lacing, or from one-eighth to one-sixteenth of «, 
the strength of the solid belt. ! 


Belt Tension. — Let 


Tı = actual, or “total,” tension in pounds per square inch on driving side of 
belt, | 
T,= actual tension in pounds per square inch on slack side of belt, 
To = “initial” tension in belt, i.e., the tension in each side when the belt 's 
at rest, | 
T = T1 — T: = effective tension in pounds per square inch, i.e., T corresponds 
to the force actually driving the driven pulley, : 
Te= the tension produced in the belt due to centrifugal action as it £063 
around the pulleys, 
m = weight of belt per cubic inch in pounds; l 
f= coefficient of friction between belt and pulley, 
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n= ratio of arc of contact between belt and pulley to an arc of 180°, i.e., if 
the arc of contact is 180°, n = 1, 
C21—€7"f*, The value of e~"/™ may be found directly from the table 
in the article on Exponential Functions, putting nfr = x, 
2 V= velocity of belt in feet per minute. 


Then 
Bs 
E ^' 9660" (1) 
' T -C(1- T9, (2) 
T2= T1— C (1- To), (3) 
VT VT. 
i To = (Sts) approximately * (4) 


Barth recommends that for belts running at various speeds the initial tension 
^ Tyshould not be the same in all belts, but that the belts should be tightened 
initially to such a tension that under load the sum 


rz Á - Ti 15 T2 (5) 


isaconstant. Barth also states, basing his conclusion in part on the studies of 
the economics of belting made by F. W. Taylor (Trans. A.S.M.E., Vol. 15, 
$. 204), that the best values of A for greatest economy are the following: 


—————— 


Counter- 
shaft belts 


Maximum value of A, belt first put on............... 
Minimum value of A, belt to be retightened......... 


NL 


These values of A are for full-load conditions. The corresponding values of 
X^ the various tensions are given below. 

"^ Belt Friction and Belt Slip. — The value of the factor C depends upon 
. the coefficient of belt friction, which is subject to considerable variation, depend- 
ing upon the condition of the belt and pulleys. Barth gives the following for- 
mula for f for leather belts on cast-iron pulleys 


f a 

i nd soo--V. 

7^ Barth also gives a formula for the belt slip which may be written 

à V; — Va _ 320 [ I + 0.0055 V 

ae V V \ 8540.03 V i 

[0% where Vi and V are the peripheral velocities of the driving and driven pulleys 
, Tespectively. 

qi 


* See paper by C. G. Barth, Trans. A.S.M.E., 1909, Vol. 31,p.29. In this paper 
Barth also gives a more exact formula, and takes into consideration the difference in 
the relation between T}, Tz and T» for vertical and horizontal belts. 
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slip is 0.03 the power lost is 3 per cent of the power transmitied by eb. 
Under 


The 


zx. 

Power Transmitted by Belt. — Lct = 

V = velocity of belt in feet per minute, AR 

w = width of belt, in inches, uS 
t= thickness of belt, in inches, i 


m = weight, in pounds, of 1 cubic inch of belt, Mur 


Ti = actual tension in driving side of belt in pounds per square inch of belt "m 
cross-section, 


s = slip of belt as a fraction of belt speed. 2l 


Then the horse-power transmitted by the belt is 


——— 
wiCVT, mV2 ziy 
P = ———— |1 — ; "e 
33,000 9660 7; fond 
DIN 
where C, defined above, depends on the belt friction and arc of contact be- 


twcen belt and pulley. : 


As a rough approximation C may be taken equal to o.6, and the second 
term in the bracket zero, at least for low speeds, and the formula then becomes 


ff 


The power lost in the transmission from one pulley to the other, excluding the 
loss due to shaft friction, is sP, the driving pulley absorbing approximately `` 
(P + o.5 sP) horse-power and the driven pulley receiving (P — 0.5 sP) horse- 
power. 


The following tables are derived from curves in the paper by Barth above 
referred to. 


P 


HORSE-POWER TRANSMITTED BY BELTS DRIVING MACHINES 
(For A = T, + 0.5 T; = 240) 


Velocity, ft. per min. 


3000 | 4000 | 5000 | 6000 


Initial tension, To 124 |120 121 128 136 144 52 | | 
Centrifugal tension Te ..... o+ | 3 13 3I 56 86 124 
Difference, To—Te......... 123  |I17 108 97 80 58 28 
Tension on tight side, T,...|210  |212 211 207 198 187 173 
Tension on slack side, 7»...| 60 54 57 68 84 107 134 


Effective pull, 71—7? ..... ISO |158 154 
Sum of tensions T,+72....|270  |268 269 
H.p. per sq. in. of section..| 2.27) 4.79} 9.33 


139 II4 80 39 
274 2B2 294 307 
12.64 13.82 | 12.12] 7.99 


"LES 
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i” HORSE-POWER TRANSMITTED BY BELTS DRIVING COUNTER- 
uu SHAFTS 


(For A- T;--o.5 T;— 160.) 


Velocity of belt, ft. per 
min. 


500 I000 2000 


Initial tension, To.......... 
Tension on tight side, 7... 


Tension on slack side, 7»... S: 69 
iz: | Effective pull, 7,— T5...... 56 
Sum of tefisions ........... 194 


H.p. per sq. in. of section... : : 04. 6.79 


Proper Size of Belt to Transmit a Given Amount of Power. — Using 
the same notation as in the preceding paragraph, the proper cross-section of 
the belt in square inches is approximately 


FL 55,000 P 
5 wt = Yn ' 
D. orexactly 
" 33,000 P 
wi = —] —omVEN . 
CVT: (: xen) 


The various “handy formulas" for determining the proper cross-section of belt 
are all of the form of the approximate formula, and differ only in regard to the 
proper value to assign to the tension 71. A working tension, that is the dif- 
ference between the tensions on the tight and slack sides of the belt, of 45 
14 pounds for a single (thickness) belt 1 inch wide is commonly used, giving a 
47 nominal tension of 6 x 45 = 270 pounds per square inch. Taking the coefficient 
zs: Cato.6, the actual tension in a belt designed in accordance with this rule is 
450 pounds per square inch. The value of C varies through a wide range, 
fi a from 0.25 to 0.90, chiefly due to the variability of the coefficient of 
iction. 
The following table, deduced from Barth’s curves, may be considered ag 
yi: Tepresentative of modern practice. 


CROSS-SECTION OF LEATHER BELT PER HORSE-POWER TRANS- 
MITTED, IN SQUARE INCHES 


Speed, ft. per min. 500 | 1000 | 2000 | 3000 | 4000 | 5000 | 6000 


_——_—e— co TE ——_———eee—v—_ | — | ————— 


E 0.44| 0.209] 0.107| 0.079| 0.072| 0.082] o. 14r 
TUE 0.662| 0.320| 0.166] 0.136| 0.147] 0.300 


"ic. t 


* All belts should have a contact area with the smaller pulley of at least 165 
,;" degrees. If this is not possible to obtain under normal conditions an idler 
|, Should be provided to increase the belt contact. 
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Pulley Face and Belt Speed. * — The following table may be used for zin i 
determining the pulley face and best belt speed for moderate-speed machines. 5::M] 
For slow-speed machines the pulley sizes are the same as those used with moder. . 


aga} 
ate machines of the same frame dimensions. vow 
f Claw 
PULLEY FACE AND BELT SPEED vu 
| was 
Beltspeed | .... 
Belt Pulley erie ^ uu 
Horse-power Kilowatts width face ers d ` 
in inches | in inches | Xe | -zi 
speed ma- x 
chines p» 
NT MERE RN hi 
Itounder 5 Itounder 4 2 214 2000 
g on 10 4 * 8 3 32 2500 | 8 
Io  "'" I5 8g "C" II 4 4V5 2500 z 
ps 
ig. "M 20 mo " 5 5 6 2500 Rs 
290- ^ 25 i. 7 I9 6 7 3000 y 
25 S 3o 9 23 7 8 3000 | = 
30 " 40 23.  " |. 30 8 9 yoo | ta: 
4o " 50 qo " 37 IO II 3000 | e 
so " 60 3; — 45 12 13 3000 2 
60 “ 75 45  " 56 I4 15 3000 M 
15 Hi 100 56 "t 15 16 17 3500 TZ 
10  " 125 is. O “ 93 16 17 4000 5 
125 d 150 93 Be 112 18 19 4000 M 
iso  " 200 112  "  Is9 20 21 4500 | 
200  '" 250 159  " 186 22 23 5000 : 
m 
250 ds 300 186 " 224 26 27 $000 
3o  " 350 224  " — 261 30 31 5000 
4o “ 450 2988 '' 336 36 37 5000 
aso " 550 330  " — 410 40 42 5000 
sso " 650 aio " 485 44 . 46 5000 
650 “ 750 | 485 “ 56o 48 50 cdd 
750 “ 850 | s60 ^" 63 52 54 5000 
850  " 950 6034 “ 709 56 58 5000 
gso “f 1050 79 ** 783 60 62 5000 | 
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Relations of Driving and Driven Pulleys.* — The maximum ratio between 
the diameters of the driving and driven pulleys should not exceed 6:1. The 
ratio will determine the distance between the pulley centers, and good propor- 
tions are given in the accompanying table. 


eE T.. N NN * 
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CARE AND OPERATION OF BELTS. — The following is taken from 
<. an article by F. W. Taylor (Trans. A.S.M.E., Vol. 15, p. 204). 

The best distance from center to center of shafts 
is from 20 to 25 feet. 


P—————— M MM 


Idler pulleys work most satisfactorily when ie 
bated on the slack side of the belt about one- | Approximate Betwéern 
— quarter way from the driving pulley. Ratio Centers Tä 
E: Belts are more durable and work more satis- Feet 
:* factorily made narrow and thick, rather than wide E 
c and thin. 
c It is safe and advisable to use a double belt on 2:I 8 
s: a pulley 12 inches diameter or larger; a triple 3:I IO 
2 bet on a pulley 20 inches diameter or larger; a 4:I I2 
— quadruple belt on a pulley 30 inches diameter or 532 I5 
. larger. 6:1 20 
^  Asbelts increase in width they should also be 
" made thicker. | 


The ends of the belt should be fastened together by splicing and cement- 
_ ing instead of lacing, wiring or using hooks or clamps of any kind. 
" Belts should be cleaned and greased every five to six months. 
"  Belt-clamps having spring-balances between the two pairs of clamps should 
" beused for weighing the tension of the belt accurately each time it is tightened. 
_ Double leather belts, when treated with great care and run night and day at 
* moderate speed, should last for 18 years (the tension being adjusted in accord- 
ance with Barth's rules). l 

In figuring the total expense of belting, and the manufacturing cost chargeable 
to this account, by far the largest item is the time lost on the machines while 
belts are being relaced and repaired. 

The total stretch of leather belting exceeds 6 per cent of the original length. 

The stretch during the first six months of the life of belts is 15 per cent of 
their entire stretch (the tension being adjusted in accordance with Barth’s rules). 

A double belt will stretch 0.81 per cent of its length before requiring to be 
tightened (the tension being adjusted in accordance with Barth's rules). 

The most important consideration in making up tables and rules for the use 
and care of belting is how to secure the minimum of interruptions to manu- 
facture from this source. 

The average double belt when running night and day in a machine shop will 
cause an interruption to manufacture not oftener than once in sixteen months 
(the tension being adjusted in accordance with Barth’s rules). 

The oak-tanned and fulled belts showed themselves to be superior in all re- 
Spects except the coefficient of friction to either the oak-tanned not fulled, the 
Semi-rawhide, or rawhide with tanned face. 

Belts of any width can be successfully shifted backward and forward on tight 


PES 
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* and loose pulleys, Belts running between 5000 and 6000 feet per minute and 
* driving 300 h.p. are now being daily shifted on tight and loose pulleys to throw 
s 


lines of shafting in and out of use. 
The best form of belt-shifter for wide belts is a. pair of rollers twice the width. 
* bet, either of which can be pressed onto the flat surface of the belt on its slack 
" side close to the driven pulldy, the axis of the roller making an angle of 75? with 
; the center line of the belt. 


| Dressings for Leather Belts. — We advise that no belt dressing should be 

" used except when the belt becomes dry and husky, and in such instances we: 
. Téommend the use of a dressing. Where this is not used beef tallow at blood- 

Warm temperature should be applied and then dried either by artificial heat 
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or the sun. The addition of beeswax to the tallow will be of some service if the 
belts are used in wet or damp places. 


should never be used on leather belting. (Fayerweather and Ladew.) 


Some forms of belt dressing, the compositions of which have not been pub- ; 


lished, appear to have the property of increasing the coefficient of friction be 
tween the belt and the pulley, enabling a given power to be transmitted with a 
lower belt tension than with undressed belts. C. W. Evans (Power, Dec., 1905) 
gives a diagram, plotted from tests, which shows that three of these compositions 


gave increased transmission for a given tension, ranging from about 1o per cent. ~. 
for 90 pounds tension per inch of width to 100 per cent increase with 20 pounds ~. 


tension. 


Dressings for Rubber Belts. — Rubber belts will be improved, and ther 2+: 
durability increased, by putting on with a painter's brush, and letting it dry, © -« 
a composition made of equal parts of red lead, black lead, French yellow and =, 
litharge, mixed with boiled linseed oil and japan enough to make it dry quickly, i: 
The effect of this will be to produce a finely polished surface. If, from dust '::. 
or other cause, the belt should slip, it should be lightly moistened on the side | 


next the pulley with boiled linseed oil. (From circulars of monufaciurers.) 


Lacing of Belts. — In punching a belt for lacing, use an oval punch, the d 


longer diameter of the punch being parallel with the sides of the belt. Punch 
two rows of holes in each end, placed zigzag. In a 3-inch belt there should be 
four holes in each end — two in each row. In a 6-inch belt, seven holes — four 


in the row nearest the end. A ro-inch belt should have nine holes. The edge p 
of the holes should not come nearer than 34 inch from the sides, nor % inch from |” 
the ends of the belt. The second row should be at least 194 inches from the end. ' 


On wide belts these distances should be even a little greater. 

Begin to lace in the center of the belt and take care to keep the ends exactly 
in line, and to lace both sides with equal tightness. The lacing should not be 
crossed on the side of the belt that runs next the pulley. In taking up belts 
observe the same rules as in putting on new ones. 

Setting a Belt on Quarter-twist. — A belt must run squarely on to the 
pulley. To connect with a belt two horizontal shafts at right angles with each 


Our experience convinces us that resio | 


other, say an engine-shaft near the floor with a line attached to the ceiling, will ~». 


require a quarter-turn. First, ascertain the central point on the face of each 
pulley at the extremity of the horizontal diameter where the belt will leave the 
pulley, and then set that point on the driven pulley plumb over the correspond- 
ing point on the driver. This wifl cause the belt to run squarely on to each 
pulley, and it will leave at an angle greater or less, according to the size of the 
pulleys and their distance from each other. 

In quarter-twist belts, in order that the belt may remain on the pulleys, the 
central plene on each pulley must pass through the point of delivery of the other 
pulley. This arrangement does not admit of reversed motion. 


*- 


BIBLIOGRAPHY. — Smith and Marx, Machine Design, N. Y., 1909; Kent's 


Mechanical Engineer’s Pocket-Book; Willard, R. W., Notes on the Core and Six 


of Belts, Power, 1911, Vol. 34, p. 11; Barth, C. G., The Transmission of Powe | 
by Leather Belting, A.S.M.E., 1909, Vol. 31, p. 29; Mills, C. B., Determination | 


of Pulley and Belt Sizes, Elec. Jour., 1910, Vol. 7, p. 729; Helms, F. C., Pulley 
Data, El. W., 1909, Vol. $3, p. 110; Sawdon, W: M., Transmitting Capai- 


ties of Pulleys, Power, 1911, Vol. 34, p. 582; Knorr, K. W., Pulleys for High 


speed Belts, Power, 1911, Vol. 34, p. 6or. | 
| (Wu. Kent] 
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w: BLOCKS AND TACKLE. — (See also Ropes and Rope Drive; Chains 
ur and Chain Drive.) A simple block used with rope tackle consists of one‘or more 
genie pulleys mounted in a casing or shell. They may be single, double, triple, etc., 
tz: depending upon the number of sheaves or pulleys. In chain blocks, instead of 
tec: simple pulleys, spur or worm and wheel gearing (see Gears and Gearing) or 
Pon. differential pulleys are used. In the triplex block, made by the Yale and Towne 
tact: Co. the power is transmitted to the hoisting-chain wheel by means of a train 
juu of spur gearing operated by the hand chain. In the duplex block the power 
ai. is transmitted through a worm wheel and screw. 

Fig. 1 shows schematically a differential pulley. The two upper pulleys are 
pl! . Tigidly fastened together and rotate as one piece. The rims of these pulleys are 
um shaped to mesh with the links of the chain 
iuit and prevent the latter from slipping. Let Di 

.. and D» be the respective diameters of the 
T larger and smaller upper pulleys. Then ifthe 8 
i . diameter of the lower pulley is (Dı + Ds)/ 2, 
» the pull P^ required to raise a load W, neg- 
V7". lecting friction, is 


T , D-DD 7 
"i SU 
Luc i 


sat’ ACTUAL PULL REQUIRED; EFFI- 0 
ia CIENCY OF BLOCK AND TACKLE. — 
wit In the case of a simple block and tackle the 
ysis? pull P’ required to raise a load W is, neglect- 


M 
wan 
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[| 
i 
t 
ing friction, i 
hee’ p W | n 
y EET d i \ 
ii x 
| where N is the number of lengths of rope K K’ w 
. Shortened when the lower block rises (in Fig. 1. Fig. 2. 


ud j Fig. 2 N=6). The actual pull required 

ru is this theoretical pull P’ divided by the efficiency Sis as a fraction, 
M^ or 

pi ! 100 W 

be des Ne 


K^ where e= the per cent efficiency. The distance in feet through which the 
jc" pulling rope must be pulled to raise the load 1 foot is equal to the number (N) 
, of lengths of rope shortened. 
i^ In the case of a differential pulley the actual pull is 
i 100 (Di — D) W 
P = -————— 
2Dıe 


’ 


(^ Where e is the per cent efficiency and the other symbols as above. The distance 
,^ through which the hand chain must be pulled to raise the load 1 foot is 


Jet 2Di - 

i Dı -e Ds 

joi Tn any case, if the rope or chain pulls on the lower block at an angle, the block 
_ Will be pulled out of the line drawn between the load and the upper block, and 

yy. the effective pull will be less than the actual pull on the rope in the ratio of the 

cosine of the angle the pulling rope makes with the vertical, or line of action of. 

the resistance, to unity. 
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Efficiency of Rope Blocks. — S. L. Wonson, Eng. News, June 11, 190, 
gives the following: 


Mk 
[ge 

e . . i ie x 
Number | Manila rope, 114 to 2 in. 34-inch wire rope To 
of rope pens i Ss L ES " 

lengths ] : ance 

i AF 
shortened, | Ratio of EPEA Ratio of pipi , | us 
N load to puli | P? : ' | load to pull | P** n , Sis. 

: xi i 
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P Ae 
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Pull Required with Chain Blocks. — The following table is taken from ti 
a catalogue of the Yale and Towne Co., 1908. 


Pull in pounds required on | dies rcd spia bs o. 
hand-chain to lift full loads UE Weer = 
load one foot high ES 


Differen- 
tial 


6————S— fe ee ee | RE misa D, rrr E) m meam m emus | c ere ee t 


Tripex | Duplex i an Triplex | Duplex 


For loads from 10 to 20 tons two hand-chains are provided. 


SAFE LOAD. — Blocks are usually designed to carry a load as great as 
that of the rope or chain which fits the grooves in the Sbeaves (see Ropes and 


Rope Drive; Chains and Chain Drive). 


BIBLIOGRAPHY. —See the works on Machine Design given in the Bibliog- 


raphy in article on Bearings; also circulars of. Yale'& Towne Mfg. Co., N. Y. 
and Boston & Lockport Block Co. | 
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» BLOWERS AND COMPRESSORS. — (See also Draft, Mechanical; 


Fans.) A blower is any kind of apparatus that is used for blowing or forcing 
air or other gas into or out of a room or other receptacle. When it is used to 
draw air from a room or vessel and discharge it into another vessel or into the 
external atmosphere it is commonly called an '*exhauster." A fan is a blower 
in which motion is given to the air by means of thin blades or vanes (see 
Fons). A blowing engine is a large machine in which air is compressed in and 
discharged from a cylinder which is fitted with a reciprocating piston. When 
a blowing engine delivers air at high pressures, say 30 pounds per square inch 
and upwards, it is called an air compressor. Following is a brief description 
of the several kinds of blowers. 


Displacement Blowers. — Into a closed tank containing air a stream of 
water is caused to flow, displacing the air and blowing it out through an opening 
provided for it. By using two tanks with suitable valves, the action may be 
made continuous. 

Hydraulic Blowers. — A large tank is surmounted by a vertical pipe into 
the top of which water enters in such a way as to “entrain” or drag air along 
with it, which is separated from the water when it reaches the tank and is blown 
out through an air pipe while the water escapes through another opening. 
Tests of a compressor of this kind at Magog, P. Q., Canada, showed a capacity 
of from 967 to 1165 cubic feet of air per minute at a pressure of 53 pounds per 


` Square inch, and an efficiency of from 60 to 70 per cent. See paper by W. O. 


Webber, Trans. A.5.M .E., Vol. 22, p. 599. 

Jet Blowers. — A jet of water, compressed air, or steam flowing into a short 
pipe of a diameter greater than that of the jet will induce a current of air to 
flow through the pipe, which may thus be used as a blower or exhauster. The 
steam jet is in common use for blowing air into furnaces and gas producers, and 
is used as an exhauster to increase the draft of chimneys. It is usually very 
wasteful of steam, and should be used only in emergencies, when blowing ma- 
Chines are not available, or when the steam used to drive the jet is also used 
: other purposes, as for combining with the carbon of the fuel in gas pro- 
ucers. 


Positive Rotary Blowers. — These are büilt like rotary pumps, with two 
rotating shafts, geared together so as to turn in opposite directions, each carry- 
ing an *impeller," a casting approximating a figure 8 in section; the curve of 
the two impellers is so shaped that they touch or nearly touch on lines parallel 
to the shafts during the whole period of rotation, and also nearly touch the casing 
which surrounds them. A blower thus built delivers a constant quantity of 
air at each revolution, differing in this respect from centrifugal fans which 
deliver a varying quantity according to the resistance the air meets at the 
outlet. The economical range of these blowers is between 8 ounces and 8 
pounds pressure per square inch. For higher pressures then 8 pounds the blow- 
Ing engine is more economical. 

Blowing Engines. — A cylinder with a reciprocating piston when used for 
blowing air is called a blowing engine, whether it is driven by a steam engine, 
à water wheel or an electric motor. Blowing engines are commonly used to 

ish air to blast furnaces and Bessemer converters, at pressures of from 

4 to 30 pounds per square inch. They are simple in construction, but are usu- 

ally large, heavy and costly relative to the quantity and pressure of air furnished 

y them, on account of their moderate speeds, and there is a tendency to sup- 
Plant them by 


High-speed Centrifugal Compressors. — These are built on the principle of 
steam turbines or high-pressure centrifugal pumps and are driven at very high 
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speeds, 1800 to 3500 r.p.m. The General Electric Co. makes a line of these 32:7 
compressors for pressures ranging from 1 to 3.25 pounds per square inch, and "i: 
for delivering 800 to 28,000 cubic feet of free air per minute. By using several zu 
such compressors in series, one delivering into another, pressures of 100 pounds itn: 
per square inch may be obtaincd. 


POWER AND EFFICIENCY. — The useful work done by a blower is is 
that equivalent to the isothermal compression of the air to the pressure m the ^ 
receiver (or to the static plus the velocity pressure in the delivery main if the am di 
air were cooled to the atmospheric temperature) plus the work of delivering fo 
it against that pressure. If P; = absolute pressure at inlet in pounds per square 
foot; P2= pressure in the receiver; Vi = volume of entering air at the pressure n 
Pı, in cubic feet per minute, then useful work is foot-pounds per minute = Er 


NU UN 


Mu 


Pii logs. The useful or “air horse-power” is this quantity divided by t= 
SES asin 

33,000. ter 
When P3 is but slightly in excess of P1 the work per minute is PV, neatly, =... 
the error being less than 5 per cent when Ps = 1.1 Pi, and less than 1 per cent... 

when P2= 1.01 P1. 

When the air is compressed adiabatically, that is, without cooling during com- 
pression, the useful work is the same as in isothermal compression, but the 
actual work done in the cylinder (not including work lost by friction and leak- 


age) is greater, or l 
AVES By 
3.463 PiVi} — — I . Ro 
Pi 


The efficiency of blowing machines (i.e., the ratio of the air horse-power to — 
the horse-power required to drive the machine) ranges from 95 per cent in the ‘2: 
case of a slow-moving engine with large inlet and outlet valves, down to almost us 
zero in poorly designed rotating machines. Centrifugal compressors have an  * 
efficiency under normal load of from 40 to 6o per cent (see Fans). ‘A 39 by 8r 
inch positive blower, made by the Connersville Blower Co., is reported to have 
given an efficiency ranging from 68.5 per cent at an air pressure of 0.5 pound 
per square inch to 86 per cent at a pressure of 3.5 pounds per square inch, the 
displacement of air in each case being approximately 18,000 cubic feet per 
minute. The efficiency of steam-jet blowers is very low. 


SPECIFICATION FOR BLOWER.*— The following memoranda sre 
intended to assist in writing specifications. See also under Fans and article on 
Specifications. 

Principal Characteristics and Conditions of Service.— Purpose of blowers. 

Style and Description; Details of Construction. — Shall have horizontal, 
upward or downward discharge. Location of air outlet with reference to rotat- 
ing parts. Hand or automatic closing of dampers when blower stops. How | 
coupled to motor or engine, i.e., direct or belted. If direct driven, give details 
of coupler to disconnect blower from motor. Lubrication. Tools. Enclosure 
of moving parts to reduce danger. 

" Performance and Tests.— Cubic feet of air per minute. Air pressure, 
ounces or inches of water column at stated temperature. 


ELECTRIC DRIVE OF COMPRESSORS.+ — (See also Motors, Industrial 
Applications of.) As compressors of the reciprocating type must be driven at 
a low speed, the synchronous motor is well adapted for driving them, chiefly 


* By W. A. Del Mar. 
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«ihe: because this motor operates normally at unity power factor and can be effi- 
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dently operated at leading power factors to counteract the lagging power factor 
due to induction motors driving other apparatus on the system. Slow-speed 
induction motors must be built with a large number of poles and will then 
operate at very low power factors with a comparatively low efficiency. Other 
reasons favoring the synchronous motor drive for this service are the steady load 
and the low torque required in starting, as a by-pass is generally provided so 
that the compressor works only against atmospheric pressure when starting. 
The motor should be able to be started from the alternating-current side and 
should for this reason be provided with the usual "squirrel-cage" winding. 
There is usually sufficient flywheel effect in the machine itself to keep within a 
reasonable angle of displacement, so that no trouble is experienced from 
"hunting." 

For driving the centrifugal type of compressor, which requires a compara- 
tively high speed, the synchronous motor is not as well adapted, and the best 
operation can generally be secured by the use of high-speed induction motors. 
For large units or where a low starting current is desirable the phase-wound 
type of motor should preferably be selected, although for smaller units the 
squirrel-cage type will as a rule prove satisfactory. 

For direct-current installations compound-wound motors are generally used 
for driving reciprocating compressors and shunt-wound motors for the centrif- 
ugal type. 

DIMENSIONS, WEIGHTS AND COSTS. — There is so great a variety 
of blowers and compressors that it is impossible in the space available to give 
a sepresentative table of dimensions, weights and costs. The reader is referred 
to the manufacturers’ catalogues and price lists. Representative manufacturers 
ate the Ingersoll-Rand Co., the American Blower Co., the Sturtevant Co., 
and the Connersville Blower Co, (See also Kent's Mechanical Engineers’ 
Pocket-Book,) | 


BIBLIOGRAPHY. — Ennis, W. D., A pplied Thermodynamics, N. V., 1910; 
Innes, C. H., Air Compressors and Blowing Engines, London, 1906; Miller, 
W. E., Motor Driven Air Compressors, G. E. Rev., 1909, Vol. x2, p. 459; and 
catalogues of manufacturers. - 

(Wm. KewT.] 
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BOILERS, STEAM. — (See also Chimneys, Condensers, Steam; Conveyors; 
Draft, Mechanical; Feed-water Heaters; Fuels; Pipes and Piping; Power Stations; 
Pumps; Separators, Steam; Steam.) The simplest form of boiler is a closed 
metal cylinder partly filled with water, with a pipe for the introduction of 
feed water, another pipe for the escape of steam and means for maintaining 
a fire under the boiler. Modifications of this elementary form are made: (1) 
for the purpose of insuring that as large a fraction as possible of the heat energy 
generated by the burning fuel shall be absorbed by the water and as small a 


fraction as possible shall be lost in the escaping hot gases and by radiation; and _, 
(2) for the purpose of increasing the heating surface and therefore the evaporative . 
capacity of the boiler, with as great an economy of space occupied and of cost. .. 
of the metallic structure as possible, without at the same time endangering the . - 


safety of the boiler, or decreasing its durability, facility for cleaning or other 
desirable qualities. 


DEFINITIONS. — Certain special terms used in reference to boilers are 
defined below. 


Boiler Horse-power. — This term was originally introduced to indicate 
the size of boiler required for an average reciprocating engine, the boiler being 


said to have the same horse-power as that of the engine. Due to improve- - 


ments in tbe design of steam engines a boiler of a given horse-power rating may 
be ample to supply an engine (e.g., a compound condensing engine) of 3 times 
the rating of the boiler. The American Society of Mechanical Engineers has 
adopted the following definition: 

A boiler horse-power is equivalent to the evaporation of 34.5 pounds of water 
per hour from feed water at 212° F. to saturated steam at the same temperature. 

Adopting Marks and Davis's figures for the properties of steam (see Steam) 
34.5 pounds of steam from and at 212? F. is equivalent to 33,479 B.t.u. per hour, 
or to an evaporation of 30.018 pounds from 100° F. feed-water temperature 
into steam at 7o pounds gage pressure. 

It is customary in the trade to consider 10 square feet of heating surface as 
equivalent to a boiler horse-power, for stationary boilers. The term boiler 
horse-power is not used in connection with locomotive or marine boilers, and 
there is a tendency to discontinue its use for stationary boilers, expressing theit 
size in square feet of heating surface, and their evaporative capacity in pounds 
of water evaporated from and at 212° F. per hour. 

Equivalent Evaporation. — Factor of Evaporation. — For the purpose 
of reducing the results of a boiler test made under certain conditions of feed- 
water temperature and steam pressure and quality to a common standard, it is 
customary to use the equivalent evaporation from and at 212° F. as that 
standard. The pounds evaporated under actual conditions are multiplied by a 
“factor of evaporation,” F, which is determined by the formula 

_H-hk 
970.4" 
in which H = total B.t.u. above 32° F. in 1 pound of steam at the actual pressure 
and degree of superheat, and k = total B.t.u. above 32° F. of 1 pound of the 
feed water. The values of H and k are given in steam tables (see Steam). li 
the steam contains x per cent of moisture, use for H in the above formula 


a-r(- 8). ts, z t 


where H' is the total heat of saturated steam at the given pressure and h’ is the 
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Boiler Efficiency. — The efficiency of the boiler alone is usually defined 

Susie 28 the ratio of the number of B.t.u. absorbed by the water per pound of com- 

iwga bustible actually burnt, to the number of B.t.u. in one pound of the combustible. 

iiir; The over-all efficiency of the boiler and grate is the ratio of the B.t.u. absorbed 

tie by the water per pound of coal as fired to the number of B.t.u. in one pound of 

sit this coal. This over-all efficiency differs from the efficiency of the boiler alone 
mrs according to the amount of coal lost through the grates. 


ik "Economy? or Water Rate. — Boiler efficiency is also frequently ex- 
«as pressed in terms of the number of pounds of water evaporated from and at 
bre 212°F. per pound of combustible in the coal actually burnt (this corresponds 
mele to the efficiency of the boiler alone), or per pound of coal as fired (this corre- 
ope: sponds to the efficiency of boiler and grate). The number of pounds of water 
eai evaporated from and at 212? F. per pound of coal is frequently referred to as 
desis” the “economy” of the boiler, or its “water rate.” 

The relation between efficiency and economy may be expressed as follows. 


y Let e= boiler efficiency, in per cent, 


woi 
B= B.t.u. per pound of coal, 

e _ w= economy, i.e., the equivalent number of pounds water evaporated 
" per pound of ‘coal. | 

ue . 

T | 
2 P | Be 
yit |^. 97,040 
J Ez 


For ande if the coal contains 10,000 B.t.u. per pound and the boiler efficiency 
, 1870 per cent, then the economy is 10,000 X 70/97,040 = 7.2 pounds water per 
pound coal. 


dr CLASSIFICATION OF BOILERS. — Boilers may be classified as exter- 
put nally and internally fired, water tube and fire tube, through tube and return tube, 
uU horizontal and vertical. An internally fired boiler is one in which the furnace is 
built inside of the boiler, and its roof and sides form a part of the heating sur- 
gi face of the boiler; the locomotive and Scotch marine, the Lancashire and the 
xt? vertical-tubular boiler are of this type. An externally fired boiler is one in 
d sb Which the furnace is separate from the boiler itself and is usually placed under- 
qui Death it, but sometimes at the side of it in a structure lined with fire-brick. A 
ist? fire lube boiler is one in which the hot gases pass through the tubes, whereas the 
water is contained in an external shell through which the tubes pass. A water 
d .f tube boiler is one in which the water is contained in the tubes and the hot 
Tes pass around them: A through tube boiler is one in which the hot gases 
i bass directly through the tubes from the fire to the smoke flue, whereas in a 
e ; ftlurn tube boiler the gases are caused to pass under the shell containing the 
jg fubes to the farther end, thence upward through the "back connection," or 
tear of the setting and return through the tubes to the “breeching” or flue con- 
a tothe chimney. The term “return tubular” is applied only to fire tube 
ilers, 


" APPLICATIONS OF VARIOUS TYPES. — Externally fired return tube 
Be boilers in sizes up to 200 horse-power and for pressures up to 150 pounds per 
U^ square inch are very commonly used. Boilers of this type are comparatively 

W cheap and do not require expensive setting. In large power stations externally- 
à fired water tube boilers are.almost invariably used in this country. "These boilers 

' ate built in sizes up to 2300 horse-power and for all practicable pressures. Bab- 

cock and Wilcox, Heine, Sterling and Wickes boilers are.of the water tube type. 

, In the first two makes the tubes are slightly inclined, in the third they are quite 
ji steeply inclined, and in the last they are vertical. 


ye 
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Selection of Type of Boiler. — In selecting the type of boiler to be used &-7- 
in any particular case the following points should be taken into consideration: i. 
(1) steam pressure desired; (2) space available; (3) danger of explosion; (4) zx: 
liability to minor troubles which cause temporary stoppage; (5) durability, 8: 
(6) ease of making repairs; (7) facilities for cleaning and removing scale and à 
for inspection; (8) water-storage capacity; (9) rapidity at which steam cn tie.. 
be raised; (10) steadiness of water level; (11) dryness of steam; (12) cost, «i. 
including setting. a 


The question of economy of fuel is not generally dependent on the type of 


uL 
er 
wu t 


to secure maximum economy the following requirements are essential: (1) z. 
sufficient heating surface; (2) that the fuel can be thoroughly burned in the w.. 
furnace, so that no unburned gases are allowed to reach the heating surface, y ;. 
and (3) that the path of the gases through the boiler is properly baffled so that ...... 


they are not “short-circuited,” leaving part of the heating surface out of the p. 
current. . ] is. 


DESIGN AND CONSTRUCTION. — The essential parts of the boiler “* 
in the case of a water tube boiler are the tubes, steam drums and mud drums, “*= 
grates and setting. The tubes are usually 4 inches in diameter in large stationary 5? 
boilers, and are usually more or less inclined. The steam drums are large Ru 
cylindrical vessels which serve as a reservoir for the water and steam. The ` 
mud drums are arranged to collect a considerable part of the sediment formed" 
by evaporation of the water. Suitable blowpipes are provided for draining ^"* 
off the water and for discharging the sediment and scale-forming material. __ 
The water level in the boiler is usually indicated by a gauge glass or try cocks, 
or both, connected either directly to the boiler shell or to a water column. 
Suitable manholes and handholes are provided to give access to the vatious 
parts of the boiler. ' " 

Heating Surface. — For maximum fuel economy with any kind of boiler it 
shpuld be proportioned so that at least one square foot of heating surface should 
be given for every 3 pounds of water to be evaporated from and at 212° F. pef 
hour. Still more liberal proportions are required if a portion of the heating ~ 
surface has its efficiency reduced by: (1) tendency of the heated gases to short- y. 
circuit, that is, to select passages of least resistance and flow through them with 
high velocity, to the neglect of other passages; (2) deposition of soot from .' 
smoky fuel; (3) incrustation. If the heating sutface is clean, and the heated ,. 
gases pass over it uniformly, little if any increase in economy can be obtained 
by increasing the heating surface beyond the proportion of x square foot to `. 
every 3 pounds of water to be evaporated, and with all conditions favorable ` 
but little decrease of economy will take place if the proportion is x square foot ^ 
to every 4 pounds evaporated; but in order to provide for driving of the boiler 
beyond its rated capacity, and for possible decrease of efficiency due to the causes : 
above named, it is better to adopt 1 square foot to 3 pounds evaporation pet ^ 
hour as the minimum standard proportion. i 

For maximum commercial ecenomy, taking into consideration not only the |: 
cost of fuel but also the interest, depreciation and taxes on. the cost of the |; 
plant, a higher rate of driving may be required, even as high as 6 or 8 pounds |: 
per square foot of heating surface per hour at the time of maximum or peak |: 
load, if the high loads last only a few hours each day. 


‘Measurement of Heating Surface.— The usual rule is to consider : 
as heating surface all the surfaces. that are surrounded by water on one side 
and by flame or heated gases on the other, using the external diameter for | 


w 
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{i Grates. — Three kinds of grates are employed, the stationary, the rocking or 
jo; Shaking, and the traveling grate. The grate bars are made of cast iron. Rock- 
rics MM grates have the advantage of permitting clearing the fire-bed of ash and 
. Ginker without opening the fire door and require less manual labor than the 
M stationary grate. A traveling grate is one form of a mechanical stoker (see 
(apo Slokers, Mechanical). 


E Grate Surface. — The amount of grate surface required per horse- 
power and the proper ratio of heating surface to grate surface are extremely 
way Variable, depending chiefly upon the character of the coal and upon the rate 
e. Of draft, With good coal, low in ash, approximately equal results may be 
a Obtained with large grate surface and light draft, and with small grate surface 
iit add strong draft, the total amount of coal burned per hour being the same in 
y both cases. With good bituminous coal, like Pittsburgh, low in ash, the best 
yt Tesults apparently are obtained with strong draft and high rates of combus- 
„i tion, provided the grate surfaces are cut down so that the total coal burned 
~ per hour is not too great for the capacity of the heating surface to absorb the 
.. best produced. 
wit? With coals high in ash, especially if the ash is easily fusible, tending to choke 
vuil the grates, large grate surface and a slow rate of combustion are required, unless 
‘git means, such as shaking grates, are provided to get rid of the ash as fast as it is 
1dr? made. E 
ait ^ The following table is adapted from a more extensive one given in Geb- 
stt hardt’s Steam Power Plant Engineering. 


i l4 


dst Average 
p ratio of 
sr Nature of plant | Number heating 
p ol másta Character of fuel sdface to 

[quie grate 
ve surface 
ngs 
ge 

Ix 
n Central stations Jo | Illinois screenings, t5 to 20% ash 65 
uu" Central stations 14 Bituminous 60 
N i Central stations I Bituminous 31 
i , | Central stations 9 Anthracite 40 
* | Mig. plants 20 Anthracite | ^. 3S i 
=" | Office building 6 Bituminous 48 


.:;; Calculation of Required Heating Surface and Grate Area. — From 
|; Ü data given above the proper grate area and heating surface may be cal. 
^ lated as follows: 
| Example r.— Steam required pet hour at the “peak of the load,” 
Q5! 6000 pounds; sooo pounds ordinarily. Steam per pound of the poorest coal 
yo Under the given conditions of feed-water teraperature and steam pressure. at 
ji Maximum rate of driving, 6 pounds. This corresponds to 6000/6 = 1000 
jo” Pounds of coal per hour. Maximum rate of combustion under worst conditions, 
15 pounds of coal per square foot of grate per hour. The required grate surface 
; is then 1000/25 = 40 square feet. Heating surface for maximum economy at 
$9" ordinary driving will be 3000/3 = 1000 square feet, requiring 6000 x 3/3000 
ui^ =6 pounds of steam per square foot of heating surface per hour at highest rate, 
JÖ” Ratio of heating to grate surface, 1900/25 = 40 tO t. > 
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Example 2. Let 3000 pounds of steam be required per hour uniformly, ^'^ 
The coal is of good quality so that 9 pounds of water will be evaporated per pound = '="~ 
of coal when the rate of driving does not exceed 3 pounds of evaporation per € 
square foot of heating surface per hour. The rate of combustion of this coal =-:: 


may be as high as 30 pounds per square foot of grate per hour, but to have ? 
more easy firing, 20 pounds is chosen, Then, 


Heating surface = 3000/3 = 1000 square feet; 


Coal per hour = 3000/9 = 333 pounds; ie 
Grate surface = 333/20 = 16.7 square feet; Po 
Ratio of heating to grate surface = 1000/16.7 = 60 to 1. a 


Air Passages through Grates. — The usual practice is to make the " 


air opening 30 to 50 per cent of the total grate area. With coal free from. ,.. 
clinker much smaller openings may be used. | 


Flues and Other Gas Passages. — Rules are usually given making the 
area of gas passages bear a certain ratio to the area of the grate surface; thusa 
common rule for horizontal tubular boilers is to make the area over the bridge 
wall 14 of the grate surface, the flue area 3%, and the chimney area 1$. 

For average conditions with anthracite coal and moderate draft, say a rate 
of combustion of 12 pounds of coal per square foot of grate per hour, and a 
ratio of heating to grate surface of 30 to 1, this rule is as good as any, but it is 
evident that if the draft were increased so as to cause a rate of combustion `w, 
of 24 pounds, requiring the grate surface to be cut down to a ratio of 6oto 1, the y, 
areas of gas passages should not be reduced in proportion. The amount of ., : 
coal burned per hour being the same under the changed conditions, and there |” 
being no reason why the gases should travel at a higher velocity, the actual E 
areas of the passages should remain as before, but the ratio of the area to the 
grate surface would in that case be doubled. M 

Mr. Barrus states that the highest efficiency with anthracite coal is obtained E 
when the tube area is % to J4o of the grate surface, and with bituminous ol 
when it is % to 44, for the conditions of medium rates of combustion, such as... 


10 to 12 pounds per square foot of grate per hour, and 12 square feet of heating. 
surface allowed to the horse-power. ite 


fae ie 


Boiler Settings. — The boiler proper is usually mounted in a brick setting | 
with suitable iron buckstays. The setting also forms the walls of the fumace. |: 
Common red brick is usually employed for the setting except for those 
parts which are exposed to a sufficiently high temperature to require the use 


of fire brick. Sometimes a separate furnace, or “Dutch oven,” directly in k 
front of the boiler, is used. : 


OIL BURNERS AND FURNACES. — In burning liquid fuel in steam- 
boiler or other furnaces it is of the utmost importance that the fuel be com- : 
pletely atomized and that each minute particle be surrounded by sufficient ar ': 
for its complete combustion. Failure in this results in the formation of smoke | 
and soot. The following methods of injecting the oil and air into the furnace 
are used in connection with steam boilers: 

(1) Steam injection. A fine jet of steam at high pressure is employed to 
inject both oil and air into the furnace. Furnaces fired by this method are 
very successful in burning oil without smoke, if the oil is not fed to the furnace 
at a rate faster than that for which the burner is designed. (2) Air injection. 
Air at about 40 pounds pressure per square inch is used to inject and atomize 
the oil. Burners of this type are very successful, and they give higher tem- 
peratures than steam injectors. The objection to them isthe cost of the air- 
compressing machinery. (3) Mechanical injectors. ‘The oil under pressure 
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„+ delivered in a very fine spray. Some burners of this type have given excellent 
,, Tesults. With these burners it is necessary to supply the oil under a high pres- 
.. Sure, say from so to 80 pounds per square inch and to heat it before reaching 
* the burner to a temperature of from 120° to 180? F.in order to reduce its 
n viscosity. 
- More important than the burner is the furnace. It must be of sufficient 
size to give ample room for complete combustion of the gases formed by de- 
* composition of the oil before these gases are allowed to be chilled by contact 
with the heating surfaces of the boiler. For economy of oil the air supply 
& should be regulated so that the excess of air is not more than 50 per cent above 
that theoretically required for complete combustion. 


xy»  SUPERHEATERS. — To obtain the advantages of superheated steam (see 
x: Seam), various forms of superheaters are employed. A superheater consists 

essentially of a number of small tubes, through which the steam is passed, 
i arranged to be heated by the hot gases in the boiler or from some external 
ge, Mure. In this country the superheater is nearly always placed within the 
ai boiler setting. Frequent cleaning of the exterior walls of the superheater tubes 
with steam is necessary to prevent the accumulation of soot. It is customary 
ag © provide for the flooding of the superheaters when the boiler is banked and 
io When steam is being raised; this procedure may be undesirable when the feed 
^ Water contains much scale-forming impurity, as superheater tubes are not 
readily cleaned internally. 


jg PERFORMANCE OF BOILERS. — The number of boiler horse-power 
ys (ie, the number of pounds of steam from and at 212° F. divided by 34.5) which 
pi n be obtained from a boiler depends upon the heating surface of the boiler, 
p the grate area of the furnace, the quality of coal used, the method of firing, etc. 
" Consequently the horse-power rating of a boiler is at best but an exceedingly 
rough indication of its capacity, and therefore the modern tendency is to rate 
de? boiler in terms of the number of square feet of heating surface. If the horse- 
ag» bower rating is also given, this is usually taken arbitrarily for water tube boilers 
; 8s the number of square feet of heating surface divided by ro; that is, x boiler 
aa? horse-power is taken as equivalent to 10 square feet of heating surface. Some 
large modern boilers, however, are operated normally under conditions such 
" that the boiler horse-power actually developed is twice the rating on this basis. 
i". Builders of fire tube boilers usually rate them on the basis of 11 to 12 square 
*. feet per boiler horse-power. 


MT Boiler Capacity. — The capacity of a boiler may be expressed in terms 
a ü of the boiler horse-power which may be obtained from it, or, more definitely, 
b In terms of the number of pounds of water which can be evaporated in it. The 
capacity of a boiler, by which is meant the quantity of steam it will make in a 
bd given time, depends (1) upon the quantity of heat that can be generated in 
' the furnace, and (2) upon the percentage of this heat that is absorbed by the 
x2 boiler and not wasted in the chimney gases or by radiation. 
du” The first essential of boiler capacity for a given heating surface is furnace 
jo" Capacity, and this depends chiefly upon three things, area of grate surface, 
quality of fuel and force of drait. It may also depend upon the kind of grate, 
i a as plain or shaking grate, or mechanical stoker; upon the roof of the furnace, 
T whether formed of the heating surface of the boiler, or of fire brick; and upon 
yo? the introduction of air above the fire in addition to that which passes through 
if the grate. The second essential of boiler capacity is boiler efficiency. Other 
Td things being equal, anything that increases the efficiency of a boiler increases 
if’ ‘ts capacity in the same ratio. — 
si? Factors Affecting the Efficiency of a Boiler. — Boiler efficiency de. 
pends: (:) on the quality of the coal (or other fuel) as regards its content of 


! | 
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moisture and volatile matter (see article on Fuels); (2) on the completeness 
with which the coal is burned in the furnace, before the gases of combustion 

touch the heating surface; (3) on the combustion being effected with the least : 
possible excess of air, above 20 per cent excess being necessary to avoid imperfect 
combustion; (4) on the cleanness of the heating surface, inside and out; (5) on 
the proper baffling of the gases, so as to avoid short-circuiting; (6) on the heat -- M 
lost by radiation; and (7) on the extent of the heating surface relative to the "oes 
quantity of heat generated, or to the rate of driving of the boiler, as measured TR 
by the heat absorbed in a given time per square foot of heating surface (se TUE 
section on Heating Surface, below). In general the efficiency of a boiler may be A 
represented approximately by the equation 


T-Ti 

e= —— — 

Ti ’ 
in which 7; is the temperature of the fire and T3 the temperature of the chimney 
gases, The temperature Tı is proportional to the heat generated in the furnace, 
assuming the specific heat of the gases to be constant, and T; to the heat loss 
in the chimney. The loss by radiation is not considered in the formula, but 
this is generally not over 2 to 3 per cent when a boiler is driven at a normal rate. 


Values of Boiler Efficiency. — The highest efficiency that is obtained ` 
with ordinary boilers and furnaces, fired by hand, is about 79 per cent with EÈ 
anthracite and 76 per cent with bituminous coal. As high as 81 per cent may 
possibly be obtained with bituminous coal with very large boilers, provided 
with mechanical stokers, and 82 per cent with oil fuel. With economize, c 
heating the feed water by the waste heat of the gases from the boiler, the com `% 
bined efficiency of boiler and economizer may be as high as go per cent, l 

The necessary conditions for obtaining these high figures of efficiency are: — ^ 
(x) that the coal is of good quality, low in moisture; (2) that the coal is bumed 
uniformly and with uniform conditions of air supply, so that the grate is not 
obstructed by clinker or imperfectly covered by coal; (3) that the rate of driving 
does not exceed 3 pounds evaporation per square foot of heating surface pet — ::: 
hour; (4) that the air.supply does not exceed 20 pounds per pound of carbon — 
burned; (5) that the combustion of the gases is completed in the furnace, 9 
that no unburned gases touch the heating surface of the boiler and become 
chilled below the point of ignition; (6) that the path of the gases through the 
boiler is so baffled as to cause them to traverse uniformly all parts of the heating 
surface; (7) that the heating surface is free from soot and dust on the outside 
and from scale or grease on the inside. 

The conditions of high efficiency above described are obtained only in the 
best-managed plants, where the chimney gases are constantly analyzed as a 
check on the air supply (see below under Tests of Boilers): In the average plant 


jh everyday asa the efficiency may be anywhere from 10 to 30 per cent 
below the best possible. 


Effect of Rate of Evaporation on Efficiency. — On the basis of 
1o square feet of heating surface per boiler horse-power (34.5 pounds of steam 
from and at 212" F.) approximately 3 pounds of steam are evaporated per square 
foot of heating surface when the boiler is developing its rating at normal steam 
pressure and temperature. If there is sufficient grate surface and draft the 
evaporation may be increased to 6 or in emergency to rg pounds of steam per 
square foot of heating surface. The efficiency, however, falls off with increased 
. rate of driving. The following figures are taken from a test by D. S. Jacobus 


(Trans, A.S.M.E., 1911) on a large Stirling boiler (23,650 square feet of heating 
surface). : l Ta l 


Boilers, Steam 143 


toe Equivalent evaporation 


di 


per square foot = 3.24 3.40 3.72 4.18 5.22 5.62 6.40 6.67 6.75 7.29 


4g; Overall efficiency = 81.2 81.0 80.3 79.2 77.1 77.9 76.4 76.7 75.6 75.8 
aa Stil higher rates of driving and the corresponding efficiencies are given below, 


uc 
241 
qs 
gs 
ug 
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these figures being taken from a test of Babcock & Wilcox boilers designed for 
the United States warships "Cincinnati" and “Wyoming” (Industrial Engi- 
neering, March, 1911). The results are as follows: 
Equivalent evaporation per square 

foot = 8.42 8.75 9.03 9.58 10.1 10.5 13.7 14.8 
Over-all efficiency = 70.4 70.6 72.1 68.2 70.1 71.0 64.5 63.3 

These efficiencies are all exceptionally high for the given rates of driving, 
but the relative efficiencies for the different rates are representátive of good 
average practice. 

Thickness of Fire and Efficiency. — Too thin a fire results in excess 

of air and too thick a fire in a deficiency, unless sufficient draft is provided by 


* means of fans or tall chimneys (see Draft, Mechanical). There are so many 


factors to be considered that the proper thickness for maximum economy in any 
particular case can be determined only from actual test. Under ordinary con- 


“ditions of hand-firing the thickness of fire for best efficiency ranges from 6 to 12 


inches. 

Air Supply and Efficiency. — The air supply for maximum efficiency, 
all other conditions remaining constant, is about 17 or 18 pounds per pound of 
carbon. 

With an air supply lower than 17 pounds. the efficiency is likely to fall off, 
on account of imperfect combustion. If the air supply is greater than 20 pounds 
the efficiency falls off very rapidly, the excess air supply causing a reduction 
of temperature in the furnace and an increase of heat carried into the chimney. 


Heat Balance and Distribution of Losses. — By the “heat balance" is 


© meant a statement accounting for ultimate distribution of the B.t.u. in the 


fuel supplied to the boiler. Such a statement is usually made up as follows, 
The figures given illustrate the ordinary range for the various items. 


HEAT BALANCE PER POUND OF COMBUSTIBLE 


Item . at. Per cent 


I. Heat absorbed by the boiler...........ccececeeeecees| eee 80-50 

2. Loss due to heating moisture in coal..................| esenco 0.2-2.0 

3. Loss dueto heating moisture formed by the burning of 
TERR PETS vedecitanexees ate epee 0.5-4.0 


ee ee assi sve resa a esse eso toss rr EM VR d 12-30 
su rvEsaTstRe rrr arcessere o eo rro ^iRRedé 0.0-3.0 


&. Unconsumed hydrogen and- hydrocarbons 

(smoke and soot), .........ssessoeseeessssss| eese 
b. To heating the moisture in theair.............]  ...... 
€. To carbon lost through grate.........cceececes|] cence 
d. To tadiatiol. «acido v EET etu Deoa is Sad 
e. Unaccounted for...........eeeceee E SR TE . addas 


*69069e06006060$026e692060044.8648592869090099t239*009090998909€0906€00060*9224929 


The five items under 6 are frequently given as a single item. 
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principal observations made during an iul 
“evaporation” test of a boiler are pounds of water evaporated, pounds of cod zeaz 
fired, steam pressure and feed-water temperature. Records of the water ms: 
evaporated and the coal fired should be made for each hour of the test if possible, 
The steam pressures and feed-water temperatures are recorded every half-hour ; 
or oftener, and averaged for the whole test. All conditions should as nearly i 

as possible be the same at the end as at the beginning of the test. When the <=. 
furnaces are hand fired, tests of 8 to 10 hours duration are usually sufficient, but x 
when mechanical stokers are used it is difficult to obtain an equal quantity and... n 
condition of the coal in the furnace at the beginning and end of the test, anda zizi 
large error in the results may be made if the test is much shorter than 24 hours. e::;-. 


The average moisture in the coal should be determined and the ash and refuse xy.. 
should be weighed. 


In all important tests the code prepared by a committee of the American Tm 
Society of Mechanical Engineers (Code of 1913) should be followed. The -. . 
principal data and results given in this code are as follows: Shes 


nam 
PRINCIPAL DATA AND RESULTS OF BOILER TEST. zi 
1. Grate surface (width ...., length ... setae ot sq. ft. = : 
2. Total heating surface......................... sq. ft i 
3. Date dec E QC D E Bie, E E E era Sg ale Oe Se olay, ne 
4. Duration. .................uLLueuuLuuuuu.... hr. w 
5. Kind and size of coal... s 
6. Steam pressure by gauge...................... lb. 
7. Temperature of feed water entering boiler....... °F Uy 
8 


OM UE EEEE C PORE percentor^F. x. 
9. Percentage of moisture in coal................. per cent Xi 
1o. Dry coal consumed per hour 


E Ib. ks 
11. Dry coal consumed per sq. ft of grate surface per | 
hour i 
| 


pisse EE Rd bu secum Bete na EI a E 1b. 
12. Equivalent evaporation per hour from and at 212° lb. 
13. Equivalent evaporation per hour from and at 212° 

per sq. ft. of heating surface. . 


—— Te ae lb. " 
14. Rated capacity per hour, from and at 212°... ._. lb. x 
15. Percentage of rated capacity developed......... per cent . es 
16. Equivalent evaporation from and at 212? per lb. of ne 
diy COM vesc cds slic dank ha Rer LL. Ib. xt 
17. Equivalent evaporation from and at 212? per lb. of d 
combustible. ..... TARAS dale eek dr r er lb. 2 
18. Calorific value of 1 lb. of dry coal by calorimeter.  B.t.u. ES 
19. Calorific value of 1 Ib. of combustible by calorim- — ii 
rr B.t.u. |. 
20. Efficiency of boiler, furnace and grate: 
- Item 16 X 970.4 
100 lems ] ^5 5 eerie per cent 
21. Efficiency of boiler and furnace: 
Item 17 X:970.4V- i 
00 X | — ftem ig Jut & c] per cen 


Flue Gas Analysis and Heat Balance. — See Kent’ 


s Mechanical Engineers 
Pocket-Book and Gebhardt's Steam Power Plant Enginee 


ring. 
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ssi SPECIFICATIONS FOR STEAM BOILERS. — As nearly all steam 
awe boilers are now made by large manufacturing concerns who have their own 
"i: Specifications as to details of construction, quality of material, etc., it is rarely 
dua the case that an engineer of a power plant or a consulting engineer is called on 
dazı to make an original design of a boiler or to furnish detailed specifications for 
ssc; one. What is usually done is to call for bids on general specifications, naming 
cxi the quality of coal to be used, the kind of furnace or stoker, the horse-power to 
be developed (34.5 pounds of water evaporated from and at 212? F. = x h p.), 
'"- when the boiler is driven at a rate not to exceed 3.5 pounds per square foot of 
: heating surface per hour, evaporated from and at 212? F., and the overload capa- 
city desired for higher rates of driving, or “the peak of the load.” The bids re- 
«3; ceived are then tabulated as to the details, such as heating surface, grate surface, 
sze of combustion chamber, size of tubes, diameter of shell, quality of steel, 
jè! Style of riveting, factor of safety, space occupied, guarantees of capacity and 
ij economy, etc., and a selection made of the boiler that appears to be the most 
suitable for the location. Of two boilers that have the same heating surface 
the one that has the largest grate surface is the one that has the greatest over- 
load capacity, if the draft is the same in both cases. Guarantees of capacity 
and economy may be disregarded when bids are for ordinary forms of boilers 
& and furnaces, for the capacity and economy of two boilers of the same size of 
i grate and heating surface will be practically the same whatever the type or 
form of the boiler, but they will vary greatly from causes independent of the 
boilers themselves, such as quality of coal, method of firing, kind of furnace, 
Size of combustion chamber, etc. 


OPERATION OF BOILERS. — To obtain the best results from boilers, 
considerable care must be paid to the firing and regulation of air supply. 


Firing. — There are three common methods of hand firing: (1) the alternate 
in which fresh coal is fired on one side of the grate at a time, the combustion of 
* volatile matter being assisted by the heated air passing through the other side; 

(2) the spread-firing, in which small amounts are spread thinly over the entire 
fire bed; and (3) the coking, in which a thick bed of fresh coal is fired directly 
in front of the door and allowed to coke, after which it is pushed back into the 
fumace. The best method for any particular kind of fuel, style of furnace 

and rate of driving should be determined by experiment. 
Mecbanical stokers (see Stokers, Mechanical) afford the following advantages: 
viz., the uniform feeding of coal, the close regulation of the air supply at all 
* — times and consequently smokeless and efficient combustion with a wide range 
of loads, and a great reduction of labor cost in handling and firing fuel. In 
` small plants with poor load factors the expense of installation is generally con- 
sidered prohibitive, but in plants of 1500 kilowatts or more a considerable net 

annual saving can usually be obtained. 


Air Supply. — (See also Chimneys; Draft, Mechanical.) The extent of the 
flue losses is determined by the amount of gas discharged, the temperature at 
Which it is discharged, the amount of incompletely burned gas discharged and 
the amount of latent heat carried away in water vapor. The minimum economic 
amount of flue gas would obtain with the amount of air supplied to the fire 
exactly equal to the theoretical requirements of complete combustion. 'The 
admission of less air tends to the production of CO. More air dilutes the flue 
gas, increases the total amount of gas rejected and, in the same ratio, increases 
the amount of heat rejected, the stack temperature remaining the same. The 

. theoretical air supply per pound of combustible (see Fuels) is approximately 

12 pounds, but since the air and fuel cannot be mixed with perfect intimacy it 

qw 1$ necessary to considerably increase this amount to prevent the formation of 
“CO. See above under Air Supply and Efficiency. : 
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CO; Recorders. — The per cent of CO: in the flue gas is an index of the 1732: 
air excess, provided combustion is complete. With perfect combustion and m erie 
excess air 20.9 per cent CO» should be obtained with pure carbon as fuel, or. zu 
18.6 per cent with a fuel composed of 95 parts C and s parts H. In practice wis 
more air must be supplied and 14 per cent COs represents about the upper t'a- 
limit which should be attempted. 12 per cent CO» is good, 10 per cent fair and tu: 
8 per cent poor. Several types of CO» recorders have been devised. If prop vum 
erly maintained and interpreted they form a valuable check on the regulation :v--- 
of the air supply. Their indications, however, give no clue to the presence of 
CO, and are directly significant only when the formation of CO is prevented. :..., 


Flue-gas Temperature. — Because of the great heating surface which T 
would be required it is not practicable to reduce flue-gas temperature to less i 
than 75 degrees above the feed water. Economizers or fluc-gas feed-water 
heaters (see Feed-water Heaters) assist in lowering the temperature of discharge 
but add considerably to the space required, increase the cost of installation and 
maintenance and increase the total draft required. Without economizers it is 
seldom economical to attempt to reduce the gas temperature below 450° F. 


Smoke represents a minor element of loss per se, seldom exceeding 1 per cent, 
but it is generally an index of inefficient combustion. Smoke is usually due to 
a poorly regulated air supply, an imperfect mixture of air and fuel, or the tor »,, 
rapid volatilization of hydrocarbons and their premature chilling in a hali- m 
burned state. The absence of smoke, however, is not a final index of efficiency, 
for the air supply may be excessive. See also article on Smoke Prevention, 
Feed Water. — (See Feed-water Heaters; Pumps and Pumping Engins) — =, 
Cleaning Tubes. — The tubes of a boiler should be kept clean, both inter- Xi, 
nally and externally. For blowing the soot off the external surface the tubes i 
of water tube boilers or off the internal surface of the tubes of fire tube boilers | 
a steam jet blower is ordinarily used. For removing scale from the interior of 
water tubes different forms of scrapers or chippers are used, also rotary cutting 
devices driven at a high speed by steam, water or other power. For removing 
scale from the water side of fire tubes of horizontal tubular boilers the usual 
method is the operation of chipping and hammering by a man working inside 
of the boiler. Sometimes the scale is softened by the use of soda or other chemi- 
cals, before chipping, and a strong jet of water from a hose assists in detaching 
the scale. In locomotive practice it is often necessary to cut the tubes out of 
the boiler and run them through a cleaning machine, and then to weld a piece 


of each tube on one end to restore its original length, and to reset the tubes in 
the boiler. | 


DIMENSIONS OF BOILERS. — An ordinary fire tube boiler occupies 
a floor space of from 1.5 to 2.0 square feet per boiler horse-power (on the basis ol 
12 square feet of heating surface per horse-power): A water tube boiler occupies 
from 0.5 to 1.0 square foot of floor space per boiler horse-power (on the basis of 
ro square feet of heating surface per horse-power). With either type the height 
ranges from as low as 7 to as high as 30 feet depending not only on the horst- 
power but also on the style, whether horizontal or vertical. One boiler is some- 
times placed directly on top of another, making a “double-deck” arrangement. 
For complete dimensions see the manufacturer’s catalogues. 


,COST OF BOILERS. — The selling price of boilers per rated horse-power 
(1o square feet of heating surface — 1 horse-power) ranges from about $8 to 
$25, depending upon the size, the pressure they are to sustain, the style and - 
design, etc. The lowest prices named are for large-sized ordinary horizontal 
tubular boilers (Gre tube) for low pressures. “For power plants of 1000 horse 
mower and over the price will range usually between $10 and $15 for pressures 
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kge Dot over 150 pounds per square inch. For higher pressures and for boilers 
we provided with superheaters the prices will be higher. For boilers of less than 
ra; 100 horse-power the price per horse-power increases as the size decreases. The 
:§ > prices named are for the boilers with the usual fittings of grates, steam and 
ir; Water gauges, blow-off and stop valves, on board cars at the boiler works, and 
„z donot include the cost of erection nor of brickwork, flues or chimneys. (See 
az dso Power Station.) 

a» C. H. Benjamin (Eng., N. Y., Nov. 15, 1902) gives the following rules for 
yx estimating the cost of boilers; P = boiler horse-power; the cost is in dollars. 


lif: (1) Horizontal water-tube boilers, 125 pounds pressure, ro square feet of 
= heating surface per boiler horse-power, 
Yn Cost of boiler = 500 + 9.20 P. 
Cost of setting = 400 + 0.80 P. 
(2) Vertical water tube boiler as in (1), 
Cost of boiler = 500 + 8.50 P. 
sz  () Horizontal return tubular boilers, 12 square feet of heating surface per 
jx; horse-power, 
Cost of boiler = 100+ 6.50 P. 
Cost of setting = 300+ 0.70 P. 


2° BIBLIOGRAPHY. — Peabody and Miller, Steam Boilers, 3d ed., N, Y., 

z: 1912; H. de B. Parsons, Steam Boilers, Their Theory and Design, N. Y., 1903; 

a> Kent, Wm., Steam Boiler Economy, N. Y., 1914; Steam, published by The Bab- 

‘et’ cock & Wilcox Co., N. Y.; “Helios,” catalogue of the Heine Safety Boiler Co., 

| M St. Louis; Gebhardt, G. F, Steam Power Plant Engineering, N. Y., 1909; Kent’s 
. Mechanical Engineers’ Pocket-Book, N. Y., 1913. 
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BONDS, RAILWAY TRACK. — (See also Third Rail Systems; Trolley na 
Systems; Wires and Cables.) Rail bonds are electrical conductors for bridging akin 
the joints of rails. They consist either of a series of thin strips of annealed PEDE 
copper, or of one or more cables of copper wire, the ends of which are usually iGo i 
pressed or cast into solid copper terminals. Ribbon is more compact, but 
stranded wire is more flexible; the latter should always be used if space permits. 
Sometimes the terminals are made by upsetting the ends of a stranded con- 
ductor, so as to form a crude bond head. The terminals of the headed bond 
are then heated to a welding heat in furnaces, and pressed to the proper size 
and shape, the separate wires in the terminals becoming a solid mass of homo fat 
geneous copper. After being cleansed of all foreign substances the terminals f 
are shaved to the proper size. — 
a 


TYPES OF BONDS. — Bonds may be classified, according to the method ~- 
of fastening them to the rail, as soldered bonds, brazed bonds and bonds applied < 
by mechanical pressure. f 

Soldered Bonds (Figs. 1 and 2) usually consist of a series of thin stripsof s: 
annealed copper with tinned terminals as shown in Figs. 1 and 2. They are xx 


Fig. 1. Fig. 2. w 
soldered direct to the head, foot or web of the rail. One or more bonds pr ` 
joint may be used. * 


Brazed Bonds resemble soldered bonds except that the terminals are envel- |" 
oped in brass. They are brazed or welded to the rail by heat generated E 
electrically in a carbon electrode which constitutes one jaw of a clamp holding ©- 
the bond against the rail. E 

|. Expanded and Compressed 
Terminal Bonds. — Bonds fast- 
ened to the rail by mechanical 
pressure may be divided into two 
general classes, expanded terminal 
and compressed terminal bonds. 
Pin-expanded Terminal i 
Bonds (Fig. 3) have their heads 
drilled with an axial hole, through 


which a da steel pin d is U< A 
driven, forcing the copper outward 777 NE Jj 
and against the steel. This type Rail Mra 


of bond is fastened to the web 
of the rail. 


Compressed Terminal Bonds (Figs. 4 and 5). — There are two kinds 
a — ascen terminal honds in one of which direct nressure is applied at both 


Fig. 3. 


us usually applied to the web of the rail by means of a heavy screw or hydraulic 
;. press (Fig. 8) which engages the bond head and causes it to compress longitudi- 


i nally and expand laterally as the pressure is applied, bringing the copper into 
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ends of the head, and in the other, at one end only. The first type of bond is 


Head of Bond 


. frm contact with the steel and spreading the projecting end of the terminal into 


à button-shaped rivet-head, as shown in Fig. 4. The second type of bond (Fig. 
5) is applied only to the head of the rail, the terminal lugs being set in holes 
therein and expanded into contact by means of hammer blows. 


Compressed Terminal Soldered Bond. — A type of bond which has been 
found very successful at the Detroit River Tunnel for third-rail work is a com- 
pressed terminal head bond soldered to the rail. The combination of mechani- 
cal adhesion and soldering has resulted in a bond of unusual durability. 
(H. B. P. Wrenn.) 


Plastic Bonds. — In addition to the types of bonds described abeve, there 
is the plastic bond which in one form consists of a copper plate with amalgamated 
terminals pressed against amalgamated surfaces of the rail by the fish-plate. 
In another form it consists of an amalgamated copper plug set in a hole drilled 
vertically through the rail head and into the fish-plate. | 

Exposed Versus Concealed Bonds. — Whether soldered, brazed, expanded 
or compressed, bonds may be either exposed or concealed (Fig. 6) under the 
fish-plates The former condition is preferable, if there is no likelihood of 
theft, as it permits inspection to be = ae 
easily made. Where the bonds are 
exposed to theft, as, for example, - 
on track rails unprotected by pav- 
ing, concealed bonds are almost a- 
necessity, 

While concealed bonds are necessarily applied to the web of the rail, exposed 
bonds may be applied to the foot or head. Head bonds have the advantage of 
greater contact surface at the terminal studs, while foot bonds are less exposed 
to mechanical violence. Web bonds, unless concealed, have to be excessively 
long in order to span the fish-plates. l 


USES OF VARIOUS TYPES OF BONDS. — Bonds are used for track 
rails, third rails and girders of elevated and subway lines. Soldered bonds and 
compressed terminal head bonds find their best application in third-rail work, 
where good electrical contact is of greater importance than mechanical strength. 
Expanded terminal web bonds, especially of the concealed type with two stranded 
conductors, are regarded as the best for heavy track work, where mechanical 
strength and ease of installation are of the utmost importance. | 


SUBSTITUTES FOR BONDING.— Several efficient substitutes for bond- 
ing are now in use, such as electrical welding, cast welding, Thermit welding and 


the "Romapac" continuous rail system. 
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Electrical Welding is performed by clamping an iron bar to the web of the i" 
rails, and bringing the bar and the neighboring part of the rail to a white heat by mg 
means of an electric current. 


Cast Welding is accomplished by setting a mold around the rail joint and 
pouring molten iron around it. The Thermit process is a modification of this, 
the iron being liberated at a white beat from a mixture of iron oxide and alumi- ; 
num, which is ignited in a crucible. 


Romapac Continuous Rail System (Fig 7). — This system differs from all 
forms of welding in not requiring heat at the joints, adhesion being obtained by lame 
a process of cold rolling. The 
rail consists of two pieces, a 
head and base, the head being 
provided with depending flanges 
which are rolled or crimped on 
to the base after the latter has 
been laid. The head and base 
pieces are staggered as shown in 
Fig. 7, thereby affording a con- 
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tinuous electrical path through N 
the steel. à 

SELECTION OF TYPE Ml 
AND SIZE OF BOND. — Fig. 7. 


~ 


Considerations determining the choice between concealed and exposed bonds 
are liability of theft, electrolytic corrosion, facility of inspection and injury to 
fish-plate bolts of old rails. 

The choice between mechanical adhesion and soldering depends largely upon 
the importance of rapid installation, the mechanical stresses to be withstood in 
service, and the facilities for the use of drills, presses, etc. 


Single vs. Double Bonding. — Joints are sometimes bonded with one and | 
sometimes with two bonds. Double bonding has the advantages of less chance — ;. 
of complete failure and greater carrying capacity for a given cross-section of 


copper. it, however, has the disadvantages of being more expensive and giving 
uncertain results in testing. 


Selection of Cross-sectional Area of Bond, — The cross-sectional area of 
a rail bond should, as a rule, be not greater than is necessary to keep its temper 
ture at a safe working amount, unless greater area is required for mechanital 
strength. The resistance of the bonded joint is of secondary importance unles '.. 
very high, because the resistance of the joints is usually a mere fraction of the 
total track-rail resistance (see below). 


Carrying Capacity of Bonds. — The carrying capacity of rail bonds 
js not very well known as the manufacturers do not supply any data on this 
subject for their various products. The excellent heat conductivity of copper 
and the large heat storage capacity of steel rails tend to make the carrying 
capacity of bonds in cold weather considerably greater than that of free wire 
of the same size, especially if the bonds are short. In hot weather, howevet, 
the rails and consequently the bonds are likely to become hot from exposure 
to b^ sun’s rays, thereby reducing the effective carrying capacity of the 
bonas. 

' — Tests to determine the ultimate carrying capacity of soldered bends indicated 
that a $00,000 circular mil bond of the type showa im Fig. 1 will carry 3509 
amperes continuously without injury, but will melt off in 5 or ro minutes at 
waa On the hasis of thia tact accumina tha ^na Hnc enrface per unit 
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lute length of a bond to be proportional to the square root of its cross-section, the 
anm: safe carrying capacity of a bond of A circular mils cross-section is 


Iac... 
dex: 7 5664/3 
moi 
nu: Or, the cross-section required for a given current is 
A » 101 V I. 
sni ! 
"3 Resistance of Bonds. — The total resistance of a bond is the sum of 


the resistances of the copper in the bond and the contact resistance between 

! thebody of the bond and the terminals and the contact resistance between the 

Aj terminals and the rail. The following table gives the resistance of a well-bonded 

j|. Wint at 75° F, including the body resistance and the two contact resistances 
at each end. 


RESISTANCE OF BONDED JOINT IN MICROHMS (10 § OHMS) 


gie Bonding Efficiency and “Equivalent” Length of Joint. —The 
bonding efficiency * of a bonded rail system (having one bonded joint to 
each rail length) is the ratio of its conductance to that of an equal length of 
perfectly continuous rail without any breaks or joints. By “equivalent ” 
d length of a joint is meant the length of continuous rail having a resistance 
("^ equal to that of the bonded joint. Let 
nai B = bonding efficiency, 

| = distance in feet measured along the rail.between centers of bond telas 

a l' » equivalent length of bonded joint in feet, 

[e L length in feet of a full rail section, 


zl f = resistance of rail per foot, 
» Rj = resistance of bonded joint. 
he > 
jor Then " 
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| * The efficiency of individual bonds is sometimes stated as the ratio of the distance 
7" along the rail between centers of bond terminals to the equivalent length = ///’, 
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For values of r see article on Rails. The equivalent length of a properly bonded y: 
joint ranges from 1 foot to 6 feet, depending upon the size of rail, number and 
cross-section of bonds, length of bond, etc. (See also section on Rebonding, ~.. 
óelow.) : A $ | 

It is common practice to bond a joint with a bond having one-half the conduc- oe 
tance of the rail. Hence for a 12-inch bond, and 30-foot rail section, assuming... . 
9 inches between terminals measured along the rail, / = 0.75 and I’ = 2, givinga a 
bonding efficiency of 96 per cent. tx. 

In the Romapac system the resistance of the completed rail is usually less than 
that of an ordinary rail of the same cross-sectional area, because the peculiar Nd 
shape of the rail necessitates a rolling mill process which lowers the resistivity i. 
of the rail metal without changing its chemical composition. Ux 

Selection of Length of Bond. — The length of concealed bonds is neces- 
sarily determined by the dimensions of the rail and fish-plate, and by the 
bolt-hole drilling. The length should never be less than ten inches for single 
bonding, and should generally be greater, it being usual practice to place the U 
terminals between the first and second bolt holes. In double bonding it is cus- - 
tomary to place one terminal of each bond between the first and second bolt 
holes of each rail, and the other terminals beyond the second bolt holes. It is 
not unusual to use concealed bonds 2 feet long for double-bonded rails on electri- 
fed steam roads. Exposed bonds are usually made as short as is consistent 
with the flexibility requisite to withstand vibration and other rail movements. 


Effect of Vibration and Expansion of Rails. — The continud ., 
bending of a copper wire or ribbon will cause local hardening and crystallization A 
of the metal, and eventually lead to fracture. It is, therefore, important to S 
save track bonds from vibration as much as possible, and they should be initially `™ 
designed to withstand the vibration they are likely to experience in use. The » 
best way to accomplish this is to use long thin wires of soft annealed copper à 
entirely free from surface imperfections. D 

According to the A. S. & W. Co., Cat. No. 3, wires of from 0.040 to 0.045 inch 
diameter give the best general service for short bonds. 

Concealed ribbon bonds, and to a.less extent wire bonds, frequently break 
at the loop between rail bolts, first, because the operation of crimping slightly 
hardens the copper in the loop, and second, because the travel of the rails, due 
to their expansion and contraction, is wholly taken up in the loops, causing the | 
copper to crystallize and break at this point. Of course this action is aggravated |. 
by any severe jarring or vibration of the joint (C. R. Sturdevant, Proc. Am. E | 
Ry. Assn., 1911, b. 756). l 


SPECIFICATIONS. — (See also article on Specifications and Contracts.) 
Specifications for rail bonds should state the exact service conditions undet 
which the bond is to be used, the style of adhesion desired, the part of the rail 
they are to be applied to, the style of conductor (ribbon, solid wire or strand), 
the cross-sectional area, the contact area of the stud, the formed length between 
centers of terminals, and the fish-plate and bolt layout, if the bonds are to be 
concealed. 


INSTALLATION. — The foremost consideration in the installation of 
bonds is the cleanliness of the bonds and bond holes, or other adhesion surface. 
Unless this is secured the bonds will be electrically defective whatever their 
mechanical strength may be. 

Soldered Bonds.— The rail surface is brightened by means of a car- 
borundum or emery wheel, then tinned using an acid flux. The bond is then 
clamped in place and the rail and bond heated. by means of) a’blow-torch, to a 
temperature at which the solder will melt and cause the bond to adhere firmly 
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fame’ Brazed Bonds. — The preliminary processes are the same as for soldered 
(5:3 bonds except that a special clamp is used, the terminals of which are the 
imaia electrodes of an electrical circuit, one being of copper and the other of carbon. 
~ The surface of the rail being previously ground bright at the point where 
netz: the weld is to be made, the brass-enveloped bond terminal is placed in position 
iss against the rail at this point, held there and pressed against the rail by the carbon 
aila dectrode, the copper electrode being in contact with the opposite side of the 
rail. The current on passing from one electrode to the other, traverses the 
bw: bond terminal and rail, the carbon becoming incandescent. The incandescent 
ix carbon pressing the copper against the rail quickly transmits sufficient heat 
wst at exactly the point where it is required, to produce the weld. To make a weld, 
the current is applied for a period of from 45 seconds to two minutes, depending 
ef hast! 00 conditions. 
date, zc Welding Outfit. — It is claimed by the manufacturers (The Electric 
pi Railway Improvement Co., of Cleveland, O.) that an average of over 100 bonds 
linus per day are readily installed by their car operating with four men, a bonder and 
suds three helpers. This car is about 6 feet, 1o inches long by 5 feet, 10 inches wide 
px and carries an 18-kilowatt rotary converter and transformer, with the necessary 
bi: apparatus for their safe operation. To weld an average-sized rail bond to the 
sims tail, an alternating current of about 2000 amperes at 5 volts is employed. On 
i555. dc, railways this is obtained by converting and transforming about 20 amperes 
rla at 500 volts taken from the trolley wire. 
-ts "Pin-expanded Bonds. — The rail is drilled, usually through the web, with 
yim» Or without lubricant, using some form of drill especially adapted to this service. 
rz Drilling without lubricant bas the advantage of giving a perfectly clean hole, 
raul’ but is believed by some to cause excessive wear of the drills. It is doubtful, 
qs bowever, whether the small amount of oil which would be used could be kept 
wt: Constantly at the cutting edges, the only places where it would be useful. Dry 
drilling has been found successful on many railroads. Advocates of lubrication 
pua âre divided over the choice of lubricants, some preferring soapy water or caustic 
alkali solution, and some a clean lard oil. If oil is used, it should be wiped out 
qu with a clean cloth saturated with gasoline. According to the A. S. & W. Co., 


jit Lubricants containing water are likely to cause rust, especially if the drilling 
s Bang precedes the bond installers by any considerable time. The hole having 
m been drilled, the bond head is inserted into it and a long taper punch lubricated 
pwt With grease is driven entirely through the terminal. Then a short drift pin is 
driven home, as shown in Fig. 3. The diameter of the hole is usually increased 
, ‘bout ¥% inch by the expansion process. From roo to 200 bonds may be in- 
n M stalled with one taper punch before it is worn down to an appreciable extent. 
.  lhis type of bond requires a smaller equipment in tools and materials than 
xe most other types and does not necessitate the use of any apparatus which 
ju obstructs the track and thereby endangers traffic. 
. , Compressed-terminal Web and Foot Bonds. — The drilling having 
been performed as for a pin-expanded bond, and the bond heads inserted into 
" their respective holes, a screw or hydraulic compressor, as shown in Fig. 8, is 
U^ applied at both ends of the bond head, the conical point of the press fitting 
3^" into the conical depression of the bond. Pressure is applied, either until a 
1° collar on the ram touches the rail, or until the head of the bond acquires the 
_ Proper shape. Where no collar is used the point of the press (if of the screw 
č} type) sometimes cuts into the bond head; this may be avoided by placing a 


ai” small amount of flake graphite mixed with oil in the depression of the bond head. - 


id Compressed-terminal Head Bonds. — A four-spindle drill is used to drill 
W7 four holes simultaneously in the rail heads. It is important to avoid drilling 
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the holes too deep lest the copper should not touch bottom and therefore be mum. 
unable to expand laterally. 1f, on the other hand, the hole is too shallow, ez sah 
pension will otcur too soon. 


es. 
Pressure and Contact Resistance. — It bas been found by P. M. Hall, ss: 
P. C. Smith and C. B. Starbird (St. Ry. Jour., Sept. 14, 1907) that the presume ior: 
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of a compressed-terminal rail bond against the steel rail, which gives a reasonably |= 
low-resistance value, is from 25,000 to 30,000 pounds per square inch of contact 
suríace. To obtain this pressure a compressor giving a direct pressure of 25 tons n 
per square inch of terminal steel section is required. This pressure being within 
the elastic limit of steel, the metal of the rail does not take a permanent "mE 
Furthermore, if the contact surface of the bond terminal be increased, no appre |* 
ciable decrease of resistance will occur unless the pressure is correspondingly | 
increased. The contact resistance between annealed cast copper and steel is 5 
from 30 to 60 per cent higher than the resistance between annealed rolled copper | 
and steel. ; 
The copper of a bond head is hardened by the pressure it is subjected to, and, | 
like the steel, is distorted within its elastic limit, causing the surfaces to adhere | 
even if the pressure is reduced to one-third its original value, say 10,000 pounds | 
per square inch. Between these two pressures, the electrical resistance does | 
pot vary. Expansion due to heat, therefore, has no effect upon the resistance | 
of bonds. . . | 


TESTS AFTER INSTALLATION. — Every. rail bond in service should | 
be periodically tested and a complete record of the tests kept. The frequency | 
"£n teats will depend upon local conditions. once in o months being an average 
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1 ix0f 14 urban railways, and once in 12 months an average of 11 interurban railways 
kwi (we Proc. Am. El. Ry. Assn., 1911, p. 751). 

Resistance Test. — The usual method of testing is to measure the drop of 
ws potential across the bonded joint and find simultaneously the length of con- 
j ire tinuous rail in which the same drop occurs, i.e., the “equivalent ” length of the 

bonded joint. Several ingenious instruments have been devised for making 
this comparison with ease and accuracy. 


Differential Voltmeter Method. — The most accurate type consists 

J2 ota differential voltmeter and three contact pieces for attachment to the rail. 
One winding of the differential voltmeter is connected to a pair of contact 
pieces A and B, which are placed . 

in contact with the rail just over 

Í the centers of the bond termi- 

, nals, see Fig. 9, and the other 
—^ Winding to a pair of contact 
pieces B and C, which span a 
variable length of continuous 

mil The distance BC is varied 

by moving the contact C until 

N the voltmeter shows no deflec- 
"f tion. This indicates that the 


E 


potential drop between A and B 

is equal to that between B and C, or in other words, that a length of continuous 

rail has been found which ‘has the same resistance as the bonded joint. The 

a should make sure that there is current in the rail while he is making 
e test. 


Conant Bond Tester, — R. W. Conant (Cambridge, Mass.) makes a 
bond tester in which the balancing is done by sound. A clockwork, interrupter, 
, an induction coil, and a telephone receiver is connected across a Wheatstone 
AL bridge (see Bridges, for Electric Measurements). ‘The interrupted current causes 

i sounds in the telephone receiver, which sounds diminish and disappear when 
the drop in the rail is balanced, by the bridge adjustment, to equal the drop 
across the joint. This type of apparatus has the advantage of being inde- 
pendent of the traction current in the rails, and is, therefore, constant in its 
sensitiveness. : E 
jh Herrick Test Car. — A. B. Herrick has devised a recording instru- 
vibi ment, which being placed on a car, is able to test the bonding of a railroad while 
p^ running the car over it. The Herrick test car carries autographic recording 
as’ apparatus, which measures by means of millivoltmeters, the potential drop 
ıp” actoss each joint, recording on sensitized paper by an electric spark, the scale 
qu^ Of the record being usually about 1 inch to 60 feet of track. Wire-brush con- 
ord” tacts made of steel of composition similar to that of the rail measure the drop 
yt? across joints through which low-voltage current Is circulated from’ a’ small 
ji^" Motor generator set on the car, consisting of a 744 horse-power 600-volt com- 

Dound-wound motor direct connected to a §-kilowatt 5-volt compound-wound 
j^^ Generator and a small exciter. Some of the Herrick cars are equipped with 
sets, consisting of a s-horse-power 6co-volt compound-wound, x20o r.p.m. 
yu% Motor, direct connected by flexible insulated coupling to a 214-kilowatt com- 
pi? Pound-wound 2- to 6-volt generator, the motor and generator being of open type. 
ie The car trucks are insulated from each other, current passing through the rail 

from one truck to the other, while the bond is under measurement. The appara- 

) 'us can also automatically mark bad bonds by squirting paint on the rail. 
Vs The advantages of this method of testing are as follows: 1. Uniform im- 
M s Premed low-voltage current through joints while testing; 2. Heavy car passing 
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over joint breaks any transient connection made by fish-plate; 3. Autographic tz 
record produced by the bonds themselves of their condition. YE 

Mechanical Strength. — The mechanical adhesion of soldered bonds may "35: 
be tested by means of a lever as shown in Fig. 10. It may be used as soon asthe 532i 
terminals are cool. The operation of testing uh -r 
consists simply in submitting each bond terminal 
to a predetermined pull. A properly soldered 
bond should stand a shearing force of 1200 pounds 
per square inch of contact. Calling S this shear- 
ing force per square inch, A the square inch of 
contact, and P the pull, às registered on the bal- 
ance, then 
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REBONDING. — The resistance at which a 
joint should be rebonded depends upon how 
much potential drop is permissible in the tracks, 
and upon the relative cost of the energy loss and 
the cost of rebonding. The latter, in turn, depends upon the probable life of 
a new bond. If the energy loss is the primary consideration, the resistance at 
which rebonding becomes economical is given by the formula below. | 


Let Ey 
R = amount by which the resistance of the existing bond has increased x: 
over that of a new bond, ohms, sty 


B = cost of rebonding once, dollars, allowing credit for scrap material, — x 

I = root-mean-square current in the bond, amperes, s 

C = cost of an increment of energy, dollars per kw. hour, 

T = expected life of the bond in days, i.e., the number of days in which 
its resistance is expected to increase R ohms, or in which it is to |‘ 
be removed for any reason whatsoever. This may be estimated 
from previous experience on the railway under consideration, | . 
the usual limitations being the life of the rails to which they are |... 
attached, corrosion by electrolysis, fracture due to crystalliza- 
tion and loosening of the terminals. 


Then it is economical to rebond if R is equal to or greater than 
B 
0.024 I?C T 


It is usual to state the resistance of bonds in terms of the number of feet of i 
rail having the same resistance. Let r be the resistance of the rail in ohms per |. 
foot; then the increased resistance R will be represented by an increased length, |” 


r R 
expressed in feet, equal to = 


It should also be noted that bonds in different parts of a railway system carty 
different amounts of current, those nearer the station bus carrying more than 
those at comparatively remote points. Hence, the economical resistance at 
which to rebond is less the nearer the bond is to the bus, a consideration that 
complicates the use of the above formula. Furthermore, as the economical 
resistance is inversely proportional to the square of the current, a slight etror 
in the estimation of the root-mean-square current will lead to a considerable 
error in the resistance. Such errors are unavoidable, a circumstance that, taken 
in conjunction with the probable error in the estimated life, renders the above 
formula a mere approximation. It is, therefore, usual for railway companies 
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to select some arbitrary total resistance at which to replace their bonds. In 
the Proc. Am. Elec. Ry. Assn., 1911, this resistance is given by 22 railways in 
terms of the equivalent length of continuous rail. This length ranged from 2 
to 12 feet, with an average of 6.6 feet. 


REPAIRS. — If a soldered bond becomes loose, it may often be resoldered, 
but defective bonds of other types are usually scrapped, unless the defect is of 
avery trivial nature. Pin-expanded bonds may, however, be reéxpanded into 
larger holes, but with some loss in efficiency. Soldered bonds entail a com- 
paratively large and increasing expense for repairs when applied to track rails, 
inspite of the fact that no failures may occur for several months after installation. 


47, COSTS. — The cost of bonding is extremely variable, depending upon the 
=> type and size of bond, cost of labor, etc. The following cost data should there- 


1 
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Íore be used with caution. 
COST OF BONDING 


Cost per joint 


Labor |Material| Total 


€. 2-500,000 C.M. bonds soldered to 

head of third rail ; $0.66 $1.23 $1.89 
b. 2-500,000 C.M. pin-expanded con- 

cealed bonds applied to track rail, 
¢. 2-400,000 C.M. compressed terminal 

concealed bonds applied to track 


d. 2-0000 bonds of same type as €...... 


Note. — In à and b the item for material includes inspection and the labor item in- 
cludes foreman’s salary; solder, acids and tools, not included. 


BIBLIOGRAPHY. — (See also bibliograpkies in the articles on Rails, Track 
and Third; Railways, Systems of Electric Traction for.) Del Mar, W. A., Electric 
Power Conductors, 1914; Composite Rails for Chicago Railways, Eng. News, 1911, 
Vol. 66, p. 386, and 1912, Vol. 67, p. 216; Harrington, W. E., Rail Bonds, Jour. 
Franklin Inst., 1904, Vol. 157, p. 57; Herrick, A. B., Practical Electric Railway 
Handbook, 1906; Herrick, A. B., and Boynton, E. C., American Electric Railway 
Practice, 1907; Low, G. P., Rail Bonding and its Bearing on Electrolytic Corro- 


¢ Son, Trans. A.LE.E., 1894, Vol. 11, p. 857; Pestell, W., Electric Welded Joints, 


St. Ry. Jour., 1903, Vol. 22, p. 519; Ricker, C. W., Track Bonding, Trans. 
AIEE, 1905, Vol. 24, p. 81. 
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: SRM ir 
BRAKES AND BRAKING SYSTEMS. — (See also Cars, Electric; ::~-1;. 
Railways, Energy Requirements for.) In order to stop a car or train a totque pz: -y 
must be applied to the wheels in a direction opposite to the direction of motion iz; ,, 
of the car. This may be accomplished by applying a frictional retarding fore x... 
to the wheel rims, by applying a retarding force to the axle by means of a mag- 

netically operated friction clutch, by applying a reverse torque to the axles by ^ "up 
operating the motors as generators, or by applying a frictional force to the rails 71: 
directly by a ''track brake." The method of applying a retarding frictional 3: 
force to the wheel rims is the most general one and lends itself most readily to * °% 
the system of manipulating the brakes by compressed air. This system has i7: 
done much to improve the safety of travel on railroads. The other methods +: 
have all been tried and some have been put into practical operation, but only £i. 
to meet special local conditions. bx 


FRICTIONAL RESISTANCES IN BRAKE-SHOE SYSTEM. —The ~+: 
application of the usual brake-shoe system makes use of the frictional ad- Cm 
hesion between the wheels and the track and between the brake shoes and the 7: 
wheels. Both these quantities vary throughout a considerable range and itis “== 
therefore necessary to adjust the pressure between the various members so that tux. 


it is possible to rely on a definite minimum value. TM 


Adhesion between Wheel Rim and Rails. — The coefficient of adhesion :: 
between the wheel rims and rails varies from less than 15 per cent to over 30 =: 
per cent depending upon the condition of the track and the relative motion `=- 
between the track and wheel rim. (See Railways, Energy Requirements for) ©- 
An adhesion of 15 per cent can usually be depended upon with normal track, *:- 
and this can be increased to 25 per cent by the use of sand. But these values ~+: 
only obtain while the wheels are rolling on the track. If they begin to slide the ©. 
coefficient decreases considerably. For this reason the braking effort must ~: 
always be controlled so that the wheels do not slip. [s 


Adhesion between Brake Shoe and Wheel Rim.— When the brakes are |. 
applied, the retarding force is applied below the center of gravity of the car body. fx: 
The latter is therefore subjected to a couple and tends to press downward at the t 
forward end and upward at the rear end, thus changing the distribution of weight. |. 
on the axles and decreasing the adhesion on some axles or trucks. It is therefore |: 
not possible to figure on using for braking purposes the same weight per axle |. 
as exists at standstill. For this reason the brake-shoe adhesion must be less 
than the track adhesion. The coefficient of adhesion between the customary |.. 
cast-iron brake shoe and the steel tire of the wheel varies with the speed, and |. 
decreases as the time of application increases. As the speed increases the œ- |. 
efficient drops off, being a maximum of from 30 to 25 per cent at speeds from 
o to 5 mi. per hr., 20 per cent at 20 mi. per hr., 14 per cent at 4o mi. per hr, and | 
7.5 per cent at 60 mi. per hr. Thus at high speeds a heavy pressure may be 
applied without stopping the wheels, while as the speed of the car diminishes | 
the pressure on the brake shoes must be decreased in order to prevent gripping 
the wheels and causing them to slide on the track. 

Effect of Angular Momentum. — In addition to overcoming the linear 
momentum of the cars the brakes must overcome the angular momentum of tbe 
gears and motor armatures. ` The effect of the latter is to introduce a tendency 
of the whole motor to rotate around the car axle and introduce additional strains 
on the gears and on the trucks. For this reason brake shoes hung between the 
wheels of a truck are better than those hung on the outside of the wheels. 


HAND BRAKES are always provided on cars and locomotives whether 
power brakes are employed or not, as they are necessary to hold a car left out of 
cervice on a grade, because the air brakes will not hold a car standing idle for any 
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length of time. When a car is descending a very steep grade it is customary 
ily (r; to set the hand brakes to hold the speed of the car and reserve the power brakes 
wit. for emergency or for stopping the car. In hand braking equipment the “ foua- 
dx dation” brakes (see next paragraph) are actuated through a drum or lever 
ades system which is hand operated. 


* POWER BRAKES. — The “foundation” brakes are that part of the brake 
pee _.- equipment usually furnished separately from the power-braking equipment, and 
: . consist of the brake shoes, hangers, equalizers, levers, etc., back to the brake 
P .. finder. To this is attached the desired form or make of power brake. Of 
` the various forms of power brakes in use, viz., air, electric, regenerative and 
A r the air-brake is the most generally used. 


Air-Brakes. — In electric railway practice there are three systems of air- 
brakes in use, each of which is best suited to a definite type of service and has its 
particular field, as follows: (x) straight air-brake system for cars always operated 

s singly; (2) emergency straight air-brake system for cars operated in trains of 
us “2 two or three but never more than three cars; (3) automatic air-brake system 
nic for cars operated in trains of any number of cars. 


t’ 


par Straight Air-brake System. — The equipment for the straight air- 
So brake system consists essentially of a motor-driven compressor, a reservoir, a 
brake cylinder, a motorman’s valve, a train pipe, and the foundation brakes. 
KE” The brakes are applied by direct pressure, that is by admitting air from the 
c^ reservoir directly to the cylinder. The advantages of the system are that it is 
t es quick-acting and the braking effort is easily controlled to any value desired. 
kev Its disadvantage is that in trains a leak in the train pipe renders the brakes 
wit: ineffective so that there is no means of applying the brakes on the trail-cars if 
Xi? the train should break apart. Sometimes instead of a compressor the motor-car 
bi" carries a large reservoir which is charged at stations, 


xt Emergency Straight Air-brake System. — This system involves a 

,. Pedal valve and an extra pipe on each car so arranged that if the air pressure 
a” inthe train pipe drops, due to cars breaking apart, this valve automatically turns 
777^ the pressure of the reservoir into the brake cylinders and applies the brakes. 
0r" The equipment of the motor car includes an extra pipe and each trail car has a 
Aki reservoir, two pipes, automatic valve, brake cylinder and foundation brakes. 
The usual operation in service is like that of the straight air-brake. 


| Automatic Air-brake System. — This system involves the use of an 
,; Süriliary reservoir and a “triple valve" on each car. Whenever the air pressure 
in the train pipe is reduced, either intentionally or accidentally, this triple valve 
; tums the air pressure of the auxiliary reservoir on each car into the brake cylin- 
, dts. The brakes are applied by the motorman by opening the service pipe 
. to the air by means of the engineer's valve. The engineer’s valve has three 
<a; Positions, “off,” “lap,” and “on.” By turning the handle to the “on” position 
F=, the train pipe is opened to the atmosphere and the air continuously escapes. 
^ This applies the brakes with a continuously increasing pressure. When the 

. desited pressure has been reached the handle is turned to the “lap” position, 
, , When the pressure of air in the train pipe and the pressure of the brakes on the 
55" wheels remains constant. By turning the handle to the “off” position pressure 
3" istestored in the train pipe, the brakes are released, and the reservoirs recharged. 


: Quick-action Triple Valve. — In any air-brake system an appreciable 
. time elapses between the action of turning the engineer s valve and the actual 
p^ application of the brakes. If there are many cars in a train the brakes may be 

applied on the leading cars sometime before they are applied on the rear cars and 
É the result is that the rear cars bump into the forward cars, and may cause a de- 
y e talment, particularly if this happens on a curve. To guard against this, the 
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" quick-action triple valve" is used on long trains. This consists of a special 

form of valve which causes a local intensification of the change in pressure in the UE 
train pipe on each car. The action is somewhat similar to a relay which is '“<-" 
affected by slight changes in pressure and causes greater changes, and thus --— 
applies or releases the brakes more quickly. AIL 


Electromagnetic Brakes. — Any braking system making use of the electric ^^ 
current is not as reliable as the air system since if either the trolley comes of or ^^^ 

. the motors fail to pick up as generators the brakes are inoperative. Electr **-- 
magnetic braking may be applied either to the axles or directly to the trac. Pd 


Disc Brakes. — This system comprises two cast-iron discs mounted 
concentrically on the car axle. One is keyed to the axle and the other anchored YT 
to the truck frames. A coil is placed in one of these discs and when a current. 5: 
flows in the coil the two discs are attracted to each other by the magnetism and 
the friction between them retards the car. The current for the coils may be 
taken from the trolley or from the motors operating as generators. In the latter | 
case the motors supply an additional retarding force. The braking effort is M 
controlled by resistance in series with the magnet coils. 


Track Brakes. — The principle of electromagnetic braking may also ve 
applied to a track brake in which a magnet coil when energized draws a sho: 
against the rail, the pressure being regulated by a resistance in series with the — 
magnet coil. zu 


Regenerative Braking.— By supplying the field circuits of the motors witha ` E 
current of proper value and direction by means of separate excitation they may . e 
be operated as generators and made to exert a strong retarding effort on the car " ; : 
axles. This separate excitation may be obtained by connecting the field wind- _ 
ings of all the motors on a car in series with themselves and with a regulating — 
resistance to the trolley, or by means of a motor generator set (on a locomotive) ~ . 
supplying a low potential of the proper value. The energy developed by the =i. 
motors when acting as generators may be dissipated in rheostats or may be te `x; 
turned to the distributing system. In the latter case the voltage generated by: 
the motors must be accurately controlled. Ordinarily, if the energy is returned i 
to the line, the braking effort can only be obtained at speeds in the aicut tt 
of full speed. Very special means must be provided to make it possible to : 
return energy to the line at low speeds. s 


Electro-pneumatic Brakes. — This system has been proposed as an improve h 
ment over the quick-acting air-brake system. It involves controlling the appli- ` 
cation of the brakes on each car by means of an electromagnet receiving current „> ie 
from the locomotive cab. By energizing this circuit the motorman can set the ` 
air brakes on all cars practically simultaneously. Each car would be equipped ` 
with the usual brake cylinders and reservoir and merely the application of - 
the brakes would be controlled electrically. 


we. 
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El. Ry. Assoc, N. Y., r911; Harding, C. F., Electric Railway Engineering, 
N. Y., 1911. 
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bos BRAUN TUBE. — (See also Oscillographs. A Braun tube is a special 
iis form of vacuum tube with accessory coils or condensers which may be used 
on ether for obtaining the shape of an alternating current or voltage wave or for 
~ obtaining a diagram the area of which is proportional to the power developed 
. per cycle in an alternating-current circuit. A modification of the tube by 
a He Ryan (see Bibliography) is particularly well adapted to the measurement of 
eME? small losses such as occur in the dielectrics of condensers, and small lengths 
WE: of cables, and for measuring the corona loss (see article on Corona, Electric) 


ai on short lengths of wires. 


im CONSTRUCTION OF SIMPLE BRAUN TUBE. — The construction 


i of the tube is illustrated in Fig. 1. It consists of a glass vacuum tube having 
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e Fig. 1. Simple Braun Tube 
qu à; 
ei electrodes a and c, a diaphragm b with a small hole in it, a thin mica disk d, 
coated with chemicals that fluoresce when struck with cathode rays, and coils e 
ie’ and e through which passes the current whose wave shape is to be obtained. 
"n With the type of electrode shown in the figure about 20,000 volts between cathode 
cat and anode are required to excite the tube. A modified form of electrode, which 
»,; is maintained at a red heat by an auxiliary current, requires a lower voltage 
qu lor excitation. 
$i THEORY.— When anode a and cathode c are connected to a suitable 
k source of constant high electromotive force, a stream of cathode particles (elec- 
u^ trons) are shot off perpendicularly from the cathode and travel normally in 
ut” straight lines toward the screen b. Only a small pencil of rays passes through 
x^ the hole in the center of the diaphragm, and this pencil makes a bright spot 
^ Where it falls on the screen d. 
iP The alternating current to be studied is passed through the coils e and e’, 
and sets up a magnetic field perpendicular to the stream of cathode particles. 
ja This alternating field deflects the ray at each instant by an amount proportional 
{2 to the instantaneous value of the current, and the spot of light travels back and 
ce forth across the screen. By looking at a reflection of the screen in a mirror 
,:7 evolving synchronously with the current through the magnets, the spot of 
n light will appear to trace a wave having the same form as the alternating current 
g Which is passed through the coils. 
By substituting a revolving film for the revolving mirror and driving the film 
.. Yuchronously with the current through the electromagnets, oscillograms of 
be the altemating currents can be made. The synchronous driving and satis- 
l P factory adjustment of mirror or film involve expensive and cumbersome appa- 
"7. ratus. 
Ryan's Wave Indicator. — To avoid the use of a moving mirror or film 
- Prof. Harris F. Ryan has developed a method -whereby the alternating-current 
7^ Wave can be studied directly from the mica screen and a photograph of the 
screen taken with an ordinary camera. In place of the two coils e and e' in 
Fig. 1, four coils at right angles to one another, as shown in sectional view in 
Fig. 2, are used. The current to be observed is passed through the coils e and 
"anda known sine-wave current is passed through the coils f and f" at the 
same time. The spot of light on the screen is then given a motion that is the 
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resultant of two motions at right angles to each other and proportional to 
the instantaneous values of their corresponding currents. Owlag to the per M 
sistence of vision, this results in the production of a closed 
card upon the screen traced by the spot of ight. The 
wave-form of the current through e and e' may be deduced 
from an analysis of the photograph or “card.” 


Ryan's Electrostatic Power Indicator. — Professor 
Ryan has also used the Braun tube as an "electrostatic 
power diagram indicator," in which the cathode ray is 
made to trace a diagram that incloses an area propor- Fig. 2. Sectional linge 
tional to the energy per cycle. For high alternating volt- ^ view of Cols for 77^ 
ages a condenser is used in place of one set of coils (say fj); Ryans Wave In i xcc 
the condenser is so arranged that the electrostatic field, ^ dicator 
which is proportional to the voltage, deflects the ray in one 
direction and the magnetic field, which is proportional to the current, deflects it 
in a direction at right angles to the first deflection. 


COSTS. — A Braun-Ryan tube with the accessory coils but without con- 
densers costs about $35. i 
"DS 


BIBLIOGRAPHY. — H. J. Ryan, The Cathode Ray Wave Indicator, Prot. | 
A.LEE., 1903, Vol. 22; H. J. Ryan, A Power Diagram Indicator for High Tew |... 
sion Circuits, Proc. A.LE.E., 1911, Vol. 30; E. S. Chaffee, A New Method of 
Impact Excitation of Undamped Oscillations and their Analysis by Means of i... 
Braun Tube Oscillographs, Proc. Am. Ac. Arts & Sciences, 1911, Vol. 47. ma 
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t5; BRICKS AND BRICK MASONRY. — (See also Buildings, Allowable 
Uni Stresses in; Cement; Concrete.) Brick construction may be made more 
| omamental than concrete, but is generally more expensive to place on account 
of the necessity of handling each brick as an individual unit. The proportion 
^j of building and éngineering construction in which bricks are used, although still 
f V, extensive, has been falling off in recent years with the increasing use of plain 
"m and reinforced concrete. 
jj; Kinds of Bricks. — Ordinary or clay bricks are made by moulding a rectan- 
+ gular block of nearly pure clay, or clay and clean sand, and subsequently burning 
f: itina kiln for from one to two weeks. Sand lime bricks are also used to some 
Le extent. They are made from sand cemented by lime and are hardened by being 
Be ` subjected to steam pressure at from 100 to 150 pounds per square inch for about 
7" one-half a day. Fire bricks are a special kind of clay bricks, which are made to 
.., Sand high temperatures. The refractory properties of fire bricks depend 
"^" chiefy upon the amount of silicon contained. The amount of iron oxide in fire 
bricks should not exceed 6 per cent. Vitrified bricks are clay bricks which have 
jit been annealed by slow cooling. 
Physical Properties. — A common, practical test for a good brick is that it 
at will give a clear, ringing sound when struck with a hammer. The color of a 
" brick is not a reliable indication of its strength or properties. The water ab- 
1 x" bed in a specified time by a number of bricks is sometimes considered to 
wi yr indicate their relative strengths, as water acts as a lubricant on the material and | 
a i Auses crushing to occur more readily than when dry, but there is considerable 
^", difference of opinion as to the value of this test. | 
The compressive strength of dry bricks ranges from 500 pounds per square 
inch for soft bricks to over 10,000 pounds per square inch for pressed bricks. 
The strength of the individual bricks, however, is of little importance except 
for comparing various kinds, as the strength of brick masonry is usually limited 
by the strength of the mortar used. 
The specific gravity of bricks ranges from 1.6 to 2.6. See also paragraph below 
on Brick Masonry and article on Weights of Materials. 
Several foreign countries have adopted legal standard sizes for brick, but the 
only standard sizes in the United States are those specified by the National 
Brick Mfg. Assoc. as follows: 


Common brick..........c cc eee ee ee eens 8% by 4 by 2% inches 
Pressed brick. ......... lecce eene 838 by 4 by 23$ inches 
Paving biik dco) terreri E RO Res 8% by 4 by 214 inches 


BRICK MASONRY. — Bricks are laid in lime or cement mortar, the 
mortar forming a cushion which fills the interstices and keeps out water. Joints, 
Le, the spaces between adjacent bricks which are filled with mortar, are usually 
made from % to 3$ inch thick in outside walls, and from 3$ to % inch thick in 
inner walls. In ordinary building work, where the weight of the wall itself is 
the greater part of the load, lime mortar is usually used because it is cheap. 
Where strength is required of brickwork, a rich Portland cement mortar should . 
be used; see article on Cement. Tests upon the ultimate compressive strength 
of brick piers are quoted in detail in Johnson's Materials of Construction, N. Y., 
1910, and Baker's Masonry Construction, N. Y., 1910. The values of loads 
allowed upon brick masonry in various localities range from roo to 300 pounds 
per square inch; see Buildings, ANowable Unit Stresses in. A brick wall itself 
weighs from 100 to 145 pounds per cubic foot, depending somewhat upon the 
quality of the brick and the thickness of joints. 

Measurement of Brickwork. — Bricks are usually sold by the thousand. 
Brickwork is commonly measured by the cubic yard in place, but the units of 
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per thousand brick and per square yard of surface area are also used. Th 
relation between the number of bricks used and the volume of finished brid- ; 
work depends upon the size of brick, thickness of joints and shape of the struc- | :,: 


- C: 
about 400 with 54-inch joints to about soo with 14-inch joints. An allowance |... .. 
of 3 or 4 per cent excess should be made in estimating to provide for waste and |. . 
breakage. 


Cost of Brickwork.— Hudson River common bricks were quoted at |:~ . 
$6.00 per thousand in the Engineering News, March 5, 1914. Lime for mortar |: .. 
was quoted at $0.97 to $1.10 per 200-pound barrel. The total cost of brick | - . 
masonry including labor and materials ranges from $6.00 to $15.00 per cubic iy. ., 
yard, depending upon the locality, type of construction and quality of brick ra: 
and mortar. An average figure for ordinary brick walls is from $8.00 to $10.00 {x 
per cubic yard. 
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«st BRIDGES FOR ELECTRICAL MEASUREMENTS. — (See also 
mits Inductance and Inductive Reactance; Resistance and Conductance, Electric; Re- 
(dus sors, Standard; Wires and Cables, Insulated.) Numerous arrangements of 
wai? electric circuits, known under the general term of “bridges,” are used for the 
i's ii comparison of unknown with known resistances, capacities and inductances. 
nz The fundamental principle of an electric bridge is the adjustment of the com- 
ponent circuits or arms of the bridge in such a manner that the drop in poten- 
„7 tial Vin the arm formed by the circuit to be tested is to the drop. of potential 
, V, in an arm having known constants as the drop of potential Vg in one 
uy “Tatio” arm is to the drop Vy in the second “ratio” arm. 
A bridge may be made up of separate resistance boxes (see Resistors, Standard), 
- but where frequent tests are to be made it is more desirable to have all the 
w Tesistances, keys, etc, mounted together in a single box. Complete bridges 
of this kind can be obtained from instrument manufacturers. 


pis | SLIDE-WIRE BRIDGE (Fig. 1). — This is the simplest form of bridge 
but is seldom used in commercial testing, as its range is limited. In principle 
it is the same as a Wheatstone bridge (see below), the difference being a struc- 
tural one only, in that a wire is used for the-"'ratio" arms. 

The slide wire, 4B in Fig. 1, is generally a wire of uniform cross-section 
stretched along a meter scale which is divided into millimeters. All connec- 
tions in the X and R circuits are made of heavy low-resistance material. A 
slider is provided for sliding over and making contact on the wire. When the 
bridge is balanced (i.e., no current through the galvanometer), 

AR 
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where A is the distance in millimeters between the slider and the left-hand end 
of the bridge. The slide wire can be made uniform to 140 per cent and the error 
ih observation may be even smaller than this. When using a ratio greater 
than 1 to 1 and when a low resistance is being measured, the errors are greater. 
It is possible when using an even ratio to make very exact comparisons of the 
standard and unknown resistances by reversing them and taking the mean of 
the two measurements. 


Fig. 1. Slide-wire Bridge Fig. 2. Wheatstone Bridge 


WHEATSTONE BRIDGES. — Fig. 2 shows the arrangement of resist- 
ances in the ordinary type of Wheatstone bridge used.for comparing resist- 
ances. A and B represent two coils or sets of coils, usually referred to as the 

“ratio” coils, whose relative resistances must be known but whose actual re- 
sistance values are unnecessary; R is a standard variable resistance, or resist- 
ance box (see Resistors, Standard); X is the unknown resistance; G is a sensitive 
galvanometer connected across two points of the diamond and B is a battery 
connected across the other: two points of the diamond. 
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For no deflection of the galvanometer when the switches Sı and 52 are closed, 
i.e., when the bridge is balanced, 


A 
X=7'8, 


where the letters represent the resistances of the four arms. 


Construction. — Wheatstone bridges having the various parts mounted in 
one box may be divided into three classes: (1) portable bridges, in which not 
only the resistance coils and keys but also the battery and galvanometer are 
mounted in one box; (2) laboratory bridges, in which the coils and in some 
cases the keys are mounted in one box, but for which separate galvanometers 


and batteries must be provided; and (3) precision bridges, arranged in the S 
same manner as laboratory bridges but made with greater care and capable of [^ 


greater precision. 

Since the construction of the resistance coils, blocks, plugs and other minor 
details of bridges is practically the same as for resistance boxes (see Resistors, 
Standard); only the arrangement of coils and connections will be described here. 


Rheostat Arrangements. — The coils forming the rheostat (the variable 
resistance R in Fig. 2) may be arranged on the 1, 2, 3, 4 plan as shown in 


Fig. 3, on the r, 2, 2, 5 plan, on the decade plan of Fig. 4, or on any other 
plan. (See Resistors, Standard.) 
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" 10000 
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Fig. 3. Wheatstone Bridge (Post Office Type) Fig. 4. Wheatstone Bridge 
(Anthony Type) 


The advantage of the decade arrangement is that few plugs are required, and, 
therefore, there is less likelihood of error due to the contact resistance. A very 
good form of the decade type of rheostat is used in the Anthony type of Wheat- 
stone bridge, shown in Fig. 4. In this bridge the coils may be joined in senes 
or multiple or in any desired combination of series and multiple. 


Plug and Dial Arrangements. — The resistances of the various arms 
of the bridge may be varied either by the insertion of plugs between the heavy 
metal terminals of the coils provided on the top of the box, or a dial arrangement 
similar to that employed on ordinary rheostats (but more carefully made to 
reduce the contact resistance) may be used. | 


Ratio Coils (Figs. 5 to 7). — The connections of the ratio arms in a com- 
mon construction of dial bridge is shown in Fig. 5. ‘The values of the coils are 
so chosen that the ratio of these coils is always that given by the stamping for 
various settings of the contact S. An advantage of this type of ratio coils 1s 
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Xi that there is no error due to contact resistance in the ratio coils, as the contact 
is in series with the battery. 

The arrangement of an improved form of ratio coils is shown diagrammati- 
cally in Fig. 6. This arrangement of ratio coils has the advantage over the old 
post-office arrangement shown in Fig. 7, in 
that there are but two plugs to operate and 

^x the coils can be checked by reversal. 


‘c= Precision of Measurements by Wheat- 
Y gtone Bridge. — The degree of accuracy 
ix: with which a resistance can be measured by 
~~ means of a Wheatstone bridge is determined 
“= by the following conditions: 
^" |, Theaccuracy to which the resistances of 
the various coils is adjusted. The range of ac- 
curacy is from about o.1 per cent for portable . . , : 
bridges to 0.02 per cent for precision bridges. Fig. 5. Dial Type Ratio Coils 

2. The relative value of the coil resistances and the contact resistances at 
?* plugs and terminals. A well-fitting, clean plug has a resistance of from 0.0001 
3i 100.00005 ohm; a poorly fitting or greasy plug a resistance of o.o1 ohm or higher. 
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" Fig. 6. Improved Arrangement of Fig. 7. Post-Office Arrangement of 


Ratio Coils Ratio Coils 


' — The contact resistance at a binding post between the binding post and wire, even 
© y when well clamped, ranges from 0.001 to 0.0001 ohm. 

| 3. The relative value of the coil resistances and the insulation resistances 

$ between the coils. Dirt and grease on the top of the box may introduce a con- 
Z siderable crror. Hard rubber, which is commonly used for the tops of resist- 
= ance boxes, is also liable to have a thin film of acid formed on it when exposed 
æ fora long period to the action of the moisture and impurities in the air, which 
attack the sulphur in the rubber. Such a film will greatly reduce the insula- 
¿ tion resistance between the lugs on top of the box. 

4. The effect of changes of temperature in changing the resistances of the 
"oils and in producing thermoelectric effects. The thermal e.m.f. in a copper- 
ud brass-copper circuit is about 2 X 107 volts per degree C. difference in tempera- 
* ture between the two junctions. Thermoelectric troubles can usually be avoided 

by reversing the connections of the battery to the bridge and taking the mean of 

the values of the resistances corresponding to the balance when the battery 
:* Current flows through the bridge first in one direction and then in the other. _ 
C  § The maximum current that the coils will safely carry; this ranges from 
e na 06.5 ampere for 1-ohm coils down to 0.005 ampere for a sooo-ohm 
;^ Ql. 

6. The resistances of the galvanometer and battery, particularly the former. 

cit The battery resistance is usually small. 

;U 7. The relative resistances of the various arms of the bridge. | 

47 8 The sensitiveness of the galvanometer, i.e., the deflection per unit 
je Current. 
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Best Galvanometer Resistance. — Referring to Fig. 2, the best 
galvanometer resistance is 


(A + X) (B+ R) 
A+B+R+X 
where the letters designate the resistances of the various branches. 


Best Location of Galvanometer. — Knowing the galvanometer and 
battery resistances (the galvanometer resistance is usually the larger), connect 
the one having the higher resistance so that it joins the junction of the two arms 
of the bridge having the highest resistances to the junction of the two arms 
having the lowest resistances. 

Precautions in Making Measurements. 
observed in using a Wheatstone bridge: 

1. Do not employ a battery having an e.m.f. of over 5 volts; a lower value is 
desirable if sufficient sensitiveness can be obtained. 

2. Always shunt the galvanometer during preliminary adjustments. The 
shunt circuit should be opened when the final balance is made. 

3. See that all binding posts are screwed up tightly and all plugs firmly in- 
serted. After withdrawing a plug those adjacent to it should be retightened. 

4. For a preliminary balance use a 1 to r ratio. 

s. In manipulating the keys be careful not to touch the metal work, as the 
heat and moisture of the hand is likely to set up appreciable electromotive forces. 

6. Always close the battery switch first and then the galvanometer switch, 
to avoid momentary deflections of the galvanometer due to the transient em.f.’s 
set up while the currents are establishing themselves. 

7. If the contact or lead resistances are appreciable relative to the —€— 


of the coils with which they are in series, these resistances should be separately 
determined. 


Care of Bridge. — In order that a bridge or resistance box may remain in 
first-class condition, it must be carefully protected from dust and moisture by 
being covered when it is not in use. To insure high insulation the top must be 
kept clean, especially between the blocks. The plugs must be kept free from 
grit, grease or from contact with mercury. Grease may be removed by the use 
of a little benzol. Never use sand or emery paper fer cleaning the plugs or holes, 
for the surfaces of the taper will be spoiled by this treatment. ‘These materials 
work into the metal and cannot be removed, thus causing the plugs to “cut.” 
If it becomes absolutely necessary to clean the plugs and sockets, a little of the 
very finest whiting may be employed. Extra holes of the proper taper bored in 
the brass blocks are convenient for holding the plugs when they are not in use, 
and also for attaching a, movable terminal. Never apply undue force in insert- 
ing the plugs. (From Laboratory Notes by Prof. F. A. Laws.) 


KELVIN BRIDGE. — The ordinary form of Wheatstone bridge is not 
suitable for measuring with accuracy a resistance of o.r ohm or less, due to 
the contact resistances introduced at the binding posts, this contact resistance 
being of the order of o.ooor to o.oor ohm. An arrangement of circuits to 
avoid these contact resistances devised by Lord Kelvin (Wm. Thomson) is 


shown in Fig. 8, and is known as the Kelvin or Thomson bridge. There will 
be no current in the galvanometer when 


A bd A a 
X=-—-R es ode ME 
B nuo i) 
A 
If ; is made equal to B then 
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It is also well to make the resistance of d extremely low in comparison with 
: a A . 
X or R since the lower the resistance of d the less an error in »^B will affect 


the accuracy of measurement. 

In the above formulas X and R are the resistances between the arrowheads, 
which represent the “potential terminals." Such terminals are always pro- 
vided on low-resistance standards (see Resistors, Standard). 


Fig.8. Kelvin Bridge Fig. 9. Modification of the Kelvin Bridge 


Simple Modification of the Kelvin Bridge. — When suitable resistances 
are not available for a and 5, these resistances may be omitted and the galvan- 
ometer terminal be connected first at 1 and then at 2, and A adjusted for a bal- 
ance in each case; let 41 and 44 be the corresponding values of A. Then 


Ai (B+ Ax) 
| TRA) 
This method is very convenient for measuring the resistance X of a low-resistance 
shunt (see Shunts). The only standard resistances required are a low-resist- 


ance standard R and a resistance box with three terminals (or two separate re- 
sistance boxes). Fig. 9 shows such an arrangement. 


HOOPES’ CONDUCTIVITY BRIDGE. — This bridge is also a modifica- 
tion of the Kelvin bridge, designed for the rapid determination of the relative 


„s conductivity (see Resistance and Conductance) of samples of wire. It is exten- 


sively used in wire factories. 
À diagram of the connections is shown in Fig. 10. 


A 


B 


O 
C 


0 25 50 l o 100 D 
Fig. 10. Hoopes’ Conductivity Bridge 


The standard 4—B and the unknown C-D are of the same metal; consequently 
if care be taken that they are at the same temperature, all corrections due to 
temperature are avoided. The arms f, f, fi, 1 are in the same case and are 
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made of material of low-temperature coefficient so that their relative values will 
not change. They are adjusted so that p=r and fi= n; consequently at 
balance the resistance of C-D equals the resistance of A-B. 

The sample C-D is placed alongside a scale J divided into roo parts, so that 
the graduations represent percentages of the total length of the scale. Accom- 
panying the standard wire A-B is a scale H, on which are laid off a number of 
points corresponding to the weights of thc standard length (38 inches) of a range 
of sizes of sample wircs. 

To make a conductivity reading, the weizht of the standard length of the 
sample C-D is found to within an accuracy of Wo per cent. The contact b is 
set at the point on scale H corresponding to this weight, the contacts a and ¢ 
being at the zero points of their respective scales. After the case has been 
closed a sufficient length of time to allow both the standard and sample to assume 
the same temperature, the contact d is moved until the galvanometer shows no 
deflection; this will occur when the resistance between a and b is equal to that 
between c and d. The scale reading corresponding to the position of d for a 
balance is equal to the per cent conductivity. 

The Hoopes' bridge is so designed that the standard wire with its scale is 
removable from the bridge and so that a single standard covers a range of sizes 
equal to 3 numbers of B. & S. gauge. Any number of standards can be supplied 
with a bridge, so that it can cover an extensive range of sizes and can also be 
used for wires of different materials. In order to keep the standard wire and the 
test wire at the same temperature the bridge is mounted in a metal-lined case 
and the scale read through a glass window in the case, the window being closed 
by a metal screen when readings are not being taken. 


COSTS. — A good slide-wire bridge costs about $20, a portable Wheatstone 
bridge from $50 to $125, depending upon the design, a laboratory Wheatstone 
bridge from $25 to $75 and a high-precision standard bridge from $200 to 
$400. A Hoopes’ conductivity bridge with a single standard, covering 3 sizes 
of B. & S. gauge wire, costs about $500; additional standards cost about $50. 


BIBLIOGRAPHY. — Fleming. J. A., Handbook for the Electrical Laboralory 
and Testing Room, London, 1901; Gray, A., Absolute Measurements in Electricity 
and Magnetism, London, 1893; Jaeger, St. Lindeck and Dusselhorst, Prazisian- 
messungen an kleinen Widerstanden in der Thomsonschen Brucke, Zeit. f. 
Instrumentenkunde, 1903; Thompson, W., Phil. Mag., 1862; Northrup, E. F. 
Methods of Measuring Electrical Resistance, N. Y., 1912; Gerard, Eric, Mess- 


ures Electriques, Paris, 1908; Armagnot, H., Instruments et Methodes de Mesures 
Electrique Industrielles, Paris, 1912. 
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c BUILDINGS, ALLOWABLE UNIT STRESSES IN.— (See also 

Brick; Cement; Concrete; Iron, Pig and Cast; Iron, Wrought; Steel; Structures, 
ci Simple; Timber.) The following tables give the allowable unit stresses and 
t: loads in accordance with the building laws of the respective cities, as corrected 
iz torecent dates (see Bibliography). 


TABLE I. — STEEL AND IRON 


i Loads in pounds per square inch 
" : 
New | Chi. | Phi |. st 
del- Boston 
2 York cago : Louis 
x phia 
; | Compression: 
Rolled steel.......................] 16,000 14,000 | 16,250 | F.S. 4 | 16,000 
Cast Steel oues ese RU qe 16,000 | 14,000] ...... ESS.4. haus 
Wrought iron.........2..e. cece eee 12,000 | 10,000 | 12,500 | F.S. 4 | 12,000 
E Cast iron (in short blocks)........| 16,000 | 10,000 | 17,700 | ...... 16,000 
, | Steel pins and rivets (bearing)...| 20,000 | 20,000 | ...... F.S. 4 | 18,000 
a Wrought-iron pins and rivets 
3 (bearing).........- ec 15,000 | ...... | eene F.S. 4 | 15,000 
| Tension: 
g Rolled steel... annona 16,000 | 16,000 | 16,250 | F.S. 4 | 16,000 
Cast steebis raisen es teienei 16,000 | 16,000 | 16,250 | F.S. 4 | 16,000 
Wrought iron..............00e00ee 12,000 | 12,000 | 12,500 | F.S. 4 | 12,000 
b- Cast Onair eb EA 3,000 | essee heut F.S. 8 3,000 
t | Bending (extreme fiber stress): 
Rolled-steel beams. .............. 16,000 16,000 | 16,250*| F.S. 4 | 16,000 
A Rolled-steel pins, rivets and bolts | 20,000 | 25,000 | ...... F.S. 4 | 22,500 
a Riveted steel beams (net flange 
» SECDOn) sour ei des Ex bs 14,000 | 16,000 | 16,250*| F.S. 4 | ...... 
E Riveted wrought-iron beams 
3 (net flange section) ............ 12,000 | 20,000 | 12,500 | F.S. 4 | ..... : 
: Rolled wrought-iron beams....... 12,000 | 12,000 | 12,500 | F.S. 4 | 12,000 
7 Riveted wrought-iron pins ....... 15,000- | semen (| oe ve | hene 18,000 
y Cast iron, compression side ...... 16,000 | 10,000 | 17,500 | F.S.8 | 16,000 
Cast iron, tension side............ 3,000 3,000 | 3,750 | F.S.8 | 3,000 
_ | Shear: 
Steel, web plates. ............ s.s. 9,000 | 10,000 | 10,000 | ...... 10,000 
Steel, shop rivets and pins........ 10,000 | I2,000 | 11,000 | ...... 10,000 
Steel, field rivets and pins........ 8,000 | 10,000 | 9,000 | ...... | ...... 
Wrought iron, web plates......... 6,000 | ...... 7,500 | ...... | 9,000 
Wroughtiron, shop rivets and pins 7,500 Livi 9,000 ws» | 9,000 
Wrought iron, field rivets......... 6,000 |...... 2,000. | «x«scs | weiss 
Cast tron Coo oe eo ERR rise eee 3;000- lecce] Seater | cet | issues 


F.S. = Factor of Safety. 
* 14,500 for mild steel. 
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TABLE II. — TIMBER 
Loads in pounds per square inch 


——— |————— fe fen, fe 


Compression (short lengths): 


Oak, with grain............... eee. 900 DOO. iru ripe caen ea 
Oak, across grain................6.- 800 SOS Jasse Soa cae 600 
Yellow pine, with grain............. 1000 : m e "OS E. EE t| ases 
Yellow pine, across grain........... 600 250 SsoL | ...... 500 L 
White pine, with grain...... RE 800 FOO? NW xen esee | Recess 
White pine, across grain.......... ..| 400 2005 essare Dates 250 
Spruce, with grain.................. 800 | ...... 500 "doses J 
Spruce, across grain................ 400 | ...... 300 | ...... 250 
Hemlock, with grain............... 500 500 350. i issues. [eivai 
Hemlock, across grain.............. 500 150 280... roe or epis 
Tension: 
, j| 1300 L | 1800 L | F.S.6 | ...... 
Yellow pitié. «cuero eraakko rp 1200 Laios [ces FS 6l... 
White pine. ...... sese 800 800 | ...... ES. 6 | 5s 
Sprücer sre ae oed ved ER RA Epis 806. | iss 1250 F.S.6 | ...... 
87i PP ES Io0 | 1200 |...... RIS | cate 
Hemlock................... Pees 600 600 1000 F.S. 6 |... 
Bending (extreme fiber stress): 
Yellow pine............. cece eee 1200 j| 1300 L 1600 L | B.S. 6 | 1500L 
l| 1000 S 
White pine. ....................ue.. 800 800 | ...... F.S. 6 | 1000 
sje MD 800 |...... 1100 F.S. 6 | 1000 
OA ie tee TEE 1000 | 1200 | ...... F.S. 6 | 1000 
Hemlock i insscnwsaiees coven Vno ae a 600 600 goo FS, 6 | ...... 
Shear: 
Yellow pine, with grain............ 70 j| noL 100 L | ...... 100 L 
l| 20S 
Yellow pine, across grain. .......... 500 | ...... ias [|....lees 
White pine, with grain.............. 40 80-- sex pene hs 80 
White pine, across grain............ 280 sx sd ween arsura T tases 
Spruce, with grain.................. So |...... "S. re ee 80 
Spruce, across grain................ 320 | ...... 4950. ere ae eee 
Oak, with grain................uu.. 100 WO OL aou T anaes 150 
Oak, across grain................L.. 600- T sorge osse ouam peek nes 
Hemlock, with grain............... 40 60 62 ]l......]lee 
Hemlock, across grain..... db cuu 275 ee 625 Jonea [eee 


F.S. = Factor of Safety. L = Longleaf Yellow Pine, S = Shortleaf Yellow Pine. 
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TABLE IIL.—STEEL AND IRON COLUMNS 
Loade in pounds per square inch* 


— City Medium steel Wrought iron | Cast iron 
$ New York I sia 14,000 TT II L (y 
w York...... ,200 — 58 — (a ,000 — 8o — (a ,300 — 30 — 
D 5 5 R 4 R 3 3 R 
l L L L 
Chicago......... 16,000 — 70 — (a 12,000 — 60 — Io,000 — 60 — (b 
go 7 Fi ) R 000 — 60 R' ) 
Philadelphia. . .. 16.250 — i250 oT. 
L? L2 I? 
I 1+ ————_ 
i i 11,000 R? E 15,000 R? pt 400 D2 
S 12, of t o S= 8 f c 
= I2, e mu. rae oa wt owe = 8,900 -= 
; | St, Louis....... WR old e 
L L 
: S= ag for mCT20- | eee pesa S = 5,600 for x 25 
Bs 16,000 I2,000 S A L 
- EES = II, O — m 
ton......... m L is T ooo for R IO 
20,000 R? 20,000 R? 


L 
S =. 9,200 for — = 
9 R 7C 


Ms values obtained either by formulas or from tables shall be reduced for eccentric 
g. ° 
L= unsupported length in inches. 
D= diam. or least side in inches. 
R= least radius of gyration in inches. L 
S= stress in lb. per sq. in. (b) g^ 79 not allowed. 


(a) D 120 not allowed. 


TABLE IV. — TIMBER COLUMNS 


Loads in pounds per square inch 


i i l Yellow pine (b) White pine Oak 


L L L 
S = 820 fo p P" SS Oso TOES = 10 S = 730 for = = 10 


L L 
S = 350 for — = 30 |S = == 
50 fo D 3 390 for = 30 


3 = uds t & 
D ğü Dp ? 


L L L 
S = 700 for — = S = 490 for — = 30 |S = Z o 
700 for D 30 490 for p ? S = 630 for "EZ 


L = unsupported length in inches. L 
D = diam. or least side in inches. (4) 7) > 30 not allowed. 
S = stress in lb. per sq. in. (b) Longleaf. 
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TABLE V.—LIVE LOADS ON FLOORS AND ROOFS 


Pounds per square foot” 


$0 to 100 


100 
100 
6o to 125 


200 
150 125 
150 250 


b) 
Pitch < 20 degrees. . .. £ 25 (a) 4o (b) 40 ( 
Pitch > 20 degrees 25 (a) 


(a) Measured in horizontal plane. (b) Flat. 


TABLE VI.— MASONRY AND BUILDING MATERIALS 


Loads (compression) in pounds per square inch 


Concrete (P), 1: 2:4 


Concrete (P), 1:29:85 (f).......|] 2984| SOE ennt yu” 


Rubble stonework: 
Portland cement mortar 
Lime mortar 
Brickwork: 
Portland cement mortar, 1:3... 
Lime mortar, 1:4 .............. 
Granite (according to test). ...... 
Limestone (according to test) 
Marble (according to test)........ 
Sandstone (according to test) 


TRA 
acc | cei]i55 | * 
ee 


. 

e.: 
e.s... 

** 50609 


ee 
aoee 

"EXE 
*"**6059006é6(ve90(09€6027€ 


(c) | 278 
= a : 111 (e) 


ect 
eoeeevee | eovere | ** 


[EX 


P = Portland cement. a = Pressed. :&ed 
M = Machine mixed. b = Kind of concrete not specified. 
H = Hand mixed. c = Mixture not specified. — 
NC = Not coursed. d = Mixture not leaner than 1 : 3 * »* 
€ = Mixture I ; 6. : 
f= Mixture 1: 2 : 5 for Chicago. 
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On TABLE VII.—BEARING CAPACITY OF SOILS 
Tons per square foot 


St. Louis 


According to 
test, maxi- 
mum not to 
exceed 3. 


Sand, fine and dry, firm .. 
Clay and sand, wet 
Clay and gravel, well ce- 


(a) In beds at least 15 feet thick. 


BIBLIOGRAPHY. — The Building Code of The City of New York, with 
— amendments to April 12, 1906; Building Ordinance (Chicago), extract from 
Jour. of Proc. of City Council, Dec. 5, 1910; Laws and Ordinance Relating to the 
Bureau of Building Inspection, Philadelphia, 1907; Building Laws of the City 
of St. Louis, 1910; The Building Law of the City of Boston, with amendments 
` fe Od., 1909. 
IC. M. Srorrozp.] 
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BUS-BARS AND BUS-BAR STRUCTURES. — (See also. Circuit 

. Breakers; Power Stations; Substations; Switches; Switchgear Equipment for 
Power Stations; Wires and Cables.) Bus-bars, or “omnibus bars," as they were 
originally called, are the common circuits into which the various generators de- 
liver their output and from which the different feeders draw their supply of 
power. In large-capacity, moderate-voltage a-c. plants the bus-bars are usually 
placed in structures and connected to the various generators, feeders, etc., by 
suitable wiring. The bus-bars and their connections, together with the bus-bar 
structures, form one of the most important parts of large plants, as the entire 
energy of the station is usually concentrated thereon. 


BUS-BAR SYSTEMS. — Where there is only a single set of bus-bars 
either in d-c. or a-c. stations the connections are said to be arranged on the 
"single-throw" system; when the connections can be made to either of two 
sets of bus-bars the system is spoken of as ‘‘double-throw”’; but if the connec- 
tions can be made to both sets of bus-bars instead of only to either set, the 
system is spoken of as the “selector system.’’ Occasionally three or more 
sets of bus-bars are used. T» 

If there is only one set of bus-bars, but with switches provided for dividing it 
into one or more sections, it is spoken of as a “sectioned bus." Where there 
are two sets of these sectioned bus-bars connected together at the ends, the 
system forms a “ring bus." In many high-voltage plants having step-up 
transformers each generator normally connects to the low-tension side of its 
own transformer but switches are provided so that any transformer or generator 
can connect to a bus; such a bus is spoken of as a “relay bus.” Where a num- 
ber of feeders connect to a bus which in turn connects to the main bus through 
a switch or breaker, such a bus is spoken of as a “group bus.” 


Uses of Various Systems. — The various systems — single bus, double 
bus, relay bus, group bus, etc., — all have their advantages and disadvantages. 
The single bus is naturally the cheapest, simplest and least flexible, and trouble 
on the bus is apt to shut down the plant. The other systems are more flexible 
and also more expensive as they require more apparatus. In every installation 
a compromise must be effected between cost and flexibility, and each case must 
be considered on its own merits. In small low-voltage plants bus-bar trouble 
is almost unknown and a single-throw system is usually employed. In high- 
voltage, large-capacity plants, although bus-bar trouble is rare, a more flexible 
system than the single-throw is often advisable. 


BUS-BAR MATERIAL. — Depending on the current and voltage, bus- 
bars may be made of wire, rod, tubing, cable or strap, either bare or insulated. 
Solid wire is seldom used for more than 200 amperes, rod is used for less than 
1000 amperes, tubing for 300 to 600 amperes, cable up to 1000 amperes, while 
strap is used up to any capacity. 

Strap Bars for Heavy Currents. — Strap for bus-bars, particularly for 
heavy currents, possesses several advantages over other shapes, the chief ones 
being the ease with which additional straps may be added and the excelleat 
radiating surface secured. Straps are made in various sections, à typical one 
being 3 inches by % inch. Where more than one strap is required a space 4 
Ws inch is kept between bars, making the so-called laminated bus. The connec 
tions from switches, circuit breakers, etc., to the bus are made of one or more 
similar straps suitably interleaved and clamped together. For vety heavy 
currents straps of larger section are used. 

Tubing for Small Currents and High Voltages. — For extremely high 
voltages with their correspondingly small current, copper tubing for bus-barsan 
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connections has many advantages over rods, wire or strap. These advantages 
are principally increased stiffness for the same amount of material, large and 
effective radiating surface, and the facility of making connections by flattening 
out the tubing at the point desired and bolting the tubing together at such 
points. On extremely high-voltage circuits tubing of approximately 1 inch 
outside diameter is not apt to be troubled by the brush discharge or corona 
effect that is sometimes noted with small wires or straps having sharp edges. 
In some plants iron piping is used for bus-bars and connections. 


BUS-BAR STRUCTURES. — (See also Power Stations; Substations; Switch- 
gear.) In large-capacity a-c. plants of 13,000 volts or less, with generators 
connected directly to the bus, the current that can be developed on a short- 
drcuit is something enormous, and every precaution has to be taken to prevent 
trouble from spreading if it ever starts. For this reason it has become customary 
to employ masonry compartments and cellular construction for the oil circuit 
breakers and bus-bars. In higher-voltage plants open wiring possesses several 
decided advantages. The vertical walls and septums of the circuit-breaker 
and bus-bar structures are usually built of brick or concrete, and the horizontal 
shelves between the bus-bars are ordinarily made of concrete, sandstone, soap- 
stone, slate or márble. These substances are named in the order of their in- 
creasing cost. In some instances the bus-bar structures have been made of 
asbestos lumber, transite or similar material. 
` Marble is undoubtedly the best material as far as insulation and absorption 
qualities go, but its high cost and its liability to crumble when exposed to a bad 
atc has caused the adoption of cheaper materials of slightly poorer insulating 
qualities. Slate, the next material tried, is a very uncertain insulator for high- 
voltage work and it has been generally superseded By soapstone, sandstone or 
concrete. Where space is at a premium, soapstone is used almost exclusively, 
as it can be drilled, machined, etc., and smaller clearance distances can be used 
than would be permissible with sandstone or concrete. Where there is a chance 
to secure a reasonable distance between bare metal parts and the shelves or 
barriers, concrete, either plain or reinforced, can be used to advantage. 


Supports for Bus-Bars. — Low-tension bus-bars, when not too heavy, 
can be supported by the wall bushing for the lead. For heavier work, or where 
bushings are not used, the bus-bars are supported on porcelain pillars, petticoat 
m or similar devices resting on the bus-bar shelf or attached to the 
wall. 

For supports for high-tension bus-bars and connections it is customary to 
employ line insulators either of the pillar type, pin type, or suspension type, 
depending on the voltage. ` : 


OPEN WIRING FOR BUS-BARS. — Some engineers are of the opinion 
that the cellular construction should be used for large-capacity circuits of any 
voltage, and bottom-connected breakers have been designed that work well 
with the inclosed bus-bar construction for high-voltage plants. a 

The writer is of the opinion that the open system of wiring is preferable for 
any voltage higher than that for which generators can be conveniently wound. 
This opinion is based on the following reasons: 


„1. For the same kilovolt-ampere capacity back of an arc the current estab- 
ed is approximately inversely proportional to the voltage, and consequently 
the violence of the arc and its destructive effects are less on a high-voltage 
than on a low-voltage system. 
2. The distance from wire to ground has to be greatly reduced from what 
could be obtained with open wiring in the same space, as the conductivity of the 
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fireproof barriers is sufficiently good to permit large currents to flow with high 
voltages, in case an arc or a dead ground is established. 

3. A more expensive building and more costly construction are usually needed 
for inclosed bus-bars and wiring than are required for open wiring. 

4. Inspection and repairs are more difficult when bus-bars, wiring, disconnect- 
ing switches and similar appliances are boxed in masonry compartments, and 
the conductors are visible and accessible only by the removal of doors. Inspec- 
tion will be more frequent and thorough and incipient trouble will be noticed 
far sooner with open wiring than with inclosed, as the station attendant can 
see everything in a walk of a few minutes, and will not have to remove many 
doors and visit two or three floors to examine the condition of the apparatus. 


CONNECTIONS TO BUS-BARS. — Where the currents exceed 600 ot 
800 amperes, it is usual to employ laminated copper straps for connecting to 
bus-bars; for smaller currents, cable, wire, rod or tubing is used. Cable and, 
to a certain extent, bare wire are used for connections involving bends or long 
runs through conduits, but for straight runs or simple bends rod or tubing can 
be used. Tubing, though more costly than rod or wire, is stiffer for the same 
section, and can often be flattened out for making connections to studs, bars, 
etc., without the necessity of additional terminals. 


BIBLIOGRAPHY. — Stillwell, L. B., Proc. A.I.E.E., 1904, Vol. 23, P 
199; Rushmore, D. B., Proc. AJ.E.E., 1906, Vol. 25, p. 559; Blackwell, F. C. 
Proc. A.I.E.E., 1907, Vol. 26, p. 857; Hayes, S. Q., Proc. A.I.E.E., 1907, 
Vol. 26, p. 1333. 


[S. Q. Haves 


fee MEM" 


Calorimeters, Fuel 179 


int ; 
CALORIMETERS, FUEL. — (See also Fuel.) A fuel calorimeter is an 
xi! instrument for determining the heating value of a fuel. Its essential features 
z area closed chamber in which a weighed sample of the fuel can be quickly and 
-3 completely burned, a vessel of water surrounding this chamber, into which all 
w= the heat generated by the combustion fs transferred, a delicate thermometer 
ig for measuring the rise of temperature of the water, means for igniting the fuel, 
jJ; and provisions for preventing loss of heat from the apparatus by radiation or 
ez by the escape of the gases and vapors produced by the combustion. The 
most approved form of the instrument is Mahler's modification of Berthelot’s 
-po Calorimeter. The combustion chamber is a strong cylindrical steel vessel 
. enameled on the inside, called a “bomb,” into which about 1 gram of pow- 
pn dered coal, contained in a small platinum dish, is placed. Oxygen under 
"74 pressure of 20 to 25 atmospheres is introduced, and the coal is ignited by an 
ii dectric spark and burned explosively. The bomb is set in a water pail of 
Wi thin brass, which is heavily felted and surrounded by a double-walled vessel 
1- filled with water of the temperature of the room. A stirring apparatus is used 
77 in the pail to circulate the water around the bomb. The thermometer is finely 
1%! graduated. Readings of the temperature are made and recorded every minute 
until the maximum is reached, and a few minutes afterward to obtain a cor- 
tj; tection for radiation. The weight of the water, together with the water equiva- 
| leat of the bomb and pail, multiplied by the rise in temperature, corrected for 
radiation and other minor errors, gives the number of heat units generated by 
the combustion of the coal. 
‘ie The Junker calorimeter is commonly used to determine the heating value of 
"fuel gas. A measured volume of gas is burned with air or oxygen in a vessel 
which is surrounded with water, and the calculations are made in the same way 
as those for the Mahler calorimeter. 


BIBLIOGRAPHY. — Trans. A.S.M.E., Vol. 14, p. 816; Vol. 16, p. x040; 
Vol. 27, p. 359; Kent, Wm., Steam Boiler Economy, N. Y., 1914; Carpenter 
and Diederichs, Experimental Engineering, N. Y.; Chemical Engineer, Feb., 1907; 
M. Latta, American. Producer Gas Practice, N. Y. 
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CALORIMETERS, STEAM. — (See also Steam.) For the purpose of Iny py 
determining the percentage of moisture in the steam, in a boiler or engine test, 8 ui 
steam calorimeter is used. Several forms of this instrument have been used 
but the most common is that of Professor Peabody, known as the throttling |. 
calorimeter. The action of this instfument depends upon the fact that the d 
heat of saturated steam is greater the greater the pressure, and consequently vm í p 
if the pressure is reduced by throttling, the heat rendered available will convert ace 
the moisture into steam and in general produce more or less superheating. — 

A \%-inch pipe, closed at the end and perforated with several 44-inch holes in 
its walls, is inserted into the main steam pipe so that steam may enter these 
holes. The other end of the calorimeter pipe is throttled by an orifice 4s inch 
diameter through which the steam escapes into a chamber which has an outlet 
to the atmosphere. The temperature and pressure of the steam on each side uu 
of the orifice are observed. The steam in the chamber is superheated more or [^^ 
less, according to the amount of moisture contained in the sample drawn from [3 > 
the steam main. 

The per cent of moisture in the steam is then 


H—h-K(T-1) 
DES xu - ? 


where H = total heat and L = the latent heat of saturated steam at the pressure 
of the steam in the main pipe; k = total heat of saturated steam at the pressure [n 
in the discharge chamber of the calorimeter (= 1150.4, corresponding to à x 
pressure of 14.7, when this chamber opens directly to the atmosphere); K= Ru 
specific heat of superheated steam ( = 0.48 approximately); T = actual temper- 
ature in the discharge chamber; ¢= temperature of saturated steam at the 
pressure in the discharge chamber (= 212 when this chamber opens directly 


to the atmosphere). The above formula becomes 


tla 


W = 100 


H — 1150.4 — 0.48 (T — 212) 
L: : 


when the discharge chamber opens directly to the atmosphere, and when the 
atmospheric pressure is 14.7 pounds per square inch. : 
When the steam is very moist, so as to reduce the superheating on the dis 
charge side to o°, the instrument fails, and a separating calorimeter, which 5 
simply a smallsteam separator (q.v.), must beused betweenthe throttling calorim- 
eter and the steam pipe to collect the greater quantity of moisture. The 
moisture collected in the separator is then added to that determined by the 
calorimeter. The instrument must be thoroughly felted to reduce the eT i 
due to radiation. There is also usually a considerable error in obtaining steam $ 


of an average quality from the main pipe by the perforated tube. | = 

BIBLIOGRAPHY. — Carpenter and Diederichs, Experimental Engineritb | 
N. V.; Report of Committee on Power Tests, A.S.M.E., 1912; various papas * 
Trans. A.S.M.E , 1884, 1889, 1890, 1891 (Vol. 6, 10, 11, 12). 


W = 100 
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s 


^ The resistance of varnished cloth is more affected 


*  pregnated paper. The amount of variation differs | ture, ° F. 
VE different makes, so that the accompanying table 
` should be considered as an approximation only. 
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„ CAMBRIC, VARNISHED. — (See also Insulating Materials ; Wires and 
= Cables, Insulated.) Varnished muslin, variously known as varnished cloth or 
varnished cambric, is an insulating material which is superseding both rubber 


' (qv.) and impregnated paper (q.v.) for many purposes. It consists of strips 


of cotton fabric coated with insulating varnish, wound helically around the con- 


' ductor with a thin layer of plastic non-hardening compound between turns. 


This compound prevents the absorption of moisture, precludes air spaces and 

permits the layers of fabric to slide upon each other when the cable is bent. 
The muslin is prepared by coating it with a mixture whose principal constit- 

uents are boiled linseed oil, resin and benzine. This mixture dries and the oil 


* oxidizes in contact with the air leaving a hard smooth surface. Several coats 


are thus applied until the desired thickness is obtained. The plastic material 
between layers is a mixture of petrolatum or crude vaseline and resin. Different 
manufacturers use other constituents, with considerable improvement in the 


a quality of the insulation. The exact nature of the impregnating compounds 


is kept secret. 
SPECIFIC RESISTANCE. — The value of K in the formula M = K log 


(see article on Rubber) anges from K = soo to K = 4000, the usual figure being 
fe 700 and 1200, and anything over 2000 exceptional. 


Temperature Coefficient of Resistance. — 


Per cent of 
resistance 
at 60° F. 


by temperature changes than that of rubber or im- | Tempera- 


DIELECTRIC STRENGTH. — The varnished 
fabric is usually 12 or 15 mils thick, and will stand 
à puncture test of about one kilovolt for five 
minutes. A 250,000 circular mil cable, insulated 
with % inch of varnished cambric, when subjected 
to a gradually increasing potential, punctured at 
115 to 118 kilovolts. A well-designed varnished 
cloth cable can be subjected to a one-half hour 
test of double the working voltage and to an in- 
stantaneous voltage of three tilnes the working 
voltage. Varnished-cloth cables seem to have the 
property of withstanding comparatively high instantaneous rises of voltage 
such as occur at the time of surges (see Transmission Lines), and hence there 
is no necessity of subjecting them to prolonged tests of two and one-half or 
three times the working voltages, which have a tendency to overheat the insu- 
lation. (H. W. Fisher.) 


SPECIFIC INDUCTIVE CAPACITY. — Varnished cloth is made with 
specific inductive capacities from 4 to 6. The former figure is only occasionally 
attained, the average being about 5. A maximum of 6 may be relied upon, as 
it allows a slight margin over the ordinary variations of manufacture. 


SPECIFICATIONS. — See article on Wires and Cables, Insulated. 


BIBLIOGRAPHY. — Fisher, H. W., Varnished Cloth Cables for Power 
Houses and Distributing Stations, El. Journ., April, 1906; see also the bibliog- 
raphy in the article on Rubber. 
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CAPACITY AND CHARGING CUBRENTS. — (See also Altet- eee 
naling Currents; Condensers, Electric; Insulating Materials, Testing ef; Transen |. 
Electric Phenomena and Oscillations; Transmission Lines; Wires ond Cables 
Insulated.) In the section on Capacity and Condensers, in the article on 
Electricity and Magnetism, Principles of, are given the formulas for capacities 4... 
in series and in parallel and for the energy stored in a charged condenser. For 22 
units and their interrelations see the articles Units, Practical Electricah and 
Units and Conversion Factors. Commercial forms of condensers are described 
in the article on Condensers, Electric. The following is a brief table of contents 
of this article. 
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Electrostatic Induction from One Circuit to Another........... n 200 
Bibliogtápliy «is trier pack vache nna ae ea ei x e yip as eee senten 200 


GENERAL RELATIONS AND DEFINITIONS. — Consider any number 
of conductors o, 1, 2, 3, etc., either (1) at a great distance from all other b 
ductors or (2) completely surrounded by a. hollow conducting shell, the maide |<: 
surface of which shell is to be considered as one of the conductors, Say No. 9 
of the system. The electrostatic condition of such a system of conductors ™ 
uninfluenced by any electrostatic effects produced outside the system; it may 
therefore be called an ''electrostatically independent system.” — — — : 

Potential Coefficients (4). — Any conductor of an electrostatically awe jd 
pendent system may be chosen as a conductor of reference; let this reference cot- | 
ductor be designated as conductor No. o. Let no, 020, Yso, etc., represent the po 
tential drop from No. 1 to No. o, from No. 2to No. o, from No. 3 to No. 0, etc., a 
let qo, «1, 42, gs, etc., represent the charges on No. o, No. 1, No. 2, No. 3, ja : 
Then, if the relative positions of the various conductors and insulators I 
field remain unaltered and the specific inductive capacities (see Electricily 4 : 
Magnetism, Principles of) of the various insulating materials between the or 
ductors are constant (not necessarily the same for each insulating materia, 
however), the following relations hold for all values of the charges on 37 


potential drops between conductors irrespective of how the conductors may be 
connected: * 


to = Angi + Arg + Aig + etc., 
v20 = Árg + Ange+ 2303 + etc., (1) 
Uso = Árg + Aza + 4339 + etc., | 
qo — — (q1-k d» - qs + etc.), 
where the A's are all constants depending upon: the distances apart of the col 


i ; Uaa e 
__* By wires of small cross-section and length compared with the dimensions of th 
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ductors and the nature of the insulating medium between them. The co- 
efficients A in these equations may be called the *potential coefficients" of 
the system of conductors. It should be noted particularly that these coef- 
ficients are independent of how the conductors may be charged and of how they 


if may be interconnected (provided the connecting wires are small compared with 


surfaces of the conductors). In certain simple cases these coefficients A are 
readily calculated; see below. 

Electrostatic Induction Coefficients (B). — The above equations may 
also be written 


qı = Buvo + Buvo + Bisto + etc., 
qa = Bino + Barve + Bostso + etc., (2) 
q = Bno + Bzgi20 + B33030 + etc., 


etc. 
qo — (n+ g+ n + etc.), 


where the B’s are also constants and may be expressed directly in terms of the 
potential coefficients A by solving equations (1) for qi, 92, gs, etc. The con- 
stants B are called the “electrostatic induction coefficients," and like the con- 
stants A are independent of how the conductors may be charged and of how 
they may be interconnected. The. B’s may be expressed directly in terms of 
the normal and grounded capacities of the various conductors; see below. 


Normal Capacity of Two Conductors (C). — By the normal capacity be- 
tween any two conductors is meant the capacity of the condenser formed by 
these two conductors when all the other conductors are connected to one an- 
other and to the conductor of reference. The normal capacity between any 
two conductors of a system, say Nos. 1 and 2, is, then, from equation (2), 


Bu Bo — Biz . 
Cs = Bu + Bz + 2 Bi: (2a) 


When the arrangement of the conductors is perfectly symmetrical (as in a three- 
conductor cable), Bu = Bz and the normal capacity between 1 and 2 is 


I 
Cu = P (Bu — Bu). (2b) 
Grounded Capacity (C,).— By the grounded capacity of any conductor of 
a system is meant the capacity of the condenser formed by this conductor as 
one “plate” and all the other conductors, including the conductor of reference, 
connected together as the other plate.* The grounded capacity of conductor 
No. 1, say, is then, from equation (2), | 
; Cig = Bu. (2c) 


That is, the “electrostatic coefficient of self-induction” of any given conductor 
is the same as the grounded capacity of this conductor. 

Capacity to Neutral (Co). — In calculating the charging current, voltage 
drops, etc., in a single-phase or balanced three-phase transmission line it is 
sometimes convenient to consider the actual capacity between wires as made 
up of two capacities in series, each of twice the actual capacity between wires. 
This double capacity, viz., | ` 

Co = 2 Cis, MEE - (2d) 


is called the capacity to neutral, since this capacity multiplied by the voltage 
to neutral, in either a single-phase or balanced three-phase line, gives the charge 
per wire, which charge is also in phase with the voltage to neutral. This prod- 


* The term "grounded" arises from the fact that the conductor of reference is usually 
the ground. ` ui: a 2 ns 


/ 
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uct, however, does not give the charge per wire when the system is unbalanced: yu? 


the general equations (2) must then be used. 


Charging Current and Capacity Susceptance. — The charging currents i: 
taken by the various conductors of a system are found by differentiating equa- SM 
tions (2) with respect to time; this gives the instantaneous values of the charg =: 
ing currents. In the case of sine-wave voltages all of frequency f, the effective =- 


values and phase relations of the charging currents in each conductor, in terms 
of the voltage drops to the conductor of reference, all expressed in vector notation 
(see Alternating Currents), are as follows: 


Dh =j 27x f (BuVio 4+ BV + BsVso -........ LL. ) 

I: — j 27/f (Bis Vio + Ba V2 --BssVso 4-....... uuu ) 

Is =j 2 mf (Bi: Vito + BaV20+Bag3Vao+.............. ) (3) 
etc., l 

l= — (Rh nan ec 985225922.2206€.2Ga*99o0c99»79092^ ) 


Note that the quantities in the brackets are to be added veclorially. 
In the case of a system of but two conductors, i.e., a simple condenser, these 
relations reduce to 
I 2j2mnfCV, (3a) 


when V is the voltage drop through the condenser, J the current in the direction 
of this drop, and C the capacity of the condenser. That is, the charging current 
of a simple condenser leads the voltage drop by 9o? and is equal numerically 
to the product of this voltage by 2z/C. The factor 
b=2nfC (3b) 
is called the capacity susceptance * of the condenser. Capacity susceptance is 
expressed in mhos or micromhos, being of the same dimensions as conductance. 
Numerically, the charging current of a simple condenser may be then ex- 
pressed as 
I -bV. (3c) 
When V is in volts and b in mhos, the current J is in amperes: For either a 
single-phase or balanced three-phase line the charging current per wire may 
also be expressed as I = boVo, where bo = 2 mfCo = 2 b, and may be called the 
“capacity susceptance to neutral." When bo is in micromhos (see tables below) 
and Vo is in volts to neutral, the charging current per wire is 
I = 1079boV,. (ad) 


In a single-phase line Vo — V/2 and in a ba'anced three-phase line Vo = V/ V. 3, 
when V in each case is the voltage between wires. 


FORMULAS FOR THE CAPACITY OF SIMPLE CONDENSERS. 
= Let 
K = specific inductive capacity of medium between conductors; medium 
assumed uniform; for air K = 1, 
C = capacity of the condenser formed by the two conductors, 
' Co = 2C = capacity to neutral. | 


Two Concentric Spheres. — Let 7’ = internal radius of outer sphere and 
p = external radius of inner sphere, both in centimeters, and R’ and R the cor- 
responding dimensions in inches. : 


Kr»! 


M C=- statfarads, 
r —r 


, 


= 2.822 X 107% mictofarads. 


R'—R 


» The inductive susceptance of a condenser is — 2xfC: see Alternating Currents. 
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itz Two Parallel Plates. — Unless the plates are large compared with their dis- 

tance apart no simple formula can be deduced, since the electrostatic field at 
we, the edge of the plates is not uniform. Let S= surface, in square inches, of 
~ contact between the metal plate and dielectric (the dielectric sheet is usually 
„ larger than the metal sheet, hence S is generally the surface, one side only, of 
ie the metal plate); D= thickness of dielectric in inches, K = specific inductive 
a, capacity, and let s and d be the dimensions in centimeters corresponding to S 
Ms and D respectively. Then for D small compared with S, the capacity of two 
parallel plates is 


K 
dd statfarads 
4rd 
KS ; 
= 2.246 X 1077 D microfarads. 


Stack of Plates. — Let N = the number of metal plates in the stack; there 

t will then be N — r effective dielectric sheets or N —1 parallel plate condensers 

ct? in series. Using the same notation as above, the capacity of a stack of N 
metal plates, connected in. series, is 


Ks 
= t 
" C RESTI ae statfarads 
e K ; 
Xt = 2.246 X 1077 mos microfarads. 


Round Wire in Concentric* Sheath. — Dimensions as in Fig. 1; since 
the ratio only is involved, it is immaterial what units are used 


im for D and d provided both are expressed in the same ‘unit. m 
C^ Fora length of cable long compared with its diameter, 
Ti 
a f N 
ey 


C= 5 statfarads per centimeter 

$ 2 loge d | ) 
E: 7.354 X 1073 K 
A A ee microfarads per 1000 ft. Fig. 1. 
i lo — 

810 d 

, , Two Parallel Round [ Wires. — Dimensions as in Fig. 2; since the ratio only 

_ B involved, it is immaterial what units are used for D A 


and d provided both are expressed in the same unit. For ^ 
a length of line large compared with the distance apart of the red- 
wires, the exact formula t for the capacity between wires is 


á- 


"T 


* When the wire is off center by a distance m (center of wire to center of sheath), 
Den. 
2 cosh-ia 
= 16.93 X 108K 
cosh "ia 
2 — 
3^. where a= D+a— 4m 
2 Dd 
1 When the wires are far apart compared with the linear dimensions of their cross- 
section, the second group of formulas also applies approximately to wires of any shape 
of cross-section provided d is taken equal to the perimeter of the cross-section divided 
by x, i.e., equal to the “ equivalent ” diameter of the cross-section. 
t Taking into account the non-uniform distribution of the charge on each wire; see 
Pender and Osborne, Elec. World, 1910, Vol. 56, p. 667. 


_ 


statfarads per centimeter 


microfarads per 1000 ft., 
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K 


C= 


’ 4 cosh i 


statfarads per centimeter 


8.46 3K : 
SLO microfarads per 1000 feet. 


D 
sh! 
COS i 


When D is greater than ro d the following formulas for the capacity between |: 
wires may be used instead of the above with an error of less than o.1 percent: — | 


= D statfarads per centimeter 


3.677 X10 3K : 
= ae microfarads per 1000 feet 


lon, 22 (4) 
0810 d 


41X10 7K ; 
= oa microfarads per mile. J 


logio P 


The capacity to neutral in all cases is Co — 2 C. Tables of capacity to neutral |... 
for various sizes of wires and various spacings, when separated by air (K 1), |; 
are given in the tables below. Note that these tables and the above formulas |.. 
are strictly applicable to ordinary overhead lines only when the distance from |- 
the wires to other conductors, particularly the earth, is large compared with |“ 
their distance apart. However, the effect of the earth is usually small in most 
practical cases (see below), and the formulas and tables give a very fair ap- 
proximation to the actual capacities. | 

The capacities of standard strands given in the following tables are calculated 
by the same formula as for smooth round wires using for the diameter d the | 
diameter of the strand; see Wires and Cables, Bare. The values as thus cal- 


culated are therefore not exact, but the error is probably less than 3 per cent 
for all practical cases. 
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CAPACITY TO NEUTRAL* OF SMOOTH ROUND WIRES 


t  Microfarads per 1000 FEET of each wire of a single-phase or of a sym- 
metrical three-phase line 


a T6 Diam. ; ' Inches between wires, center to center 


N I 3 6 | 9 12 | 18 24 30 


0000/0. 600 | i0.01t99 j0.006608 0.005192 0.004618,0.004282|0. 003884 0.003643/0.003477 
0.01099 |0.006317/0.005013/0. 004477 0.004161 0.003783 0.003555,0.003396 
0.01016 |0.006055/0.004847|0.00434410.004045:0. 003688 0.00347010. 003319 


| 


010.3249 .10.009458/0.005812,0.004692|0.004218 0.003936/0.003597 0.003390 0.003245 


10,2893 | /(0.008855;0.005587/0.004546 0.004100 0.003833:0. 00351I 0.003313 C.003174 


210.2576 —|0.008332|0.005381|0.004408/0.003988 0.003735/0.003428,0.003239|0. 003107 
410.2043 0.007455 0.005010'0 004157 0.003781 |0.003553 0.003274 0.003102 0.002980 
610.1620 | 10.006753.0.004688,0.003933/0.003595/0.003388|0.003134 0.002975|0. 002863 
810.1285 —10,00617710.004406/0.003732|0.003426/0.003238|2.003005 :0.00285910.002755 


I0j0.IOI9 |./0.005693|0. 004155 0.003551/0.003273 0.003100 HR MES 0.002655 
12/0.08081 |0.00527710.003931 [0.003386 |0 003132 |0.002974 0.002776 0.002651 |0.002562 
1410.06408 |0.004921|0.003730|0.003235|0.003003,0.002858|0.002075:0.002558 0.002475 


2 | 0.05082 |0.004611 iba de FE 0.002750/0.002580 0.002472 0.002394 


Feet between wires, center to center 


A.W.G. 


Size of wire, 
o» 


— |— M [| ————— [ ———— ———— [————————— | ————— |1——————d————|«.—————— | —————— 


0000:0.003351|0.003171|0.003043|0.00294710.002806/0.002706|0.002542/0.002436/0.002361 
000/0.00327610.003103/0. 002981 |o . 002889 0.002753|0.002657|0.002498|0.002396|0.002323 
00/0 00320410. 003039/0.002922/0.002833/0. 002702;0.002610/0.002456|0.002358|0. 002287 


0/0.003135|0.002977 |0.002864 {0 .002779'0. 00265310 . 002564 |0. 002416|0.002320|0.002251 
10.003069/0.002917 |0. 0028090 . 002727 |0. 00260610 . 002520|0.002376|0.002284|0.002217 
210.003006 10.002860 |0 .002756|0. 002677 (0. 002560|0. 002477 |o. 002338 |0 . 002249 |0 . 002184 
40.002887 |0 .002752|0 .002656 |0 .002582|0.002474|0.002396 |0 .002266|0 .002182|0.002121 
610.002777 0.002652|0.002563|0.002404 |0. 002392 |0.002319|0. 002197|0.002118|0.002061 
810.002676/0.002559|0.002476 |o .002412|0.002317 |0. 002248|0.002133|0. 002059 0.002004 
10,0.002581/0.002473|0.002395 |0.002335 '0. 002245 |o. 002181 |o.002073/0.002002|0.60t951 
12/0.002493/0.002392|0. 002319 0.002262/o. 002178 0.002118 0.002016 |0.001949|0.601900 
14/0.002411|0.002316|0.002247 a oona ecco: 0.002058 0.001961 |o. 001898|0.001852 


1610.002334/0. 002245 |o. 002180|0..002130/|0.002056/0.002002|0. 001910|o. o01850|6. 601806 


* The capacity between wires equals one-half the values given in this table. 


C————— : 
Laut 
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CAPACITY TO NEUTRAL* OF SMOOTH ROUND WIRES 


Microfarads per MILE of each wire of a single-phase or of a symmetrical 
three-phase line 


Inches between wires, center to center 


— 
L| ————| ——————— | -———|——— | — | — | MM | NN 


0000) O. o : o 
000; 0.4096 | 0.05802) 0.03336 0.02647: 0.02364, 0.02197| 0.01998| 0.01877| 0.01793 
oo| 0.3648 | 0.65366, 0.03198] 0.02559| 0.02293; 0.02136} 0.01947} 0.01832| 0.01752 

0| 0.3249 | 0.04995} 0.03069! 0.02477) 0.02227| 0.02078} 0.01899] 0.01790] 0.01713 
1| 0.2893 | 0.04676} 0.02951} 0.02400} 0.02165! 0.02024] 0.01854] 0.01749] 0.01676 
2| 0.2576 | 0.04400] 0.02842] 0.02328] 0.02106, 0.01972| 0.01810] 0.01710] 0.01640 
4| 0.2043 | 0.03937] 0.02645] 0.02195} 0.01997| 0.01876] 0.01729] 0.01638) 0.01573 
6| 0.1620 | 0.03566] 0.02475| 0.02077; 0.01898, 0.01789] 0.01655] 0.01571) 0.01512 
8| 0.1285 | 0.03262] 0.02326] 0.01971] 0.01809} 0.01710| 0.01587| 0.01510 0.01455 
10| 0.1019 | 0.03006] 0.02194] 0.01875] 0.01728] 0.01637| 0.01524] 0.01453} 0.01402 
12} 0.08081, 0.02787| 0.02076] 0.01788] 0.01654] 0.01570] 0.01466] 0.01400} 0.01353 
14| 0.06408] 0.02599| 0.01970] 0.01709; 0.01586] 0.01509] 0.01412] 0.01351] 0.01307 
16| 0.05082| 0.02434| 0.01874| 0.01636] 0.01523] 0.01452] 0.01362] 0.01305] 0.01204 


——————————————————————————M————————————Ó—————— 


Feet between wires, center to center 


———Ó— | ———— ———— | ———À | —————— | ———— | —— 
m — | Qn MÀS 


oooo| 0.01769; 0.01674| 0.01607| 0.01556| 0.01482| 0.01429| 0.01342/0.01286 0.01246 
000] 0.01730| 0.01639} 0.01574| 0.01525] 0.01454; 0.01403] 0.01319!0.01265 |0.01227 
oo| 0.01692] 0.01604; 0.01543] 0.C1496| 0.01427| 0.01378] 0.01297/0.01245 {0.01207 

o| 0.01656, 0.01572] 0.01512| 0.01467| 0.01401] 0.01354] 0.01275|0.01225 {0.01189 

I 

2 

4 

6 

8 


0.01621| 0.01540| 0.01483| 0.01440] 0.01376} 0.01330] 0.01255|0.01206 |0.OI1I7I 


0.01587| 0.01510} O.01455| 0.01413] 0.01352} 0.04308] 0.01235/0.01187 |0.01153 


o 
o 
o 
0.01525| 0.01453| 0.01402| 0.01363| 0.01306| 0.01265| 0.01196,0.01152 |0.01120 
0.01467| 0.01400| 0.01353| 0.01317} 0.01263| 0.01225| 0.011600. 01118 © 01088 

[o 

o 

o 

o 


0.01413| O.O1351| 0.01307, 0.01273| 0.01223| 0.01187| 0.01126|0.01087 |0.01058 


10| o.or363| 0.01306] 0.01264| 0.01233| o.01186| 0.01152| O.01094/0.01057 |0.01030 
12| 0.01316| 0.01263| 0.01224| 0.01194] 0.01150] 0.01218] o.01064|0.01029 |0.01003 
14| 0.01273| 0.01223} 0.01187) 0.01159; O.OIII7| O.OIO87! O.O1036 0.01002 [0.009777 


16| 0.01232 0.01185} O.OIISI| 0.01125] 0.01085 0.01057] 0.01008/0.009768 0.009536 


* The capacity between wires equals one-half the values given in this table. 


T e ee eee 
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E CAPACITY TO NEUTRAL* OF STANDARD STRANDS 


"T — Microfarads per I000 FEET of each conductor of a single-phase or of a 
symmetrical three-phase line 


1 Bran Diam. of Inches between conductors, center to center 
— |cM as strand, | um a. ree mue ce ria ee er nd 
eoe: inch | 

1 | AWG. m I 3 6 | 9 12 18 24 30 
* 100500 | 1.152 | ..... 0.0105 |0.00725|0.00617/0.005581/0.00492,0.00454|0.00428 
" 150,000 0.998 | ..... 0.00959:/0.00683/|0.00586|0.00533;0.00472/0.00437|0.00414 
"' | $0000 | 0.814 [0.0254 |0.00856/0.00630,0.00547 |o. 00501 |0. 004470. 00415/0.00394 
“E | 350,000 | 0.681 |o.o181 |o.00783|o.00591 |o. 00517 0.00476 0.00427 0.00398 0.00378 
= | 250,000 | 0.575 [0.0147 |0.0072510.00558,0.00492 0.00454 0.00409 0.00383/0.00364 
: 000 | 0.528 lo.or35 0.00699 0.00542 0.00480|0. 00444 |0 .0040I 0 .0037610.00358 
i 00 | 0.470 |0.0122 0.00666 0.00523,0.00465/0.00431 (0. 00390|0.00366|0.00349 
" oo | 0.418 lo.or12 |o.00637/0.00504|0.00450|0.00418:0. 00380 |o 00357 0.00341 
b o| 0.373 [0.0103 0.00610 0.00488 0. 00437 |O . 00407 |O . 00371 |O . 00349 |O . 00333 
E I| 0.332 [0.00958 0.00586 0.00472 0.00424 |0. 00396 |0 . 00361 |O. 00341 |0. 00326 
T 2| 0.292 (0.00891 0.00561 0.00456 0.004110. 00384 |0. 003520. 00332|0.00318 
fe 4| 0.232 [0.00790 its nae 0.00389/0.00365 0.00336 |o.00318/0.00305 
i 6| 0.184 |0.00712/0.00486,0.00405/0.00369 0.00348 0.00321 |0.00304|0.00293 
: | 

Size of F duct ter t t 

cable, eet between conductors, center to center 
^ |CM.or ! 


an 
o0 


A.W.G. 3 4 5 10 I5 20 25 


1,000,000 | 0.00410 |0.00383/0. 00365|0.00351,0.00331/0.00317|0.00295|0. 00281 |o. 00271 
750,000 | 0.00396 /0.00371/0.00354/0. 00341 |0 .00322|0 .00309|0 .00288|0 .00274]0.00265 
$00,000 | 0.00378 |0.00355/0. 00339 |0.00327 |0. 00310/0. 00298 |o . 00278 |0.00266|0.00257 
350,000 | 0.00363 |0.00342|C.00328|0.00316|0 .00300/0. 00289 |0.00270,0.00258|0.00250 
250,000 | 0.00351 |0.00331|0.00317/0.00307/0.00292/0.00281|0.00263|0.00252/0.00244 

0000 | 0.00345 |0.0032610.00312/0.00302|0.00287/0.00277|0 00260/0.00249/0.00240 
000 | 0.00337 |0.00318|0.00306|0.00296 0.00282 0.00272|0.00255/0.00245|0.00237 
00 | 0.00329 |0.00312/|0.00299[|0.00290|0.00276,0.00267 (0. 00251|0.00240|0.00233 

© | 0.00322 (0.00305|0.00293|0.00284 0.00271|0.00262|0.00247|0.00237|0.00229 

I| 0.00315 |0.00299/0.00288 |o. 00279 |0.00266 |o. 00257 |0.00242j0.00233 0.00226 

2| 0.00308 |0.00292|0.00281 |0.00273/0.00261 0.00252|0.00238/0.00229|0.00222 

4 

6 


0.00295 |0.00281|0.00271([0.00263|0.00252|0. 00244 |0 .00230|0. 00222 0.00215 
0.00284 |0.00271/0.00261 |0.00254|0.00244 |o.00236|0.00223 cons. 


* The capacity between conductors equals one-half the values given in this table. 


——— M 
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CAPACITY TO NEUTRAL’ OF STANDARD STRANDS 


Microfarads pet MILE of each conductor of a single-phase or of a sym- 
metrical three-phase line 


oes eG pe E ae om tg e ue GT wah fae a ye fan 
Size of Diam. Inches between conductors, center to center 
cable, 
of strand, 
C.M. or inches 
A.W.G. I 3 6 9 12 | 18 24 | 30 
——— | — — t----— ~ — 
1,000,000 1.152 | ..... 0.0554, 0.0383, 0.0325. 0.0294 0.0260, 0.0240! 0.0226 
750,000 0.998 | ..... 0.0506) 0.0361 0.0309 0.0281. 0.0249! 0.0231] 0.0218 


I 


500,000 0.814 | 0.134 | 0.0452, 0.0333 isl 0.0264, 0.0236| 0.0219| 0.0208 


350,000 0.681 0.0955| 0.0413] 0.0312 0.0273; 
250,000 0.575 | 0.0776| 0.0383. 0.0295] 0.0260 
0 000 0.528 | 0.0713] 0.0369, 0.0286} 0.0253, 0.0234! 0.0212) 0.0198) 0.0189 
000 0.470 | 0.0644| 0.0352] 0.0276) 0.0245, 0.0227! 0.0206} 0.0193} 0.0184 
0.418 | 0.0590; 0.0336, 0.0266, 0.0238) 0.0221) 0.0201} 0.0189) 0.0180 

[o 0.373 | 0.0544] 0.0322, 0.0258| 0.023I| 0.0214| 0.0196| 0.0184! 0.0176 

I 0.332 | O.0506| 0.0309| 0.0249| 0.0224| 0.0209! 0.0191] 0.0180) 0.0172 

2 0.292 | 0.0470| 0.0296| 0.0241} 0.0217| 0.0203| 0.0186| 0.0175} 0.0168 
4 
6 


O.02SI, O.0225| 0.0210, 0.0200 
0.0240; 0.0216; 0.0202| 0.0192 


0.232 | 0.0417| 0.0275| 0.0227| 0.0205| 0.0193| 0.0177| 0.0168) 0.0161] . 
0.184 | 0.0376| 0.0256| 0.0214) 0.0195| 0.0184] 0.0169} 0.0161] 0.0154 


Size of Feet between conductors, center to center 


8 I0 I5 20 
o. 0.0202| 0.0193 0.0175} O.0168| o.0156| 0.0148 
o. 0.0196| 0.0187 0.0170| 0.0163] 0.0152) 0.0145 
0.0% 0.0188] 0.0179 0.0164| 0.0157] 0.0147] 0.0140; ô. 
o. O.0IB8I| 0.0173 0.0159] 0.0153] 0.0143] 0.0136 
o. 0.0175| 0.0168 O0.0154| 0.0148] 0.0139| 0.0133 
o. 0.0172| 0.0165 O.O0IS2| O.OIA46| 0.0137| 0.0131 
o. 0.0168) o.o16T O.0149| 0.0143] O.OI3S| 0.0129 
o. 0.0165, 0.0158 0.0146) 0.0141; 0.0132] 0.0127 
0.0161] 0.0155 0.0143| 0.0138{ 0.0130] 0.0125 
06,0158] 0.0152 0.0141] 0.0336} 0.0128) 0.0123 
0.0154) 0.0149 0.0138| 0.0133) o.ot26| o.ot2t 
0.0148 0.0133] 0.0129} 0.0122} 0.0117 


0.0143 1 0.0129| 0.0125] 0.0118} 0.0114 


* The capacity between conductors equals one-half the values given in this table. 
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25[-CYCLE. CAPACITY SUSCEPTANCE TO NEUTRAL* 
um SMOOTH ROUND WIRES 


Charging current in am peres per mile = (susceplance from (able) X (volts to neutral) X 10 * 


Micromhos per MILE of each wire of a single-phase or of a symmetrical 
c three-phase line 


Size of | Diam. Inches between wires, center to center 
| wire, | of wire, 
* ^ | AW.G. | inches 


MT 3 6 9 I2 18 24 30 
0x0 (| 04600 | 9.948 | 5.483 | 4.306 | 3.830 | 3.552 | 3 222 | 3.023 | 2.884 
LE 000 0.4096 | 9.115 | 5.241 | 4.158 | 3.714 | 3.451 | 3.139 | 2.949 | 2.817 
Pe 00 0.3648 | 8.430 | 5.024 | 4.020 | 3.602 | 3.356 | 3.059 | 2.878 | 2.752 
ei 0 0.3249 | 7.847 | 4.821 | 3.891 | 3.499 | 3.265 | 2.983 | 2.812 | 2.691 
ut I 0.2893 | 7.346 | 4.636 | 3.770 | 3.401 | 3.180 | 2.913 | 2.748 | 2.633 
a 2 | 0.2576 | 6.912 | 4.465 | 3.657 | 3.309 | 3.098 | 2.844 | 2.686 | 2.576 
v 4 | 0.2043 | 6.185 | 4.155 | 3.448 | 3.137 | 2.947 | 2.716 | 2.573 | 2.471 
Be 6 0.1620 | 5.602 | 3.888 | 3.263 | 2.982 | 2.811 | 2.600 | 2.468 | 2.375 
i 8 0.1285 | 5.125 | 3.654 | 3.096 | 2.842 | 2.686 | 2.493 | 2.372 | 2.286 
» IO 0.1019 | 4.722 | 3.447 | 2.946 | 2.715 | 2.572 | 2.394 | 2.283 | 2.203 
1 12 0.08081 | 4.378 | 3.261 | 2.809 | 2.598 | 2.466 | 2.303 | 2.199 | 2.126 
1 0.06408 | 4.083 | 3.095 | 2.685 | 2.492 | 2.371 | 2.218 | 2.122 | 2.053 
16 0.05082 | 3.824 | 2.944 | 2.570 | 2.393 | 2.281 | 2.140 | 2.050 | 1.986 
Size of Feet between wires, center to center 
wire, 
A.W.G. 
E 3 4 5 6 8 IO I5 20 as 
0000 2.719 | 2.630 | 2.525 | 2.444 | 2.328 | 2.245 | 2.108 | 2.020 | 1.957 
000 2.718 | 2.575 | 2.473 | 2.396 | 2.284 | 2.204 | 2.072 | 1.987 | 1.928 
00 2,057 | 2.520 | 2.424 | 2.350 | 2.242 | 2.165 | 2.038 | 1.956 | 1.896 
o 3.602 | 2.470 | 2.375 | 2.305 | 2.201 | 2.127 | 2.003 | 1.924 | 1.868 
I 2,547 | 2.419 | 2.330 | 2.262 | 2.162 | 2.089 | 1.972 | 1.895 | 1.840 
2 2.493 | 2.372 | 2.286 | 2.220 | 2.124 | 2.055 | 1.940 | 1.865 | 1.811 
4 2.396 | 2.283 | 2.203 | 2.141 | 2.052 | 1.987 | 1.879 | 1.810 | 1.760 
6 2.305 | 2.199 | 2.126 | 2.069 | 1.984 | 1.924 | 1.822 | 1.756 | 1.709 
8 2.220 | 2.122 | 2.053 | 2.000 | 1.928 | 1.865 | 1.769 | 1.708 | 1.662 
10 2.141 | 2.052 | 1.986 | 1.937 | 1.863 | 1.810 | 1.719 | £.66r | 1.618 
I2 2.067 | 1.984 | 1.923 | 1.876 | 1.807 | 1.756 | 1.672 | 1.617 | 1.576 


I4 2.000 | 1.g21 | 1.845 | 1.821 | 1.755 | 1.708 | 1.628 | 1.574 | 1.536 
16 | 1.935 | 1.862 | 1.808 | 1.767 | 1.705 | 1.661 | 1.584 | 1.535 | 1.498 


* The susceptance between wires equals one-half the values given in this table. 
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- 


25-CYCLE CAPACITY SUSCEPTANCE TO NEUTRAL” 
STANDARD STRANDS 


Charging current in amperes per mile = (susceptance from table) X (volts to neutral) X 10° 


Approximate micromhos per MILE of each conductor of a single-phase or of a 
symmetrical three-phase line 


: | 

Size of | Diam. of Inches between conductors, center to center 
cable, strand 

C.M.or | . di pug eae ee ee cC C TERI ee 
A.W.G. mouse I 3 6 9 12 18 24 | 30 
1,000,000 1.152 |... 8.70 | 6.01 | s.10| 4.62| 4.08 | 3.77| 3.55 
750,00; 0.998 | ..... 7.94 5.67 | 4.85 | 4.41 | 3.911! 3.63] 3.42 


Spoiooe 1 o.814 21.0 7.10 5.23 4.54 4.14 | 3.71 | 3.44| 3.27 


o 0.373 8.544 5.06 | 4.05 | 3.63 | 3.36| 3.08| 2.89| 2.76 
I 0.332 7.94| 4.85 | 3.90 | 3.52 | 3.28 | 3.00 | 2.83 | 2.70 
2| 0.292 7.38) 4.65 | 3.79 | 3.41 | 3.19 | 2.92 | 2.75 | 2.64 
4| 0.232 6.55| 4.32 | 3.57 | 3.22 | 3.03 | 2.78 | 2.04| 2.53 
6 0.184 5.90 4.02] 3.36! 3.06 | 2.89; 2.65 | 2.53 | 2.42 

Size of `. Feet between conductors, center to center 

cable, 

C.M. or 

A.W.G. 3 4 5 6 8 10 15 20 25 


——— | oo a | a | —————— eee 


* The susceptance between conductors equals one-half the values given in this table. 
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« ^ 6œCYCLE CAPACITY SUSCEPTANCE TO NEUTRAL * 
SMOOTH ROUND WIRES. 


Clerging current in Gin pores per mile = (susceptance from table) X (volts to neutral) X 106 


yr Micromhos per MILE of each wire of a single-phase or of a symmetrical 
three-phase line 


4 Size of | Diam. Inches between wires, center to center 
wire, [of wire, 
A.W.G. | inches 
6C 3 6 9 I2 18 24 30 
; 0000 0.4600 | 23.87 | 13.16 |10.33 | 9.191 | 8.524 | 7.732 | 7.253 | 6.922 
i 000 0.4096 | 21.87 | 12.58 | 9.979 | 8.912 | 8.283 | 7.532 | 7.076 | 6.760 
i 00 0.3648 | 20.23 | 12.06 | 9.647 | 8.645 | 8.053 | 7.340 | 6.907 | 6.605 
: o 0.3249 | 18.83 | 11.57 | 9.338 | 8.396 | 7.834 | 7.159 | 6.748 | 6.458 
: I 0.2893 | 17.63 | 11.13 | 9.048 | 8.162 | 7.630 | 6.990 | 6.594 | 6.319 
2 0.2576 | 16.59 | 10.71 | 8.777 | 7.940 | 7.434 | 6.824 | 6.447 | 6.183 
si 4 0.2043 | 14.84 | 9.972, 8.275 | 7.529 | 7.073 6.518 | 6.175 | 5.930 
: 6 0.1620 | 13.44 | 9.331} 7.830 | 7.155 | 6.745 | 6.239 | 5.923 | 5.700 
" 8 0.1285 | 12.30 | 8.769, 7.430 | 6.820 | 6.447 | 5.983 | 5.693 | 5.485 
" 10 0.1019 | 11.33 | 8.271] 7.069 | 6.515 | 6.171 | 5.745 | 5.478 | 5.286 
. 12 o.o8o8r | 10.51 | 7.827| 6.741 | 6.236 | 5.919 | 5.527 | 5.278 | 5.101 


a 14 {0.06408 | 9.798| 7.427| 6.443 | 5.979 | 5.689 | 5.323 | 5.093 | 4.927 
16 0.05082 | 9.176| 7.065| 6.168 | 5.742 | 5.474 | 5.135 | 4.920 | 4.765 


- 
Size of Feet between wires, center to.center 
z wire, 
i xd 4 5 6 8 IO 15 20 25 
0000 6.669 | 6.311 | 6.058 | 5.866 | 5.587 | 5.387. | 5.059 | 4.848 | 4.697 
000 6.522 | 6.179 | 5.934 | 5.749 | 5.482 | 5.289 | 4.973 | 4.769 | 4.626 
00 6.379 | 6.047 | 5.817 | 5.640 | 5.380 | 5.195 | 4.890 | 4.694 | 4.550 
9 6.243 | 5.926 | 5.700 | 5.53X | 5.282 | 5.105 | 4.807 | 4.618 | 4.483 
I 6.111 | 5.806 | 5.591 | 5.429 | 5.188 | 5.014 | 4.731 | 4.547 | 5.415 
2 5.983 | 5.693 | 5.485 | 5.327 | 5.097 | 4.931 | 4.656 | 4.475 | 4.347 
4 5.749 | 5.478 | 5.286 | 5.139 | 4.924 | 4.769 | 4.509 | 4.343 | 4.222 
6 5.531 | 5.278 | 5.101 | 4.965 | 4.762 | 4.618 | 4.373 | 4.215 | 4.102 
8 5.327 | 5.093 | 4.927 | 4.799 | 4-611 | 4.475 | 4.245 | 4.098 | 3.989 
10 5.139 | 4.924 | 4.765 | 4.648 | 4.471 | 4.343 | 4.124 | 3.985 | 3.883 
12 4.961 | 4.762 | 4.614 | 4.501 | 4.336 | 4.215 | 4.01% | 3.879 | 3.781 
14 4.799 | 4.611 | 4.475 | 4.369 | 4.211 | 4.098 | 3.906 | 3.778 | 3.686 
16 4.645 | 4.467 | 4.339 | 4.241 | 4.090 | 3.985 | 3.800 | 3.683 | 3.595 
Pd 


* The susceptance between wires equals one-half the values given in this table. 
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60-CYCLE CAPACITY SUSCEPTANCE TO NEUTRAL’ E opie 
STANDARD STRANDS 


Charging current in amperes per mile = (susceptance from table) X (volis to neutral) X10% 


Approximate micromhos per MILE of each conüuctor of a single-phase or of a 
symmetrical three-phase line 


inches between cables, center to center 


————— | cee | ee, | eee | omnes dO | meee | ee 


eses’ 


——— er d——— fe | ee | eee | —— 


* The susceptance between conductors equals one-half the values given in this table. 


MiP ya | 
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Single Round * Wire Parallel to the Ground. — Dimensions as in Fig. 
3. The dotted circle represents the "image" of the wire in the plane. The 
capacity of the actual condenser formed by the wire and the earth (assumed 
equivalent to an infinite conducting plane parallel to the 
wire) is the same as the capacity to neutral of the fictitious ~ +d» 


condenser formed by the wire and its image, the distance 


between the two wires of this fictitious condenser being 
D=2H. Hence using the approximate expressions, since 
the wire is practically always more than ro times its diameter 
above the other, the capacity between the wire and the earth is 


jc 


statfarads per centimeter 


2 loge i 
__ L354 X10? K 
lon, $E 
810 d 
8.8 73 . ; 
= six microfarads per mile. 
4 


logo ^7 Fig. 3. 

SYSTEMS OF THREE CONDUCTORS. — Three practical examples 
of an electrostatically independent system consisting of three conductors only 
are (1) three parallel overhead wires at a distance above the earth large com- 
pared to their distances apart, (2) two wires in a lead sheath and (3) two over- 
head wires and the earth. In the first case any one of the three wires may be 
considered as the conductor of reference; in the second case it is convenient 


microfarads per 1000 feet 


.. tochoose the sheath of the cable as the conductor of reference, whether grounded 


of not, and in the third case to choose the earth as the conductor of reference. 
The general equations (1) and (2) are applicable to either case. Designating 
the reference conductor as No. 3 instead of No. o, and the other two conductors 
as No. 1 and No. 2 respectively, the general equations may be written 
n = Aug + Árg, a= Bung + Pizvos, 
v = Ang +Ang, g2 = Bing + Bar, 


(5) 
qs — — (q+ g). l 


mo and ty indicate the potential drop from 1 to 3 and from 2 to 3 respectively. 
p Solving the first set of equations for qı and ge gives 


An An — Ax 
By = -———————; = Bi? = ———————. 
ü An An — A? TA Au Az — Arn? 5 AuAn — Ax? (sa) 


Possible Combinations of Three Conductors which may be used as a 


.. Condensér — “ Part Capacities.” — The following combinations are possible: 


No. 1 against t No. 2 with No. 3 insulated, , 

No. 2 against No. 3 with No. 1 insulated, 

No. 3 against No. 1 with No. 2 insulated, 

No. 1 against No. 2 and No. 3 connected together, 
No. 2 against No. 3 and No. 1 connected together, 
No. 3 against No. 1 and No. 2 connected together. 


* When the wire is at a height large compared with the linear dimensions of its cross- 
section these formulas also apply approximately to wires of any shape of cross-section 
provided d is taken equal to the perimeter of the cross-section divided by «. 

t By “against” is here meant that the source of e.m.f. is connected between the two 
conductors designated, e.g., in the fourth case No. x is charged positively say, and an 
equal and opposite charge divides between 2 and.3. 
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The capacities corresponding to these various combinations may be called 
“part capacities," and may be designated by subscripts thus: Ci = capacity of 
No. 1 against No. 2 with No. 3 insulated ( = normal capacity between 1 and 
2), Cis) = capacity of No. 1 against No. 2 and No. 3 connected together 
( = grounded capacity of No. 1), and so on for the others. The values of these 
part capacities can be deduced directly from equations (5), viz., 


I 
Cy = —————————— » = : 
12 (ray ET E Cic) = Bu | 
Cn, Crai) = Ba (6) 
Aw 
Csi = = Csa2) = — (Bu + Bz + 2 Br) 
An 


Three Overhead Parallel Wires, Effect of Earth Neglected. — Ar- 
rangement of wires and dimensions as in Fig. 4; distance apart of wires and 
diameters both in the same unit of length, but this unit 
may be either centimeters or inches. From equation 
(20c) in the article on Electricity and Magnetism, Prin- pa~ 
ciples of, the following closely approximate values of; 3 
the A's (accurate to within less than 0.1 per cent when 
the distance apart of the wires is greater than 10 diam- 
eters) may be deduced, taking K as unity, since the 


Fig. 4. 
dielectric in the case under consideration is air: * 
: 4 D? 4 Dz? 2 DisDa 
41221 » An= , = » (7) 
n= 2 loge“ J, n = 2 loge Jd; A1 = 2 loge j ( 


all in c.g.s. electrostatic units for a length of one centimeter.* 


From these relations the values of the coefficients B may be calculated for 
any arrangement of three parallel wires. 


Equilateral Triangle Arrangement. — A common arrangement of |: 


the three wires of a three-phase transmission line is to place.them so that their |. 
centers form the three vertices of an equilateral triangle. In this case Dn? i. 


Da = Di; = D, say; and if all three wires are of the same diameter dı = à 


D. 
d; — d, say, then An = A2 = 4 loge 2 and Ar = 2 loge T in c.g.s. electro- 


static units, and therefore, from equation (6) the normal capacity between any | 


two of the wires with the third wire insulated is 


Cn = p statfarads per centimeter, 
4 loge uL 
677 X 107? . l 
= E microfarads pez 1000 ft., 
logio ud 


which is the same as the capacity between two parallel wires by themselves 
see above. 


Equilateral Triangle Arrangement with Balanced Three-phase 


Voltages. — For sine-wave voltages between the wires equal in effective value to | : 


V and differing in phase by 120 degrees, the above equations for the charges and 


* To find the values of the B's in microfarads per roco feet directly from these values | 


a. 4%. -^hnnaoe ^5 loge to 126 logia. 
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charging currents give the following relations between the effective values of the 
voltages, charges and charging currents, for each of the three wires: 


Q = CoVo, I= 2m fCoVo - - 


where Vo = — = voltage to neutral, 


Co = 2 Ci? = capacity to neutral. 


When the C’s are in microfarads the charge Q is in microcoulombs and the 
charging current in micro-amperes. 

The charge on any particular wire is in phase with the voltage between that 
wire and the neutral (see Alternating Currenis) and the charging current for 
that wire is go degrees ahead of the voltage drop from that wire to the neutral. 
For the same voltage V between wires in a single-phase system as in a three- 
phase balanced system, the charging current per wire in a three-phase system 


with the equilateral triangle arrangement of wires is —- = 1.155 times the 


"T 3 
Charging current per wire in the single-phase system. 

For any other arrangement of wires and for an unbalanced three-phase sys- 
tem, the general equations (5) and the general formulas for An, 42 and Aj: 
given above must be used. 

Two-conductor Cable. — Arrangement of wires and dimensions as shown 
in Fig. 5. The sheath forms the conductor of reference and 
When designated as conductor No. 3, general equations (5), 
(5a) and (6) apply directly to this case also. For the sym- 
metrical arrangement of the wires shown in the figure, Au = 
An, whence, dropping the first subscript, 

Ay —4A» 
pe Ai? — Ag?’ cm Ai? — A2? 
Russell (Alternating Currents, Vol. 1) gives the following Fig. 5. 
values of Aj and Ae, assuming a dielectric filling the space 
between the wires and the sheath to have the same * specific inductive capacity 
throughout: 


2 D? — a? 2 D? + a? 
A\= K loge Dd” EP K loge 2 Da , (8) 


both in c.g.s. electrostatic units for a length of one centimeter. To reduce to 
practical units for a length of 1000 ft. change 2 loge to 136 logio. 


Normal Capacity of a Two-conductor Cable. — Substituting Rus- 
sell’s values for 41 and Ae in equation (6) gives 


3. 2 x 10 3K 
, as 
"Dp + a? ; 

Grounded nU of a Two-conductor Cable. — The capacity i in 
this case, from equations (6), is 


microfarads per 1000 ft. 
loge 7 ZEE . 


l A 
Cios) = Bu = Za As 


* This is seldom realized in practice, since the dielectric is made up of insulation, fillers 
end braids having different specific inductive capacities; see Wires and Cables, Insulated. 


OX 
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By substituting Russell’s values of the A’s an approximate value for this 
capacity may be obtained; it will be greater than the normal capacity Cu. 
Effect of the Earth on the Capacity of Two Overhead Wires. — As 
a fair approximation the earth may be considered as a conducting plane of in- 
finite extent and the wires as parallel to this plane. 
Such a combination is electrostatically equivalent to 
two wires and their two “images” at a distance be- 
low the earth equal to the distance of the actual 
wires above the earth, see Fig. 6. Let qi and qs 
represent the charges on the actual wires and gs 
the actual charge on the earth, and Viz and Va the 
potential differences between the two wires and the 
earth respectively (the p.d. between the two wires 
912 = ms — 9»3) ; equations (5), (5a) and (6) then apply 
to this case also. The values of the 4's in this case 

are (putting K = 1, since the dielectric is air) 
2 Dı 


2 Az = 2 loge B ds = aki di. 
di d» 
(9) 


all in c.g.s. electrostatic units per centimeter length. Em 
To find the values of the B's directly in micro- Fig. 6. 
farads for a length of 1000 feet change 2 loge to 136 log. 

Consider the special case where both wires are at the same height H, say, 
and both of the same diameter d; then from equation (9), putting D for the 
distance between their centers, 


Au = 2 loge 


Au = An = 2 loge t, Anr = 2 loge i (9a) 


where 


= “equivalent” distance apart. 


Then from equations (6) 
Cr = 


>D statfarads per centimeter. (10) 
loge —— 
4 loge d 


Comparing the formula for Ci» with that for two wires by themselves, equa- 
tion (4), it is evident that the effect of the earth in this case is to increase the 
capacity by an amount equal to the increase in capacity which would result 
from decreasing the distance between the wires from the actual distance D to 
the “equivalent” distance D'. For D small compared with the height H, which 
is usually the case, the equivalent distance D' is practically equal to D and the 
effect of the earth is therefore negligible. 

Effect of the Earth When One Wire is Grounded. — Let No. 2 be 
grounded. Consider the same case as in the preceding paragraph, i.e., both 
wires at the same height H and of the same diameter d. From equation (59) 


Au Ais 
= = C OE EIL = ————— L 
Bu = Bz 22Cn ( ae 3.) | By 2C12 ( Aas z) 


where Ca has the value given by equation (ro) and the 44's the values given 


1. fnaY The charge taken by conductor No. x is then Bur. the charge taken 
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by conductor Ne. 2 is Bw, and the charge taken by the earth (Bu + Bis), 
where 9 is the drop of potential from No. x to No. 2. 

Effect of the Earth When Middle or Neutral Point of the System 
is Grounded. — In this case v% = — vis, = t, where » = voltage to neutral. 
From equation (5) it is then evident that grounding the middle point of the 
system has no effect upon the charging current. 


SYSTEMS OF FOUR OR MORE CONDUCTORS. — The method of 
calculating the capacities for a three-conductor system, described in detail 
above, may be readily extended to a system of any number of circuits, inde- 
pendent or otherwise, made up of any number of conductors. 


Relations Between the A’s and B’s for a Four-conductor System. — 


E: For a four-conductor system the relations are as follows: put 


M = AuAndy+t 2 AnAiAn — (AnAsst + AnA? + AzA), 


then 
Ba Andy — Acs? Paces A12A33 — A13A 28 
u M ? 12 DEED RN , 
An Ags — Ais? ArAu — Anis 
B» = M , B = — M , (11) 
p, = Aude — Ant Bu - _ 44n- Aun 
R MC di M "jJ 


There are 32 part capacities in the general case of a four-conductor System 
but in cases of symmetry they reduce to a lesser number. 

Three-conductor Cable. — Arrangement and dimensions as shown in 
Fig. 7. The sheath forms the conductor of reference; let it be designated as 
conductor No. o. From symmetry An = Az = Ag = A, say, 
and Aw = Az = Ais = Ag, say. Equations (11) then reduce to 

Ai+ 42 
Bu = Bg = Bg = ——————————— 
Ne RS Aves As) Ai de 2:0) 
— As 

(41 —A2) (41 + 2 A2) 
and the capacity between any pair of wires is 
. Cun = $(Bi — Bj). | 

For sine-wave voltages equal in effective value and differing in phase by 120 


degrees, the effective value of the charging current per wire is then, from 
equation (3), 


= Bi, say, 


Di = Bos = By = = Bs, say, 


I = 2 wf(Bi— Ba) Vo = 2 (24 JCs) Vo, 


V . : 
Where Vo = Z , the voltage V being the p.d. between wires. This current 
3 


leads the voltage drop to neutral, Vo, by go degrees. 


Calculated Value Ci; for a Three-conductor Cable. — Russel (Alter- 
nating Currents, Vol. 1) gives the following approximate values for 4; and Ag, 
assuming the insulation fillers and braids to have the same specific inductive 
capacity (which is not usually the case), 


0.1360 X 1o? D? —1.33 a? 
A= E d logio| ———7——— 


Di )and 42 


0.0680 X19) (228 D* —1.78 gs 
K A Gap? (3.D1— 44) 
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in practical units for a length of rooo feet. Using these values the normal 
capacity between wires is 


.677 X 1073 K : 
Cu = SIS Eta isla microfarads per 1000 feet, 


\ / 3 D3 ~ 4 a} 
j (3 D?)3 — (4 a?)? 
That is, the capacity is the same as that of two parallel wires by themselves 
but at a distance pa between centers instead of the actual distance a. 


Effect of the Earth on the Capacity of Three Overhead Wires. — For 
any kind of arrangement, as shown in Fig. 8 (the dotted circles are the “images” 
of the actual wires), the general expressions for the A’s 


in c.g.s. electrostatic units * for a length of one centimeter 
are as follows: 


where 


D D» Dee 
An = 2 lop c. Am — 2 loge — . » Áz = 2 loge : in 
d 2 d3 
Dib Dic c 
A = l — iy A = ] > A TE * 
3 = 2 loge Du 13 = 2 loge E 23 = 2 loge Da 


The values of the B's may then be calculated from equation 
(11) and the charging currents from equation (3). For 
any numerical case the calculations are tedious, but not 
dificult. Ordinarily the formulas given above ‘neglecting 
the effect of the earth are sufficiently accurate for all 
practical purposes; compare with the effect of the earth 
on a two-wire line. M 
Electrostatic Induction From One Circuit to An- Fig. 8. 

other. — The general equations (1), (2) and (3) together 

with the method of calculation of the A’s given in the last paragraph make 
it possible to calculate the induced voltages from one line to another, e.g, the 
voltages induced from a high-tension line to a telephone line. The method 
is straightforward, but tedious. The discussion given above indicates how 


such a problem may be attacked; space is not available for a detailed discussion 
here. 


BIBLIOGRAPHY. — Russell, Alex., Alternating Currents, London, 1906; 
Ferguson, Elements of Electrical Transmission, N. Y., 1911; Perrine, Conductors 
for Electric Distribution, N. Y., 1907. 


* To find from these A's the values of the B's in microfarads per rooo feet change 
2 loge to 136 logie. 


[H. PENpER] 
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CAR BARNS AND INSPECTION SHEDS. — (See also Cars, Elec- 
tric; Locomotives, Electric; Railways.) In every electric railway system it is 
necessary to provide car barns and inspection sheds where the cars may be 
taken regularly for a systematic inspection. In some cases these barns are 
used for the storage of cars and in special cases are equipped as regular repair 
shops. Provision for inspection is necessary, provision for storage is optional, 
although it is customary to provide storage at least for those cars which are 
idle during the daytime. The expense of providing for the storage under cover 
of all the cars that are idle between midnight and 6 a.m. is of doubtful value, 
for the deterioration of the cars left in the open is likely to be less than the 
fixed charges on the increased capacity of the sheds. The extent to which 
repairs are made by the railway company differs according to the policy and 
size of the road, and thus the size of the repair shop varies considerably. 


Location. — The location of the car barn may be determined by several 
considerations. It may be located in the city on account of the convenience 
of the employees, the possibility of placing the general offices in the same build- 
ing, and on account of the fac@that the city service is an important part of the 
whole system. It may be located in the suburbs where real estate is cheap and 
ample space available. It may be located at a convenient point such as the 
center of gravity of the system, so that the dead mileage of the cars will be a 
minimum. Finally, it may be located adjacent to the power station, so that 
the repair shops of the two departments may be combined and thus become 
more efficient, 


Danger of Fire. — Wherever the car barn is located considerable attention 
should be given to the possibility of fire and it should be detached from all 
neighboring buildings, particularly those of a hazardous character, as the 
danger from fire in a car barn is very great. There should be available a suffi- 
dent supply of water for fire protection and the building should be equipped 
with automatic fire sprinklers. 


Lay-out Tracks, Inspection Pits, etc. — In arranging the scheme of tracks 
consideration is given to the convenience of getting cars in and out past cars 
undergoing repairs, and without interfering with the main-line traffic. It is 
also well to make provisions for getting all the cars out of the barn quickly in 
case of fire, and for this purpose the tracks are sometimes inclined towards the 
exits so that the cars will run out by gravity when the brakes are released. 
A transfer table on which a car may be run and transferred laterally to any track 
in the barn is sometimes provided, and to avoid wasting the space that the pit 
for such a table would occupy, the table is frequently operated on tracks at 
the same level as that of the main tracks. In this case the cars must mount a 
slight incline to get upon the table. A great many motors, particularly those 
used on city cars and single-truck cars, are of the split-frame type, which are in- 
spected by swinging the lower half of the frame downward. ‘To inspect these 
motors a pit is required of sufficient depth for a man to work comfortably un- 
demeath the cars, and with provision for illumination both general and by 
drop light. The illumination of a car barn should be both general and local. 
The general illumination should consist of incandescent lights suspended from 
Overhead between the tracks and spaced about a car length apart. These 
may be run five in series on the trolley circuit, although an ungrounded system 
is better. The intensity of illumination on the floor should be from 1 to 1.5 
foot-candles or lumens per square foot. Frequent sockets for drop lights 
must also be provided for many portions of the car equipment are in dark 
comers, 
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Repair Shops. — While some roads only ‘make very minor repairs to their 
cars others maintain very complete repair shops so that general recommenda- 
tions are difficult to make. Harding, in Electrical Railway Engineering, gives 
the following list of tools as desirable, named in order of importance: 


I screw-cutting lath, 14-inch swing. 1 automatic-power hack saw. 

I vertical drill press, 24 inches. 1 oven for baking insulation. 

1 tool-grinding wheel. 1 commutator slotting machine. 

1 armature stand for rewinding 1 wheel-turning lath. 
armatures. 1 hydraulic-wheel press. 

2 forges. 


BIBLIOGRAPHY. — Harding, C. F., Electric Ry. Engineering, N. Y., 1911; 
Numerous papers in the Electric Raikeay Journal, N. Y. 
(W. I. Suicarres.] 
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CABS, ELECTRIC. — (See also Control Systems for Railway Motors; Col- 
ledors, Current; Locomotives, Electric.) The cars used on electric railways have 
developed rapidly but gradually from the small two-axle car with one motor 
on the platform geared to the axle by a chain, to the large steel double-truck 
car now used in high-speed interurban service. Cars may be divided into 
two classes, viz., single-truck and double-truck. Each of these classes may be 
subdivided into types according as the cars are open or closed. 


SINGLE-TRUCK CARS have a seating capacity as high as 32 passengers. 


. Their characteristics are given in the accompanying table. 


Item Dimension 
Over-all length ...............eeeeeeseeess 28 to 31 ft. 
Rigid wheel base.................. eee 5 to 7 ft. 
Weight loaded and equipped............... I2 to 20 tons 
Maximum speed... .... ccc eee cece eee eeeee 25 m.p.h 
Maximum motor capacity, total........... 80 h.p. 


They are only used in city service with frequent stops and usually have a cylin- 
der-type controller at each end with hand brakes, although there are cases 
where these cars have been fitted with remote control and air brakes. 

Considerable attention is being given at present to the subject of equipping 
these cars so that during the hours of heavy traffic they may be run in trains of 
two, controlled by one motorman. ‘This causes less congestion in the streets 
for a given service and obviates the waste of operating throughout the day cars 
of large capacity designed to meet rush-hour conditions. 


DOUBLE-TRUCK CARS.— The double-truck type of car has an over-all 
length of from 30 to 70 feet, a seating capacity of from 32 to 70 passengers and a 
imum speed of from 40 to 7o m.p.h. One of these cars consists of a body 
mounted on two, four-wheel trucks. The car body under-frame is supported 
on à cross piece in the truck known as the bolster and is kept in position by a 
king-pin fitted into a king-pin center plate on the car body. The truck may 
swivel around this king-pin through quite an angle, guided by curved plates on 
each member. 

Construction of Trucks. — The truck consists of axles, carried in journal 
boxes in side frames, transoms which connect, the side frames, and the bolster 
Which is carried by the transoms by means of springs (either spiral or elliptical) 
and a spring plate swung from the transoms. Coil springs are inserted between 
the journals and the side frames. The bolster may be of the “rigid,” “float- 
ing” or "swinging" type depending upon the amount of play in the bolster. 
The rigid bolster is employed in locomotives only. 'The swinging bolster is 
most generally used for passenger cars, particularly in high-speed service, as 
it makes a much more easy riding construction. The three-axle truck is common 
in high-speed steam railroad practice, but the two-axle truck is generally used in 
electric railway practice as it allows more room for the motors. Four-wheel 
trucks are sometimes called “bogie” trucks or “‘swiveling” trucks to distinguish 
them from the “pony” or “radial” trucks having two wheels, which are used 
on steam locomotives. K 

Motor-car trucks have wheels of from 33 to 36 inches in diameter, and usually 
body they are intended to carry. The rigid wheel base is from 6 to 8. feet, 
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The problem of making a motor-driven truck guide properly is considerably more 
difficult than guiding the trucks of a car that is hauled, as there is a tendency 
for the motor-driven truck to get out of line and become cramped between the 
rails. On this account and on account of the weight of the motors, trucks for 
a motor car must be stronger and heavier than for a trailer car. 

Suspension of Motors. — The motors are usually hung between the axles 
on a single-truck car and between each axle and the transom on a double-truck 
car. In the "nose" suspension a lug is cast on the side of the motor frame 
away from the axle and this is attached to the transom with or without springs. 


The other side of the motor is carried by arms containing bearings which en- - 


circle the car axles. Thus about one-half of the weight of the motor is carried 
as a dead weight on the car axle, and the rest by the truck framing. In the 
“cradle” suspension both motors of a truck are carried by a cradle which is 
suspended from the car axles by springs. By this arrangement the entire weight 
of the motors is spring supported and carried by the axles, thus relieving the 
transom and side frames of the weight of the motors. 


Maximum Traction Truck. — This is a special form of bogie truck with two 
axles having wheels of different diameters. The equalizing arrangements 1n 
this truck are such that about three-quarters of the total weight comes on the 
main axle which has the larger wheels and carries the motor, and the balance 
comes on the other axle which has small wheels. This arrangement gives 4 
double-truck car with only two motors and yet provides that about three-quarters 
of the total weight shall be on driving axles, thus yielding ‘‘maximum traction. 
This type of truck is used on cars which are too long and heavy to use the two- 
axle rigid truck but which have such slow speed that only two motors are re- 
quired. It is not adapted to high-speed work. 


CAR BODIES may be classified as closed, convertibile, semi-convertible 
and open. rar 

Closed Cars.— The small closed type for city service is always of wood and 
has longitudinal seats. The general dimensions are given in the table below. 
Large closed cars with double trucks for interurban or rapid-transit service have 
both transverse and longitudinal seats, the proportion depending upon the pro- 
portion of long-haul traffic. The longitudinal seats give an arrangement per 
mitting convenience.of movement into and out of the car and allow more room 
for standing, but are not comfortable for long trips. ‘Transverse seats are more 
comfortable for a long trip and for a service employing a high rate of acceleration. 


Convertible Cars are constructed so that all the side panels of the body may 


be folded either up into the roof, or down to the floor leaving only the upright 


posts carrying the weight of the roof, thus converting a closed car into an open 
car at will. | 


Semi-convertible Cars. — A semi-convertible car, as its name implies, is 
arranged so that it may be partly opened in the summer time. It makes 4 


very good car for high-speed interurban service because it is not advisable to 
operate open cars in high-speed service. 


* Open Cars. usually have the transverse seats extending clear across the car. 


ccess is obtained by steps running the length of the car on each side. They 


may be of the single- or double-truck type. They provide the maximum seating 
capacity for a given weight. BE | 


Cars for Rapid Handling of Traffic. — In large cities where the service 


id 1 means must be provided to aid and direct the rapid loading 
: oading of cars. Ina rapid transit service having stations this is accom 
plished by placing doors in th | e 


i e 
: e.sides of the cars at the center and at or neat th 
ends, and requiring all naccancars eo 251. 1.1 — — 3.34 A Iaave by the 


da ae. 


* 
k 
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„~. center doors. Both center and end doors are operated by compressed air and 
"^" controlled by a guard at one end of the car. For street service the pre-payment 
SE or “pay as you enter” car is employed. This is built with extra long platforms 
7 ateachend. The passengers are required to deposit their fare in a box as they 
^* enter the car from the rear platform, where the conductor stands, and to leave 

by the front door and platform. ‘The rear platform is made roomy to take care 
cits of congestion while the conductor is making change. Cars of this type recently 
3x installed in Chicago and Philadelphia are arranged for both entrance and exit 
5i» of passengers at the front end, the conductor’s station also being at this end. 


d Construction of Car Bodies. — Most of the car bodies used on electric . 
?* railways are constructed of wood, but for underground roads or for roads operat- 
57 ing a high-class suburban service of multiple-unit trains the cars are preferably 
X“ constructed of steel to reduce the dangers from collision and fire. This con- 
2^ struction is demanded by consideration of safety but it is directly contrary to 
i the general tendency of the present day to reduce the weight of cars as much 
"as possible. The proportion of weight of car to weight of load is very high and 
it entails a considerable waste of energy to propel this dead weight. The weight 
j£ of car per passenger or seat capacity is a figure that should receive careful con- 
xx sideration and it should be kept at the minimum value compatible with strength 
ys: and safety. 


"^ DIMENSIONS AND WEIGHTS OF TYPICAL EQUIPMENTS. — 
~ There are indicated in the following table the principle data for electric cars 


ue which are being operated in various typical services. 
sz ` & 
Servic "i As = | Bly Hl. 
rvice 8 O6 Goa 2) 2) áj% bs 
eT L] a * N z 
yt alaj A 
n | Seating capacity 14] ‘24, 32| 32| 38) qo] s2| 64, 52 
«+ | Number of trucks I I I 2 2 2 2 2 2 
os Length over-all, ft. 22| 30 32) 41 38 40 50 60 49 
“| Length of body, ft. 16]  20| 21{ 28; 28| 29) 41) so} 38 
E . | Number of motors 2 21 2 2 2 4 2 2 4 
"| Hp. of each motor 40 40} 494 70 70|  5oj 200} 200 75 
| Weight of body, tb. 6,000] 9,530] 7,500] 15,800] 15,670] 19,200]34,300] 55,000) 35,110 
» Weight of trucks, 1b. 4,600| 4,800] 4,500|10,400,10,600|16,000|22,500|14,940|23,000 
"^ | Weight of electric equip- 
^ | ment, Ib. 5.990| 6,962| 7,062| 9,500| 8,350116,542|21,510|25,460|21,680 
Weight, total, lb. 16,590|21,292|19,062]35,700|34,620|51,742|78,310|95,400|79,790 
T Weightperpassenger,lb.| 1,185} 887| 594| r,rr8| 911| 1,293] r,506| 1,490] 1,534 
" | Weight of load, Ib. 2,240| 3,640| 4,760) 4,760| 5,600. 5,889| 7,560| 9,240| 7,560 


BIBLIOGRAPHY.— Burch, E. P., Electric Traction for Railway Trains, 

z N. Y., 19:2; Car Builders’ Dictionary, N. Y., 1913; Dawson, P., Electric Trac- 
tío» on Railways, N. Y., 1909; Electric Railway, Dictionary, N. Y., 1911; 
. Parshall and Hobart, Electric Railway Engineering. l 
l [W. I. SLICHTER.] 
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CASTINGS, IRON AND STEEL. — These are made by pouring the 
molten material into sand or iron molds of the desired shape and allowing it 
to cool. Sand molds are generally used, and are made by packing molding sand 
about a wooden pattern having the shape of the desired casting and somewhat 
larger dimensions to allow for the contraction of the metal in cooling. The te- 
moval of the pattern leaves a hollow in the sand of the shape of the object to 
be cast. In order to have sufficient consistency the sand should either contain 
some clay and be somewhat moist, giving a “green sand" mold, or it should be 
mixed with a binding material giving a “dry sand mold." 

Simple patterns may be made in one piece, but if the pattern be at all com- 
plicated it must be made in two or more pieces to permit withdrawal from the 
sand without disturbing the latter. 

Steel castings are more difficult to make than iron castings, as they are more 
porous; thin steel sections should be avoided for such castings, as the steel 
cools too rapidly when thin. 

In all castings sudden changes in the thickness of the metal should be 
avoided, as the unequal cooling of sections of different thicknesses causes tem- 
perature stresses and may crack the metal. This is particularly true in steel 
castings. 

Care should be exercised in designing castings to make them such that the 
patterns can be readily removed from the sand molds. 


Process of Making a Mold. — A wooden or fron box called a flask, con. 
sisting of sides only, is used in making the molds. This is divided into a 
bottom portion called the drag, and 
an upper portion called the cope; 
see Fig. 1. Intermediate portions, 
called checks, are used for compli- 


cated patterns. ES H T ; 
A hole is made through the cope Ee ii d x Cope 
to convey the metal to the mold. Flask{ KẸ umm. 


Molds made of “dry sand" should 

be baked in an oven before pouring. 

The surface of the meld is fre- 

quently coated with “blacking.” : 
If holes are to be made in the Fig. 1. 

casting they are formed by cores of hard-baked sand inserted after the pattern 

is removed and are held in place by studs of metal, called “ chaplets,” and by 
impressions in the mold made by projections on the pattern called “ prints.” 


Cost of Iron and Steel Castings. — The oost of an iron casting, exclusive 
of the pattern, depends somewhat upon the intricacy of the pattern; repre 
sentative costs in 1914 were for simple patterns of moderate size, 3 to 5 cents 
per pound; for large engine and dynamo castings 3 to 4.25 cents per pound; 
for small intricate castings 6 to 10 cents per pound. Malleable iron castings 
cost about 1o to 25 per cent more, and steel castings about 5o to roo per cent 
more. 


BIBLIOGRAPHY. — See bibliographies in the articles on Iron, Pig and 
Cast; Steel. 
[C. M. Srorrorn] 
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;m CELLS, STANDARD. — (See also Batteries, Primary; Electrochemistry, 
dit Principles of: Potentiometers.) The need of a standard of electromotive force 
jx; Was recognized in the early days of the electrical industry, and the Daniell 
xz cell (see Batteries, Primary) was largely used for this purpose. This cell is 
i! readily prepared from ordinary chemicals, and is still used to some extent as 
‘iz rough and ready standard. Such a cell, however, deteriorates quite rapidly, 
ag: and has therefore been supplanted, for all accurate measurements, by other 
yis cells which possess to a greater degree the necessary characteristics of. per- 

manence and reproducibility. There are at present two types of standard cells 
tx in general use, the Clark and the Weston cells. The latter is the more 
zz generally used at the present time. 


Pure Chemicals Required. — In order that the e.m.f. of any form of primary 
ati standard cell may accord with the stated value, great care must be exercised 
3 in the preparation of the materials, the processes for which have been carefully 

Worked out by Kahle and later by Wolff and Waters (Bull. Bureau of Standards, 
Jë 1907, Vol. 4, p. 1). 


CLARK CELL. —In Fig: 1 is shown the Kahle’s H-form of the Clark 
cell, which is one of the most satisfactory of the several forms in which the 
Clark cell is made. The container is of glass, 
^^ which is mounted in 4 metal case with insu- 
lated binding posts connected to the two plati- 
;2 num terminals. The saturated solution of zinc 
as sulphate forms the electrolyte, the paste of 
mercurous sulphate and zinc sulphate acts as 
a depolarizer, the mercury forms the positive 
w pole and the zinc the negative pole. Detail „Bete BEES  Bulphste 
[a directions for the preparation of the cell are | | adim) 
;j given in the Bulletin of the Bureau of Stand- 
^, ds 1907, Vol. 4, p. 1. 
^  Blectromotive Force of Clark Cell — ‘Fig. 1. Kohle's H-form of 
— The emf. of the Clark cell, as determined Clark Cell 


B at the time of the adoption of the international units (see Units, Practical 

a Etcivical), was given as 1.434 volts at 15° C. Subsequent investigations have 
shown that its true value is 1.4328 international volts at 15°C. At d other 
temperature P? C, its e.m.f. is 


RF Ez = 1.4328 [1 — 0.00077 (£ — 15)]. 


¢ The chief objections to the Clark cell.are its relatively high temperature 
l " coefficient and the length of time required for the e.m.f. to attain a constant 
'. Value after a change in the temperature of the cell. 

Carhart-Clark Cell,— To reduce the temperature coefficient and time 
v. lag of the saturated or “normal” Clark cell, Carhart devised 4 fornt of Clark 
„ý ll in which the ihe sulphate solution was just saturated at o? C. with no 
v  @xcess of crystals. The e.m.f. of this type of cell is approximately 


E = 1.440 [1 — 0.00039 (t — 15)]. 


i For accurate work, however, such cells must be calibrated, as the e.m.f. of 
individual cells may differ appreciably. 


" WESTON OR CADMIUM CELL. — In Fig. 2 is shown the construction 
of the “normal” Weston or cadmium cell. The container is of glass suitably 
mounted.in a case provided with binding posts to which the platinum wires are 
attached, This cell differs from the Clark cell chiefly in the use of cadmium 
amalgam and cadmium sulphate in place of the zinc amalgam and zinc sulphate 
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for the negative pole and electrolyte respectively. The particular advantage 
in the use of cadmium instead of zinc arises from the low temperature coeficient ~=": 
and small temperature lag thus obtainable. It also has 
a longer life and polarizes less rapidly than the Clark 
cell. 


Electromotive Force of Weston Normal Cell. — 
The e.m.f. at 20? C. of the Weston normal cell (the word 
normal designating that the cadmium sulphate solution 
is saturated) is 1.0830 international volts. At any other 
temperature ¢° C. its e.m.f. is l 

Et = 1.01830 — 10^*[40.6 (t — 20) + 0.95 (t ~ 20)? 
+ 0.001 (¢— 20)3]. 


(See Bulletin Bureau of Standards, 1909, Vol. 5, p. 309.) Fig. 2. Weston Cell 
The e.m.f.’s of normal cadmium cells as set up by 

various observers following the same specifications differ among each other by 
less than 1 part in 10,000. 


Weston Secondary Standard Cell. — The Weston Instrument Co. make 
a portable form of cadmium cell, which differs from the normal cadmium cell |... 
chiefly in that the cadmium sulphate solution is just saturated at 4^ C, and |..." 
therefore does not contain an excess of cadmium sulphate crystals at ordinary 
temperatures. This type of cell is to be used between the temperatures of 4 
and 40? C. The temperature coefficient is much smaller than that of the normal 
cell and is negligible for any ordinary measurements; each cell is accompanied 
by a certificate stating its e.m.f. The extreme variation among 145 cells of | 
this type was found to be 0.0009. volt. This is at present the best form of . | 
secondary standard cell, being remarkably permanent. The e.m.f. is approxi- 
mately 1.0186 international volts; the resistance, roughly, 200 ohms. 


PRECAUTION IN USING STANDARD CELLS.-—-No appreciable 
current can be taken from a standard cell without alteration of its e.m.f., due 
to polarization. It is found that the change is not permanent, for the cell 
gradually recovers its original e.m.f.; of course the cell is unreliable until the 
recovery is complete. Consequently standard cells should be used only where 
their e.m.f. is opposed to an equal p.d., as in connection with potentiometers. 
They should always be protected by a key, which is closed only momentarily, 
and for preliminary adjustments a high resistance, several thousand ohms at 
least, should be in series with the cell. When an approximate balance has 
been obtained this resistance should be cut out and the final balance then made. 


COSTS. — A normal Clark cell costs about $12, a normal cadmium cell $15, 
a portable Weston cell $15. 


BIBLIOGRAPHY. — Wolff and Waters, Bull. Bur. of Stand., 1907, Vol. 4, 
p. 1; Wolff, Bull. Bur. of Lid., 1909, Vol. 5, p. 309. 


fH. PENDER AND H. R. RANKEN.) 
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CEMENT. — (See also Concrete.) The cements used in engineering con- 
struction are Portland, natural and Puzzolan (or slag) cements. Of these 
+ Portland cement is the most reliable and should always be used in reinforced 
—P concrete construction. The processes of manufacture and general characteristics 
55. of these cements are given in the following paragraphs, the descriptions being 
-& copied from the report of the Joint Committee as published in Proc. Am. Soc. 
= CE, Feb. 1913. 


PORTLAND CEMENT. — This is the finely pulverized product resulting 
<, from the calcination to incipient fusion of an intimate mixture of properly pro- 
portioned argillaceous and calcareous materials. Portland cement should be 
4: used in reinforced concrete construction and in any other construction that will 
"^ be subject to shocks or vibrations or stresses other than direct compression. 


Specifications. — The following specifications are taken by permission from 
zz. the 1912 Year Book of the Am. Soc. Test. Mat. 


Specific Gravity. — The specific gravity of cement shall be not less 
ets than 3.10. Should the test of cement as received fall below this requirement, 
a second test may be made on a sample ignited at a low red heat. The loss in 
i Weight of the ignited cement shall not exceed 4 per cent. 


i Fineness. — Portland cement sball leave by weight a residue of not 
. More than 8 per cent on the No. roo, and not more than 25 per cent on the 
7^" No, 200 sieve. 


t Time of Setting. — It shall not develop initial set in less than 3o min- 

¿x Utes; and must develop hard set in not less.than one (1) hour, nor more than 
ten (10) hours. : 

: Tensile Strength. — The minimum requirements for tensile strength in 

„< pounds for briquettes r sq. in. in cross-section shall be as follows, and the 

cement shall show no retrogression in strength within the periods specified: 


One part 


a Neat cement, three 
: cement pun 
ard Ottawa 


24 hours in moist air. ..........lLee eee 
7 days (1 day in moist air, 6 days in water)...... 
28 days (1 day in moist air, 27 days in water). .... 


_ Constancy of Volume. — Pats of neat cement about 3 in. in diameter, 
} in. thick at the center, and tapering to a thin edge, shall be kept in moist air 
for a period of 24 hours. 

(d) A pat is then kept in air at normal temperature and observed at intervals 
lor at least 28 days. 

(6) Another pat is kept in water maintained as near 70° Fahr. as practicable, 
and observed at intervals for at least 28 days. 

(c) A third pat is exposed in any convenient way in an atmosphere of steam, 
above boiling water, in a loosely closed vessel for 5 hours. 

These pats, to pass the requirements satisfactorily, shall remain firm and 
hard, and show no signs of distortion, checking, cracking or disintegrating. 


NN 
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Sulphuric Acid and Magnesia. — The cement shall not contain more 
than 1.75 per cent of anhydrous sulphuric acid (SOs) nor more than 4 per cent 
of magnesia (MgO). 


NATURAL CEMENT. — This is the finely pulverized product resulting 
from the calcination of an argillaceous limestone at a temperature only sufficient 


to drive off the carbonic acid gas. Natural cement does not develop its strength kexu} 


as quickly, nor is it as uniform in composition, as Portland cement. Natural 
cement may be used in massive masonry where weight rather than strength is 


the essential feature. Where economy is the governing factor, a comparison [4:5 


may be made between the use of natural cement and a leaner mixture of Port- 
land cement that will develop the same strength. 


Specifications. — The following specifications are taken from the 1912 Year 
Book of the Am. Soc. Test. Mat. by permission. 


Fineness. — Natural cement shall leave by weight a residue of not more 
than xo per cent on the No. roo, and 30 per cent on the No. 200 sieve. 


Time of Setting. — It shall not develop initial set in less than 10 min., 
and shall not develop hard set in less than 30 min., or in more than 3 hours. 


Tensile Strength. — The minimum requirements for tensile strength 
in. pounds for briquettes 1 sq. in. in cross section shall be as follows, and the 
cement shall show no retrogression in strength within the periods specified: 


Qne part 

cement, three 

Age ee I saa 

ard Ottawa 
sand 
24 hours in moist air... . 2... eee eee 75 EUM 
4 days (1 day in moist air, 6 days in water)..... 150 50 
28 days (1 day in moist air, 27 days in water)..... 230 . 33 


Constancy of Volume. — Pats of neat cement about 3 in. in diameter, 
4 in. thick at the center, tapering to a thin edge, shall be kept in moist air fora 
period of 24 hours. 
(a) A pat is then kept in air at normal temperature. 
(b) Another is kept in water maintained as near 70° Fahr. as practicable. 


These pats are observed at intervals for at least 28 days, and, to pass the tests 
satisfactorily, should remain firm and hard and show no signs of distortion 
checking, cracking or disintegrating. 


PUZZOLAN OR SLAG CEMENT. — This is the finely pulverized product 
resulting from grinding a mechanical mixture of granulated basic blast-furnace 
slag and hydrated lime. Puzzolan cement is not nearly as strong, uniform nor 
reliable as Portland or natural cement, is not used extensively, and never in 


important work; it should be used only for foundation work underground where | 


it is not exposed to air or running water. 


COST. OF CEMENT. — As the cost of transportation is an: important item 
in the cost of cement, the market price depends largely, upon. the place of sale. 
Quotations. are given: in the first number each month of Engineering News. 
The following prices are from the issue of this paper for June 5, 1z9r3- 
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Portland cement at New York, $1.58 per bbl. in wood with 40 cents rebate on return 
i of barrel. 
-* Portland cement at Los Angeles, — $1.25 per bbl. in bulk at mill. 
Portland cement at Chicago, $1.05 per bbl. in bulk at mill. 
Portland cement at Boston, $1.72 per bbl. in wood with 40 cents rebate on return 
= of barrel. 
"t Portland cement at Boston, $1.42 per bbl. in paper (4 bags= 1 bbl.). 
no . Portland cement at Pittsburg, $1.58 per bbl. in bags, with 10 cents per bag rebate 
t on return, 


Natural cement at New York, $0.95 per bbl. 
Natural cement at Boston, $1.15 per bbl. 


BIBLIOGRAPHY. — See Bibliography in article on Concrete. 
[C. M. SPorronp.] 
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CHAINS AND CHAIN DRIVE. — Chains for hoisting and similar pur- 
poses may be made with straight open links, twisted links or with links with 
transverse studs to prevent the links from collapsing under heavy loads, These 
types of chains are known as straight-link chains, twisted chains and stud 
chains, respectively. The twisted chain is usually employed when the chain 
has to be wrapped around a smooth drum. Crane chains are straight-link 
chains carefully made to fit the corrugations of the winding drum. 

Chains for transmitting power are of various forms. The more common 
types are block chains, roller chains and various makes of "silent" chains. 
In all these chains the links are made of several pieces of metal, the longitudinal 
pieces being riveted, bolted or screwed to the end pieces or studs. In the block 
chain, an example of which is the ordinary bicycle chain, the end pieces are 
solid blocks of metal; in the roller chain the end pieces form studs which carry 
small rollers. With block or roller chains the power is transmitted from or to 
tbe sprocket directly by the studs or rollers, whereas in the various types of 
* silent" chains, e.g., the Morse and Renold chains, the longitudinal pieces of 
the links are provided with lugs or fingers which mesh with the teeth of the 
sprocket wheel and thus pull it around. 

Link belts are essentially power transmitting chains made by mounting a 
number of single chains side by side, so that they all move as a unit. Link 
belts are used both for power transmission and for belt conveyors. 


DATA ON ORDINARY CHAINS (Penn. R.R. Specifications, 1903) 


Nominal Maximum | Weight Break- 
diameter Description length of per shite ing = 
of wire, p 100 links, foot, d ’ weight, 2 
inches inches Ib. : Ib. i 
682 Twisted.................. 10348 0.20 eee. Sete ere 
346 Twisted...............L.. 96% 0:38. haesen | vee i 
84g Perfection twisted........ 15114 O27 Iarrais | 
144 "|Straight-link............. 102 0.70 1,600 3,200 
646 Straight-link............. II494 I.IO 2,500 5,000 = 
% Straight-link............. 114% 1.60 3,600 7,200 ^I 
38 Crane chain.............. 11356 1.60 4,140 8,280 x 
"Áo Straight-link............. 12744 2.07 4,900 9,800 
As Crane. cores ce abb eds 12614 2.07 5,635 11,270 
Wy Straight-link............. 153 2.50 6,400 12,800 
Yo Cranes ceo es reb bu ISI} 2.60 7,360 14,120 
56 Straight-link............. 17814 4.08 10,000 20,000 
56 CYANe co o eee tud e ta 176% 4.18 11,500 23,000 
94 Straight-link............. 204 5.65 14,400 28,800 
94 Crane cio sv awe quc 202 5.75 16,560 33,120 
76 Crane....... eee eere 25214 7.70 . 22,540 45,080 
I Cranes Dei Eire die Pres 27194 9.80 29,440 | 58,880 
I Straight-link............. 2801% 9.80 25,600 | 51,200 
1% Crane. oes erret ead 303 12.65 38,260 | 76,520 
14 CIS o riis ise esq 35342 15.50 46,000 | 92,000 . 
15 Crates seksi 41656 22.50 66,240 | 132,480 
1384 Crane... eis eS 479% 30.00 90,160 180,320 


2 Crane ns oho bo ERR 555% 39.00 | 117,760 | 235,520 


—— — —— 5 TUS $oom IE TUUS 


* large amounts of power at low speeds, y, Tag 
z not seriously affected by moisture, oil |- 5% 1,200. 
or grease, no stretch, and for short 34 4,000 
_ transmissions greater efficiency than 1 6.608 
^ leather, rubber or fiber belting. Roller "m 9000 
” chains should not as a rule be run at "m EAM 
speeds of over 1000 feet per minute, 134 30:000 
, d block chains not over 700 feet per 5 36 oc 
— minute, i 
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SIZE, PITCH, STRENGTH AND WEIGHT OF CHAINS. — The size 


=; ofan ordinary chain in which the links are made of wire or rods is specified by 


the diameter of the wire or rod. The pitch of a chain is the distance between 
the centers of successive links, usually expressed in inches. The proof test 
of a chain is the specified load it must carry without deformation, and is usually 
taken as one-half the breaking load. The ordinary safe load is usually taken as 
about two-thirds of the proof test, or one-third the breaking load. 


The safe working load is dependent STRENGTH OF ROLLER AND 


on the amount of rivet-bearing sur- BLOCK “DIAMOND” CHAINS 
facé, speed, size of sprockets, etc., and Se oe e ree 


ranges from 4% to 14o of the tensile 3 
strength. Pitch, Tensile strength, pounds 


CHAIN DRIVE.— The advan- | inches 
tags of chain drive are positive 
speed ratio, capability of transmitting 


Roller Block 


Wherever possible, the distance be- ——————————— — — —— ——— 
tween centers of shafts should permit of ad justment in order to regulate the 
sag.of the chain. A chain should be adjusted, in proportion to its length, to 
show slack when running, care being taken to have it neither too tight nor too 
loose, as either condition is destructive. 

The principal cause of trouble within the chain itself is elongation. It is 
the result of stretch of material or natural wear. Sudden jars or jolts beyond 
the limit of elasticity of the material will quickly render the chain useless. If 
for any reason a link elongates unduly it should be replaced at once, as one 
elongated link will eventually ruin the entire chain. . 

To minimize wear, chains should be kept well greased and protected from 
mud and grit, cleaned often, and when replaced put back so that they run in 
the same direction and same side up. A new chain should never be applied 
to a much-worn sprocket. 


Sprockets. — Properly proportioned and machined sprockets are essential 
to successful chain gearing. For block chain these are obtained as follows: 

Sprockets should be gauged to discover thick teeth and inaccurate diameters. 
A poor chain may operate on a good sprocket, but a bad sprocket will ruin a 
good chain. Sprockets of 12 to 60 teeth give best results. Fewer may be 
used, but cause undue elongation in the chain, wear the sprockets and consume 
too much power. Eight-tooth sprockets ruin almost every roller chain applied 
to them, and ten and eleven teeth are fitted only for medium and slow speeds 
with other conditions unusually favorable. 


BIBLIOGRAPHY. — Michel, A. E., Roller Chain and Sprocket. Drives, 
Machinery, Feb., 1905; Emerson, H., Amer. Machk., April, 1909; Myers, C. C., 
Amer. Mach., (abstracted in Kent’s M echanical Engineers Pocket-Book). See 
also circulars of Bradlee & Co., Phila., Link Belt Co., Phila., Yale and Towne 
Mig. Co., N. Y., and other manufacturers. See also the works on Machine 
Design listed i in the Bibliography a at end of article on Bearings. 

[Wm. KENT] 
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CHIMNEYS. — (See also Draft, Mechanical. A chimney serves asa means |^ 
for establishing a sufficient draft through a furnace to produce the combustion |^ ^ 
of the fuel. The amount of air required per hour depends upon the quantity |^ 
of fuel burned per hour and the quality of fuel. The amount actually used | ~ 
depends also on the manner of firing, or the judgment and skill of the fireman. 

The force required to produce this draft in turn depends upon the quality of the 
fuel, the method of firing, the thickness of the fuel bed, the design of the furnace, 
the length and cross section of the gas passages, the height and cross section of 
the chimney, the location of the chimney with respect to neighboring buildings 
and hills, and the direction and velocity of the wind which may be blowing. 
The force available for producing the draft depends upon the height and cross | 
section of the chimney and the difference in temperature of the hot gases in the |: 
chimney and the cold air outside. On account of the number of these variables [5 
and their great range of variation from time to time, it is practically impossible E=: 
to deduce a rational formula for the size of the chimney required for the com- [x 
bustion of fuel at a given rate. The following approximate method for deter- psi 
mining the height and cross section of a chimney, however, has been found (iix: 
satisfactory in practice. The formula connecting the height, cross section and iz: 
rate of fuel consumption is an empirical one, deduced by the author from [-— 
numerous actual cases, and first published in 1884. It has been extensively 
employed with satisfactory results by numerous engineers since that time. 


INTENSITY OF DRAFT AND HEIGHT. — The difference in weight 
between the hot gases inside the chimney and the weight of an equal column of | 
the external air is the cause of the draft produced by the chimney. The pres- , . 
sure due to this difference is called the "intensity" of the draft and is usually . 
measured in inches of water column required to balance it. The measurement 
is made by a draft gauge, usually a U-tube partly filled with water, one leg 
connected by a pipe to the interior of the flue between the boiler and chimney 
and the other open to the external air. For finer and more accurate readings 
some form of multiplying gauge is used. 

Let & be the average temperature of the chimney gases, és the temperature 
of the external air, both in degrees Fahrenheit, and let H be the height of the 
chimney in feet. Then the total intensity of draft produced by the chimney, 
expressed in inches of water column for normal atmospheric pressure, is 


Fell ( 7:64 — "8.00 i 
460 4- b 460+ fi 
For an atmospheric pressure of P inches of mercury, multiply the left-hand side. | 
P 
by v 
The intensity of the draft and consequently the velocity and the volume of 
the hot gases will of course be greater the greater the temperature of the hot | 
gases, but as the temperature increases the volume of a given weight incteases, 
that is, their density decreases. When the temperature of the gases exceeds 
a certain value the increase in the velocity due to a further increase of temper- 
ature will be more than offset by the decrease in density. According to Rankine 
the temperature corresponding to the maximum value of the product of volume 
and density, that is the maximum weight of gases discharged, is, under ordinary 
conditions, 600° F., when the external temperature is 60°, Hence the total 
intensity of draft Fo corresponding to maximum weight of discharged gases may 
be found approximately by substituting 600 in the above formula for h, and 


6o for fz. The formula then reduces to Fe = 0.007 A. 
The actual intensity of the draft is usually less than that calculated from the 


Chimneys 215 


temperature taken at the bottom of the chimney, on account of the cooling 
of the gases as they ascend in the chimney and other causes. Taking the reduc- 
tion at 20 per cent the formula expressing the relation of intensity of draft to 
height of chimney becomes F4 = 0.0057 H on the assumption of a temperature 
of 600° at the bottom of the chimney. 


MINIMUM HEIGHT. — Hence when the intensity of: the draft necessary 
to produce the necessary current of air through the breeching, boiler and furnace 
is known, the minimum height of chimney which will produce this draft is 


H = 175 Fy feet, 


where F'n is the net intensity of draft in inches of water required. 

The net intensity of draft required depends upon the resistance of the gas 
passages between the ash pit and base of stack. Gebhardt gives the following 
approximate rules, which, however, should be used only as a very rough guide, 
since the loss of draft in the various parts of the gas passages depends upon the 
Size and shape of these passages, the velocity of the gases, etc. 

Loss of draft in breeching: o.r inch of water column per roo feet of flue. 

Loss of draft in breeching: 0.05 inch for each right angle bend. 

Loss of draft in boiler: 0.2 to o.4 inch, depending upon type of boiler. 

Loss of draft in furnace: ] depends upon the kind of coal, the kind of grate, 
the caking, the clinker, the thickness of the bed of coal and the area of the 
grate. The loss of draft is greatest with small anthracite coal (No. 3 Buck- 
wheat) and least for high-grade bituminous coal. The following table, from 
curves published by the Stirling Co., gives roughly the loss-of draft in the furnace 
which may be expected under average conditions. 


APPROXIMATE LOSS OF DRAFT BETWEEN ASH PIT AND 
FURNACE, INCHES OF WATER 


Lb. of coal per sq. ft. grate 
surface per hour 


No. 3 buckwheat 
No. 1 buckwheat 


0.9 
Semi-bituminous (run of mine) : À ; 0.4 
Bituminous: (slack). , à ; , 0.3 
Bituminous (run of mine) .| o. 0.08 | 0.10 | 0.15 | 0.2 


Example: Find the minimum height of chimney for a boiler burning 30 pounds 
of bituminous run-of-mine per hour. per square foot of grate surface, the flue 
being roo feet long with two right angle bends 


F,=0.1+ 2X 0.05 + 0.4+0.2 = 0.8, 
assuming a loss of 0.4 inch in the boiler’ 
H = 170 X 0.8 = 136 feet. 


In any particular case the loss of draft in the various parts of the gas passages 
may differ considerably: from the figures given above; and consequently the 
height’ of chimney calculated on the above assumptions should: be looked: upon 
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merely as a rough approximation. The final design of the chimney should be ud 

left to an engineer of experience in this kind of work. HA: 
According to C. L. Hubbard (Am. Elec., Mar., 1904), the following heights 

have been found to give good results in plants of moderate size (500 horse-power 


or less), with sufficient draft to force the boilers 20 to 3o per cent above their 


rating: 
With free-burning bituminous.............. eese eee eene ran 75 feet 
With anthracite of medium aad large size..................... eese 100 feet 
With slow-burning bituminous .............. cece cece ene hee 120 feet 
With anvneacite ped oos coco ais cL MI s E 130 feet 
With anthracite buckwheat... dices ss acre peLoc er elie cs 150 feet 
With anthracite slaele: i6 44s ose ey coy det Seiwa oe e x UniP Us 175 feet 


For plants of 700 or 800 horse-power or over, the chimney should not be less 
than 150 feet high regardless of the kind of coal used. It is evident that the 
figures in the above table are subject to wide variations with different qualities 
of coal as regards caking and non-caking, clinkering and non-clinkering, etc., 
with different proportions of grate to heating surface and with different kinds 
of grates and furnaces. 

On account of the elimination of the grate in oil-burning boilers and the in- 
jection of oil under pressure the height of a chimney for an oil-burning boiler 
is less than for a coal-burning boiler of the same capacity. According to Geb- 
hardt a height of from 80 to 90 feet is sufficient to force oil-burning boilers to 
50 per cent above their rating. In large oil-burning plants, however, the 
chimney is usually designed on the coal-burning basis, in order to permit the 
use of coal should this subsequently prove desirable. 


CROSS SECTION OF CHIMNEY. — When the height of the chimney 
has been decided upon, the proper cross section may be determined as follows: 
Let 


C = pounds of coal to be burned per hour, 

H = height of chimney in feet, is 
A = internal cross section of chimney in square feet, 
D = internal diameter of chimney, if round, in inches, 
S = side, internal, of chimney, if square, in inches, 

E = “effective” internal cross section in square feet, 
P = total rated boiler horse-power. 


Then 
3C 


E VH D= 13.54 V E 4, S- 12 VE4 4, 


A = 0.0546 D? = DE. 
144 


Allowing 5 pounds of coal per rated boiler horse-power per hour the formula for 
E may be written 


3P 
E= . 
10V H 


Five pounds of coal per boiler horse-power per hour is a liberal allowance 
to cover tbe contingencies of poor coal being used, and of the boilers being 
driven beyond their rated capacity. In large plants with economical boilers, 
good fuel and other favorable conditions, the maximum rate of coal con- 
“mention will be considerably less than « pounds (see Boiler. Calling R 
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. themaximum rate of coal consumption in pounds per hour per rated boiler horse- 
power, the formula for E may be written : 

as ` RP 

Ws E= 3 er 

2 50 VH 


- STABILITY — THICKNESS OF WALLS. — All chimneys of any con- 
s ‘siderable size should consist of an outer stack of sufficient strength to give 
4; Stability to the structure, and an inner stack or core, independent of the outer 
4; One, to protect the latter from the high temperature of the hot gases. This 
«s Core sometimes extends up to a height of but 5o or 60 feet above the base of the 
-, Chimney, but better practice is to extend it the full height or to 100 to 120 feet 
in chimneys over 120 feet high. The core is usually constructed of fire brick; 
ivr the outer stack may be built of common brick or radial brick (the Custodis 
zi chimney is an example of the latter) or of steel or of reinforced concrete. To 
=z determine whether a chimney is stable, treat it as a cantilever loaded through- 
-zi outits length with a load equal to the total pressure (see Elasticity and Strength; 
ici Wind Pressure); at no section of the chimney should the stress in the walls 
exceed the safe working stress for the mat'rial of which it is constructed. 


7 Brick Chimneys. — A general rule for diameter of base of brick chimneys, 
approved by many years of practice in England and the United States, is to 
^. make the diameter of the base one-tenth of the height. If the chimney is 
Square or rectangular, make the diameter of the inscribed circle of the base one- 
tenth of the height. The "batter" or taper of a chimney should be from 34s ta 
"* Minchtothefooton each side. The brickwork should be one brick (8 or 9 inches) 

thick for the first 25 feet from the top, increasing Y2 brick (4 or 4% inches) for 
hi? each 25 feet from the top downwards. If the inside diameter exceeds 5 feet, 
isli the top length should be 144 bricks and if under 3 feet, it may be 1% brick for 
10 feet. 


Reinforced Concrete Chimneys began to come into extensive use in this 
country in rgor and several hundred of them are now in use. Reinforced 
concrete chimneys built by the Weber Co., of Chicago, consist of two parts, 
the lower double shell and the single shell above. The inside shell is usually 
4 inches thick, while the thickness of the outside shell depends upon the height 
and varies from 6 to 12 inches. The single shell is from 4 to 10 inches thick. 
The height of the double shell depends upon the height of the chimney, nature 
and temperature of the gases, etc. The bending forces caused by wind pressure 
are taken up by vertical steel reinforcement; the resistance of the concrete 
itself against tension is not considered in calculation. 


Steel Chimneys are largely used, especially for tall chimneys of iron-works, 
from 150 to 300 feet in height. The advantages claimed are: greater strength 
and safety; smaller space required; smaller cost, by 30 to 5o per cent, as com- 

. Pared with brick chimneys; avoidance of infiltration of air and consequent 
7^ checking of the draft, common in brick chimneys. They are usually made 
cylindrical in shape, with a wide-curved flare for zo to 25 feet at the bottom. 
A heavy cast-iron base-plate is provided, to which the chimney is riveted, and 
the plate is secured to a massive foundation by holding-down bolts. No guys 

are used. 


Sheet-iron Smokestacks are relatively cheap in first cost, but depreciate 
< Tapidly. A heavy foundation is not necessary, but the stack may be supported 
I* directly on the boiler breeching. The stacks are not self-supporting but must 
be held upright by guy wires. 


P. 
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WEIGHT OF SHEET-IRON SMOKESTACKS PER FOOT (Porter Mig. Co) ds ie 
MAb: 
1 | 
T 


essee } tt 4119 


FOUNDATIONS. — Chimney foundations are as a rule constructed of con- 
crete except where the nature of the soil necessitates the use of piles or a grillage | 
of timber or steel. (For the bearing ffbwer of various soils see section on Founds- 
tions in article on Power Stations.) For masonry chimneys the foundation is 
designed to give the necessary support for the shaft without particular reference |==. 
to its weight and shape. In steel and reinforced concrete chimneys the weight [> 
and shape of the foundation are important factors in securing the proper stability 
of the chimney, since the shaft is usually securely fastened to the foundation |». 
and the two form practically one mass, "is 


SIZES OF FOUNDATIONS FOR HALF-LINED STEEL CHIMNEYS 
(Selected from circular of Phila. Engineering Works.) 


Diameter, clear, feet.......... 3 4 5 6 1 9 | x 
Height, feet. .............uuu. 1a0 100 150 150 | 150 | 190] 15 
Least diam. foundation, ft. and 

Ties ease xe eR Eum s | 15-9 16—4 20-4 | ar-10 | 22-7 |23-8| 24-8 
Least depth foundation, feet... 6 6 9 8 9 Io | Io 
Height, feet. .................] 20... X25 200 200 250 | 275 | 39 
Least diam. foundation, ft. and 

ll pates Boece hed quce] raras 18-5 | 23-8 | a5 | 29-8 |336| # 
Least depth foundation, feet...) ..... 7 Io IO 12 2 | H 


BREECHING. — The area of the flue or breeching leading from the boilers 
to the stack is usually made 20 per cent greater than that of the stack. When 
several boilers discharge into the same flue its section may be tapered and pro- 
portioned to the number of boilers. When two flues enter the stack on opposite 
sides at the same level a diaphragm is inserted between the two openings. 


COSTS. — The cost of chimneys in large power stations ranges from $1.94 
to $2.50 per rated boiler horse-power. Christie (Chimney Design and Theory) 
gives the following costs of chimneys 150 feet high and 8 feet internal diameter. 


Common red Bricks cic abe te bre e EM C a De tes beds $8500 
Radial brick iode ste rer Vinny hasie orev rected os at wos Duca deed bud 6800 
Steel, self-supporting, full lined... 0.0... ccc ccc ccc cece ees $300 
Steel, self-supporting, halflined..........0.000 LLL (isole sese 790 
Steel, self-supporting, unlined... 2.0.2... cece Gaa 5800 


Grael. eu ved. ccc cc cee ee we are RR | RA cee NALLLQ 22122022 22,2 3808 
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" The following approximate cost of radial brick chimneys (adapted from 
~ Gebhardt, Steam Power Plant Engineering) will serve to indicate the vari- 


— 


. ation in cost with height and diameter: 


COST OF RADIAL BRICK CHIMNEYS 


Height in feet 


ecc» — | «ove 


eevee F 5994929 


"  Sheet-iron smokestacks cost from 3.5 to 6.5 cents per pound, the higher unit 
-price referring to the smaller sizes. 

Brick and concrete stacks involve little expense for maintenance, 2 per cent 
being a liberal allowance for both maintenance and depreciation. Steel and 
sheet-iron stacks require occasional painting to prevent excessive corrosion. 


BIBLIOGRAPHY. — Gebhardt, G. F., Steam Power Plant Engineering, 
i N. Y., 1909; Christie, W. W., Chimney Design and Theory, N. Y., 1899; Kent's 
— Mechanical Engineers’ Pocket-Book, N. Y.; Kent, Wm., Steam Boiler Economy, 
_ N.Y. Latta, N., American Gas Producer Practice, N. Y., 1910. 
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CIRCUIT BREAKERS. — (See als 
Switchgear Equipment for Power Sta 
an electric citcuit which is normally held closed by the action of a latch toggle 
or similar mechanism. This tendency to open is the feature that usually dis- 
tinguishes a circuit breaker from a switch, as the latter, although used to open 
electric circuits, is without any | 


in the closed position. This distinction between switches and circuit breakers 
is not always followed, as circuit breakers which open in oil are frequently 
spoken of as “oil switches. ” 


TYPES OF CIRCUIT BREAKERS. — When a circuit breaker auto- : 


matically opens the circuit as the result of certain abnormal conditions, such as 
overload, the circuit breaker is said to be “automatic,” but if the breaker docs 
not open unless tripped by the attendant it is spoken of as “non-automatic.” 
An automatic breaker usually can be released by hand also. A breaker designed 
to be closed directly by the operator is spoken of as "direct controlled," while 
a breaker mounted at a distance is “remote controlled," The latter can be 
“hand operated" if worked through a system of bell cranks, levers or similar 
devices; “electrically operated” if worked by motor or solenoid; or "pneu 
matically operated” if controlled by compressed air. 

Small circuit breakers, particularly of low voltage, are usually direct controlled, 
and large-capacity high-voltage breakers are usually remote controlled, some 
auxiliary source of power being employed. For such distant-controlled breakers 


automatic operation is secured through relays (see Relays). Relays are also 
frequently used with direct-controlled breakers. 


Underload, Over-voltage, Under-voltage and Reverse Current 
Breakers. — The principal demand for circuit breakers is to have them open 
the circuit when the current reaches -a certain predetermined value, and 
breakers are designed with this end in view. They are also built for under- 
load conditions to open on minimum current, for over-voltage to open when 
the voltage exceeds a certain amount, for under-voltage to open when the volt- 
age falls below a certain minimum value, for reversal when the current flows 
in the opposite direction through the breaker from that which was intended. It 
is, of coursc, possible to combine these various features of overload, underload, 
reversal, etc., in one and the same breaker. (See Relays.) 


PRINCIPLE OF OPERATION. — The opening of a circuit breaker is 
usually secured by the releasing of a latch or the upsetting of a toggle joint that 
keeps the breaker closed. Various schemes have been adopted to secure the 
adjustment or “calibration”’ of the overload tripping device, so that it may be 


made to operate within reasonably wide limits, usually 80 to 160 per cent of the 
normal rating. 


Breakers Opening in Air. — Fig. 1 shows the general arrangement of the 
magnetic circuit of a typical carbon-break circuit breaker, arranged for hand or 
solenoid operation, as used on heavy-capacity d-c. and low-voltage a-c. circuits. 
The current passes in at one stud across the contact brush and back through the 
other stud, thus forming a loop or turn in the electric circuit. A U-shaped iron 
frame is placed around the lower stud and the movable armature completes the 
magnetic circuit. 

The current passing through the breaker magnetizes the iron circuit and tends 
to lift the movable armature. Ata certain predetermined current the attraction 
overcomes the force of gravity, and the raising of the moving arm opens the 
latch or upsets the toggle which holds the breaker closed. 


Two methods of securing the necessary range or calibration can be employed, 
ane by varying the air gap between the statianarv and maino tran and the 
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lions.) A circuit breaker is a device to open 


atch or similar device and hence will remain ` 
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. other by giving the electromagnet more work to do by increasing the weight to 


be lifted. This latter method can employ either additional weights at a fixed 


dii 3unqs 


pioue[og urso 


Fig. 1. Carbon-break Circuit Breaker 


Bras from the fulcrum, or a fixed weight at a variable distance from the 
crum. 

For small currents the electrical circuit is carried more than once around the 
iron circuit, which results in a solenoid design with a movable plunger. With 
this scheme the tripping range is secured by adding weights to the solenoid or 
varying the air gap. | : 

Oil Circuit Breakers (Figs. 2 to 6). — With high-voltage oil circuit breakers 
the tripping coil is usually a solenoid of a fairly large number of turns, which is 
connected in series with the main circuit or serves as the secondary of a current 
transformer whose primary is connected in the high-tension circuit. For poly- 
phase circuits two or more tripping coils are used. ° 


DESIGN. — For different classes of service various types of circuit breakers 


are used, and the functions of these types overlap more or less. The following 


table gives the approximate values of the maximum normal current and voltage 
for which these various types are used at present. 

In connection with the carbon-break circuit breaker 24,000 amperes is the 
largest size in actual service, but larger breakers could be built if desired. 2400 
volts is the maximum d-c. voltage at present used for railway service in America, 
but carbon breakers can be built for higher d-c. voltages if desired; they have 
been used up to 22,000 volts for a-c. service. 

The fuse type has not been built for more than roo amperes or 66,000 volts, 
but could be made for higher voltages if desired. 


Circuit Breakers 


Maximum 
Type current, Maximum 
amperes voltage 
ee E 

Carbon break.................... 24,000 2,400 
Fusetype. ine once, 100 66,000 
Magnetic blow-out............... 10,000 750 
Oil break. sos boss eves coe yi 4,000 150,000 


a ENSE; 
The magnetic blow-out type has been built in capacities up to 10, 

for d-c. railway service, 

the carbon break. 


The oil-break type is in service for capacities up to 4000 amperes and for volt- 
ages up to 150,000, but designs have been made for larger currents and higher 
voltages and these can be supplied to meet whatever demand may exist. 


Air-break Carbon-type Breakers are made in a variety of designs; Fig. 1 
shows a typical single-pole carbon-break circuit breaker. As shown in the 
figure, the circuit-breaker mechanism consists of a swinging arm carrying the 
main and the arcing contacts actuated by a handle and toggle-joint mechanism. 
The main contacts are of copper and are laminated to insure a perfect contact 
with the copper blocks which are fastened to the base and connected to the line. 
Above the copper contacts are the arcing contacts of carbon. These contacts 
consist of one or more carbons carried by a swinging arm and pressed firmly 
against stationary contacts when the breaker is closed. These carbons are 
mounted on a pivot to insure proper adjustment. 

When the breaker opens the current is gradually shifted through the copper 
shunts to the carbon contacts, and thus no arc is formed until the final break 
takes place between the carbon contacts at the top. This arrangement, com- 
bined with the natural tendency of an arc to rise, prevents any injury to the 
breaker by the arc. 

Heavy-capacity carbon-break circuit breakers are also made motor-operated, 
in which case the breaker has a device that disconnects the worm gear and shuts 
down the motor when the breaker has closed and its toggle has locked. It is 
also so arranged that if an overload or short-circuit exists when the breaker is 
closed, the breaker will immediately trip out even though the control switch 
is held in the “close” position. This feature of being “nonclosable on overload” 


is one that is embodied in a large number of breakers of all kinds, and isa v 
valuable and useful one. 


Switch and Breaker for Rotary Converters. — A combination 
motor-operated switch and circuit breaker has been supplied for various rotaty 
converters and 600-volt feeder circuits supplying current for third-rail elec- 
trifications. One motor is provided for each combined circuit breaker and 
switch, and it has suitable clutches, shafts, operating rods and mechanism, so 
that in the act of closing the circuit breaker is first thrown in and the closing 
device is then disconnected before the swtich is thrown in, so that in case of 
trouble the breaker can immediately trip out and open the circuit. 


Air-break Fuse-type Breaker. — This type is a modification of the carbon- 
break type and is intended for moderate capacity circuits for voltages of 6000 to 
60,000. This breaker consists essentially of. a-stationdry and a movable atm 
mounted on suitable insulators supporting the line connections. These atms are 
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; : 000 amperes 
but in large sizes has been practically superseded by 
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à strong spring by a piece of aluminum fuse wire that passes through a blow-out 
tube. When the current exceeds a certain amount, the fuse wire melts and the 
free end of the movable arm swings away from the stationary arm, the arc being 
ruptured in a blow-out tube. 


Magnetic Blow-out Type Breaker.— This type of breaker is provided with 
auxiliary contacts that open in a strong magnetic field which blows out the arc 
formed at these auxiliary contacts. The main contacts are solid copper blocks 
bridged by a laminated copper brush. These open first when the breaker oper- 
ates, leaving the final arc to be broken on the auxiliary contacts, which are 
protected by the magnetic blow-out device and which can be readily renewed 
at comparatively small expense. Although breakers of this type have been 
installed on the switchboards of power plants, they have been practically super- 
seded by carbon breakers for this work. For such service as the protection of 
the circuits on a railyay car, requiring a few hundred amperes at 600 volts, the 
magnetic blow-out principle is used to advantage, as the discharge vent from 


the blow-out compartment can be so set that the vapors from the arc will do 
no damage. 


Oil Circuit Breaker (Figs. 2 to 6). — The essential feature of this type of 
breaker is the opening of the circuit under oil and the smothering of the arc in a 
restricted space. These breakers are used almost to the exclusion of all other 
designs on a-c. circuits of large capacity and high voltage. Oscillograph tests 
show that the circuit is interrupted at the time of zero point of the alternating- 
current wave, and, therefore, there is little tendency to set up surges in the 
circuit. The rapid interruption of a direct current, however, is apt to set up 
surges, and therefore the oil-break design is not commonly used with d-c. service. 

Oi-break circuit breakers are designed to meet various conditions of current, 
voltage and amount of power that they might be called upon to handle in case 
of a short-circuit. For moderate amounts of power where the size and cost of 
the breaker is to be kept to a minimum it is often possible to locate all the 
poles in one oil tank. For 
slightly larger amounts of 
power each pole is in a sepa- 
tate oil tank but all the poles 
at mounted on the same 
frame. For still greater 
amounts of power at moder- 
ate voltages each pole is in a 
separate tank and each tank 
in a separate compartment. 
For very high-voltage work 
each pole is m a separate 
steel tank of such substantial 
construction as to be proof 
against any explosion due to 
the effects of a short-circuit. 

Fig. 2 shows a 300-ampere, 
15,000-volt, 4-pole breaker. 
This type is built in capa- 
e b: to 2000 amperes at 

volts, and up to 200 am- ‘ pont 
peres at 22,000 volts In this FS 2 NE poe peat 
type of breaker each pair of 
contacts forming each pole is in a separate tank with insulating lining. This 
' breaker is readily arranged for hand operation or electrical operation, can be 
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mounted on a wall, framework, switchboard panel, or on suitable 

may be placed in a masonry structure if ER ME aed 
Fig. 3 shows a solenoid-operated breaker of a desi 

pole units in capacities up to 4000 am 

33,000 volts. 


gn that is built in single- 
peres at 600 volts, and 100 amperes at 
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Fig. 3. 300-ampere, 15,000-volt, Solenoid Fig. 4. Three-pole, Solenoid Operated, 


Operated, Wall Mounting Oil Circuit 13,200-volt, Oil Circuit Breaker 
Breaker l 


a 
| 
| 


compartment, or on a framework, and 2-, 3-, or 4-pole units are made by connect- 
ing the mechanisms of 2, 3, or 4 poles to the same solenoid operating system. 
'The mechanism and the terminal insulators are mounted on a suitable base and 
a simple system of toggles operated by a powerful solenoid is used for closing 
the breakers. A second solenoid is used to upset the toggle and trip the breaker. 


A two-pole, double-throw switch is mounted on the breaker and is operated by |: 


the motion of the levers in opening or closing the breaker; this switch controls 
the signals on the switchboard. 

Fig. 4 shows a solenoid-operated, top-connected breaker of 600 amperes 
capacity at 13,200 volts. This type of breaker is built in capacities up to 
3000 amperes and in voltages up to 33,000 and is used in stations of the largest 
capacity. Both terminals of each pole are in a single oval steel tank with 
welded seams and with insulated lining, and each tank is provided with a gauge 
glass for observing the height and condition of the oil. The breakers in service 
are placed in masonry structures and the doors of the compartment are fre- 
quently furnished with clear wire-glass panes to permit ready inspection. The 
leads of this breaker leave the top of the tank and pass out through porcelain 
bushings set in soapstone blocks in the back wall of the structure. These 
leads usually come out in separate compartments that keep them isolated from 
each other. The leads to the bus-bars, feeders, generators, etc., may all run 
upward or all downward, or some of them up and some down. 

Fig. 5 shows one element and the controlling device for an 88,000-volt, 3-pole, 
2oo-ampere breaker arranged for distant electrical control. Each pole of the 


Each pole of the breaker is intended for mounting in a masonry ` 
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fo waterproof. Outdoor breakers 
. of this design have been oper- ! ; 1 
ad ating very satisfactorily on the 4&- —*19€- ——^ 
: lines of the Dominion Power and Fig. 6. Solenoid Operated, 88,000-voit, Oil Circuit 
«^ Transmission Co., near Hamil- Breaker, Outdoor Type 

_ ton, Ontario; the Niagara, Lock- | 
*. port and Ontario Power Cos lines near Niagara Falls, New York; and the 


7^ bushing and the insulators is - 


^ pound. The operating mechan- 
35^ ism is covered by a metallic 


Ing the poles of the breakers 


Circuit Breakers 225 


breaker is located in a welded steel tank with treated lining. All its mechanism 
is mounted complete on its cast-iron top. A 3-pole breaker is made up of three 
such elements, entirely inde- 
pendent of each other except 
that they are connected by a 
singe operating rod. The 
spacing of the poles can thus 
be made to suit the station 
wiring. For mechanical oper- 
ation the solenoid is replaced 
by a bell-crank device. The 
condenser bushing leads that 
form the stationary terminals 
can readily be unclamped and 
removed through the cover. 
The series transformers for 
the operation of ammeters and 
relays are clamped directly 
around the condenser bushing 
leads, which form the single- 
tum primary. This permits 


the use of a simple, com- , Sou E 
: i ted, 88, It, Oil Circuit 
pact, and cheap form of series Fig. 5. Solenoid Operate O00-VO i 


Breaker, Indoor Type 
transformer, 
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Fig. 6 shows the corresponding 88,o00-volt electrically-operated breaker 
intended for outdoor service. Its main features correspond closely with those 
in Fig. 5 previously described. 
For outdoor service the con- 
denser-bushing leads of the 
breaker are covered with a 
series of porcelain insulators 
and the space between the 


filled with a moistureproof com- 
hood and the pull rods connect- 


pass through pipes. The va- 
nous joints are made thoroughly 


Southern Power Company's circuits, and other plants. 


qi , RATING — (See below for Table of Sizes.) The rating of a circuit breaker 
; ls usually given as the normal current which it will carry continuously with a 
j temperature rise not exceeding 28? C. for carbon breakers and so? C. for oil 


breakers, above the surrounding air. This rating has no direct relation to the 


jv BamXumum short-circuit current which the breaker will safely interrupt. (See 


, bow under Ultimate Capacity.) The tripping range of the breaker is usually 
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from 8o to x60 per cent of this normal rating. The cross-section of the con |. 
ductors and the area of contact surfaces depend so much upon the character of [ 
design, the cooling effect of bodies of oil and masses of metal, that no definite cur | ^" 
rent density can be given as an average value for the various types of breakers. |=: 

Ultimate Breaking Capacity. — (See table below.) When a short circuit |^ 
or ground occurs on a line, the rush of current thereby produced depends upon: | ^^^ 
(1) the total resistance and reactance of all parts of the circuit through which | ^^ 
flows this current or other currents induced thereby, (2) the demagnetizing ~~"! 
action of these currents on the fields of the generators producing them, and (3) “~~ 
the lag of this demagnetizing action behind the current producing it. The ~=: 
ability of a breaker to interrupt, without damage to itself, a current of a givea ` 
magnitude depends upon various features of design, and it is evidently im- ~“** 
possible to state how much synchronous or transforming apparatus may be -t 
safely connected directly to a breaker of a given rating, unless the conditions |^ 
of operation are also fully specified. In the table below the “ ultimate capacity " 
of various breakers is given in terms of the total capacity of synchronous ap |... 
paratus, in normal kilovolt-amperes, which may feed directly into a short |." 
circuit through the given breaker when provided with an instantaneous release 
without causing damage to the breaker upon opening. The breakers are con- 
sidered to be connected with no other reactance in the circuit than the inher- 
ent reactance of the synchronous apparatus assumed as 8 per cent. 

Effect of Circuit Characteristics on Ultimate Capacity. — The ulti- 
mate kilovolt-ampere capacity of the breakers given in the table below would 
be approximately as follows under the conditions stated. 

Ultimate capacity for any other reactance in the circuit increases directly 
in proportion to the total reactance. ; 
When a breaker is separated from all sources of energy by one or more trans- 
formers which have a total kilovolt-ampere rating very much less than the 
kilovolt-ampere rating of the generators, the kilovolt-ampere capacity of the 
breaker need not be greater than the kilovolt-ampere rating of these trans- 
formers, provided their reactance is not less than 8 per cent. When a breaket 
is provided with a time-limit overload release of 2 seconds or more, its capacity 
in kilovolt-amperes will be approximately twice that given in the table. 
When a breaker is used on a circuit of lower voltage than that for which it is 
designed, the kilovolt-ampere capacity of the breaker will be increased in the 
ratio of the voltage decrease. Most careful consideration should be given the 
relation of breakers to other apparatus and bus bars with the view of minimizing 
the risk of danger from the expulsion of inflammable gases, realizing that the 
risk increases as circuit voltage and station capacity increase. 
INSTALLATION. — Carbon-break circuit breakers are usually mounted at 
the tap of a switchboard panel and ample head room is provided to prevent | ~ 
an arc from causing damage. . Magnetic blow-out breakers, when placed ona |: 
switchboard, are usually located at the top for similar reasons. Fused circuit E 
breakers are usually placed on the station wall or a framework with ample |" 
space around them. Oil circuit breakers of the smaller sizes can be mounted |. 
directly on the rear of a switchboard panel or on an auxiliary framework or In f 
masonry compartments. The larger capacity breakers are almost invariably |-. 


placed with each pole in a separate masonry compartment. The very high 
voltage breakers are mounted in the open. - 


DIMENSIONS, WEIGHTS AND COSTS. — Although the dimensions, |* 
weights, costs, etc., of breakers of various manufacturers naturally differ and | 
the same manufacturer frequently builds various grades for the same capacity, | 
the information given below will be an approximate guide for breakers made by | 
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The dimensions of height, breadth and depth for carbon breakers refer to 
7 the switchboard mounting. The depth is given from the front of the panel, 
* je, the length of the studs projecting through the panel is neglected. With 
"^ the oil-break types for switchboard mounting the dimensions are from the back 
i of the panel, i.e., the length of handle sticking through the board is neglected. 
For the wall-mounted circuit breakers the dimensions include the cells although 
- the weights and prices do not. For the high-voltage breakers the dimensions 
+ are for the minimum spacing recommended for any particular voltage. The 
Z: dimensions are in every case the maximum over-all dimensions except as men- 
s: tioned. 
‘» — fhe costs given below are the approximate selling prices at the time of the 
2 preparation of this handbook (1913) and are sufficiently accurate for the prep- 
= aration of preliminary estimates, but for accurate work should be checked by 
actual quotations from a reliable builder. 


B RATING, ULTIMATE CAPACITY, DIMENSIONS, WEIGHTS AND COSTS 


5 Mark Am- Volts M mi Height, | Width,| Depth, Weight, Prices, 
z peres E ga '| inches | inches | inches | pounds| dollars 
A | A | 200 "50 |... 93e | 244 BY 5 22.00 
ut | A | 800 150°) kant’ 16 456 | 12% 30 47.00 

A | 2000 "50: | Juss 275% 9%6 | 1334 200 157.00 
¿© | A |4000 19 | ..... ; 2754 934e | 13% 300 | 255.00 

B | s 1,500 2,600 24% 11946 | 2396 155 11.00 
“| C | æ | 1500 5,000 256 | 13⁄2 | 17 220 93.00 
1 C | 600 | 9,000 | 7,500 | 28%46 | 1576 | 1856 | 270 | 130.50 
[C | 1200 | $660 7,500 291446 | 20% | 235% 420 | 194.50 
* | C [9 | 2,500 7,500 3248 | 215% | 23 600 | 507.00 
= | D | 300 | 1500 | 12,500 | 45!%4e | 46 32%% 775 | 293.00 
; | E | 3000 | 15,000 | 40,000. | 9978 644 | 479516 | 5500 | 2200.00 
« | E | 600 | 15000 60,000 9194 4715 41194e| 3500 657.00 
s | F | 300 | 4400 | 60,000 7156 9754 | 38% 900 | 564.00 
t | F | 300 | 66,000 | 60,000 9gofAe | 12194 | 464% | 1800 | 835.00 
Z | F | 300 | 88,00 | 60,000 | 11344 | 130% | 50% | 3600 | 1236.00 
2 | F | yoo | 110,000 | 60,000 | 1271446 | 13794 | 68%% | 7200 | x800.00 

G | 300 | 44,000 | 60,000 7156 974 | 38% | 1125 | 1019.00 
4 | G | 300 | 110,000 60,000 127146 | 13784 6814 9000 | 2596.00 


A= Single-pole, catbon-break circuit breaket (Fig. 1). 

B = 3pole, hand-operated oil circuit breaker — all contacts in same tank. 

C = 3-pole, hand-operated, oil breaker, separate tanks — common frame (Fig. 2). 

D = 3-pole, solenoid-operated breaker — separate tanks — cell mounting (Fig. 3). 

_  & = 3-pole, solenoid-operated oil breaker — separate tanks — cell mounting (Fig. 4). 
‘' È = 3-pole, solenoid-operated oil breaker — steel tanks — indoor mounting (Fig. 5). 
G = 3-pole, solenoid-operated oil breaker — steel tanks — outdoor mounting (Fig. 6), 


BIBLIOGRAPHY. — Manufacturer's Catalogues and Circulars; Razonot, 

E, Int. Elec. Cong. Turin, 1911; Hayes, S. Q., West. Elec., Aug. 26, 1911; 

© Harris, F, W., Elec, Jour., Apr. and June, 1908; Mahoney, J. N., Elec. Jour., Sept. 
and Oct, 1912; Merriam, E. B., Trans. A.I.E.E., 1911, Vol. 30, pp. 495, 1195; 
o Hayes, S. Q., Proc. N.E.L.A., May, 1910, June, 1912; Cheney, A. R., Proc. 
7 ALEE. 1910, Vol. 29, p. 1091. 
(S. Q. Haves} 
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COLLECTORS, CURRENT. — (See also Cars, Electric; Locomotives, Elec- 
tric; Third- Rail Systems; Trolley Systems, Overhead; Trolley Systems, Under- 
ground.) Current collectors for electric cars or locomotives are divided into 


three classes in accordance with the form of the working conductor from 
which they collect current, as follows: 


(a) Overhead Trolley, which may be of the wheel, scraping bow or roller 
ty pe. 
(b) Third-Rail Shoes, which may be of the over-running or under-running 
type. 
(c) Underground Conduit Plow. 


WHEEL TROLLEY. — The wheel trolley consists of a grooved brass or cop- 
per wheel held in bearings in a prong called a “harp” at the end of a steel pole 
which is pressed upward by a system of springs and levers. The trolley wire 
is from 18 to 22 feet above the rails. The pole 
presses the wheel upward against the wire with a 
pressure of from 20 to 40 pounds, the higher pres- 
sure being used for the higher speeds. For single 
cars requiring a current less than 200 amperes at full 
speed this type of current collector is most satisfac- 
tory. 'The current which it can collect is limited at 
the various speeds as indicated in the accompanying 
table. If greater currents are required, resort must 
be had to the third rail. The trolley wheel is not 
very satisfactory on cars in trains as each trolley pole requires the attention 
of a conductor to replace it at curves and switches, and moreover, it is difficult 
to manipulate the trolley pole from a platform between two cars. 

BOW OR SCRAPER TROLLEY. — This type of trolley is used to collect 
current from a high-voltage conductor because it is self-adjusting and needs no 
attention. At high voltages its current capacity, limited at high speeds to 
about roo amperes, is sufficient to supply power for a train of considerable 
size but it would not have sufficient capacity to supply power for heavy trains 
at 600 volts. The bow may be held up either by simple springs in the same 
manner as the trolley pole or it may be mounted upon a pantagraph mechanism 
which is held up by springs and folded down by a compressed-air cylinder. A 
special form of overhead construction must be used for the bow trolley as 
the bow would strike the downwardly projecting ears and the guy wires of the 
ordinary trolley construction. The roller trolley may be used in place of the 
bow on the same form of mechanism. The roller has a greater current capacity 
and causes less wear on the working conductor than the bow. 

THIRD-RAIL SHOES. — A third rail will collect currents as high as 2000 
amperes at low speeds and 600 amperes at 60 miles per hour. As they are self- 
adjusting two or three may be placed on a locomotive or car just as well as one, 
so that there is practically no limit to the current that can be collected in this 
way. In fact it is always customary to put two on each side of each locomotive 
or car in order to prevent a cessation of current when passing over breaks in tbe 
third rail due to switches or crossings. The relative position of the third rail 
with respect to the running rails is a very important matter which has not 
been thoroughly standardized as yet, but has been the subject of much dis 
cussion. It must be placed so that all the rolling stock on the road will clear it. 

Over-running vs. Under-running Types. — The third rail for top contact 
or for over-running shoe is cheaper to install, to protect and to maintain and is 
most generally used. The under-contact rail is less liable to trouble from sleet, 


Miles per 


licut Amperes 
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UNDERGROUND CONDUIT PLOW. — The underground plow consists 
of an insulated steel plate hung from a movable structure on the car. On the 


. two sides of this plate and thoroughly insulated from it are two shoes pressed 


outward from the plate by springs. These shoes press against the two working 


z cosductors which are usually steel Tees separated from each other by about 6 


in’ 
ws 


inches and supported on some form of ceramic insulator. The current is led 


. ftom the shoes to the car body by flexible insulated conductors. 


BIBLIOGRAPHY. — Stewart, S. B., Current Collecting Devices, G. E. Re- 
ed Nov. 1913; Sheldon, S., Electric Traction and Transmission, Engineering, 
. Y, 1911. 
[W. I. SLICHTER.] 
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i Biain 
COMPLEX QUANTITIES. — (See also Vectors.) The square root of a 
negative quantity is called an “imaginary” quantity, or @ pure imaginary. | 
A quantity consisting of the sum or difference of a real quantity and an imegi i 
nary quantity is called a “ complex " quantity. For example, Vv $ fs à pité | 
imaginary, and 2+ V — 3 is a complex quantity. All the rules of otdinary 
algebra apply to pure imaginaries and complex quantities. For example, V-3 
may be written V —1 Va and in general V s à, where à is a positive duih- 
tit, may be written V — i Va. The square root of minus oiie is called the 
imaginary unit and is usually represented by the symbol j (writers on pure : 
mathematics use the symbol i), that is, | 
jm sg. 
Any complex quantity may then be written 


| a+ jb, 
where a and b are both real quantities. . 
Geometrical Representation of a Complex Quantity. — A positive real 
quantity may be represented by a line drawn in a given direction; a negative real 
quantity may be represented by a line drawn in the opposite direction. Multi- 
plying a quantity by —1 then reverses its direction. Also, since multiplying a 
real quantity by V — 1 twice is equivalent to multiplying it by —1, the opera- 
tion of multiplying once by v —1 may be represented by turning the line repre- 
senting the quantity through 9o? in the positive direction p 
of rotation. The positive direction of rotation is taken as 
the opposite direction to that in which the hands' of a 
clock move. Hence, a complex quantity a4- jb may be 
represented by the line OP in the figure, where OA =a 
and AP =b. The complex quantity a + jb is then com- 
pletely specified by a line of length V a? + b? making an ^ 
s; M À 
angle 0, with the axis of reference OX where tan 0 = E Fig. 1 
The length M = Va? + b? is called the magnitude of the complex quantity 


b . " " e. * | U 
and the angle 0 = tan— zis called its angle. From the figure it is evident |: 
that the complex quantity a + jb may also be written 


a+ jb = M (cos 0 4- j sin 6). 


Expanding cos 0 and sin 0 into series (see Series) and adding, the resultant 
series obtained is the series for €; hence 


a4- jb - Me, (1) 


From the above definitions and equation (1) it is evident that complex num- 
bers possess the following properties: 


Addition of Two Complex Quantities. — 
(a+ jb) + (a -F jb) = (a+ a1) +7 (b+ bi). 
Subtraction of Two Complex Quantities; — 


(a+ 4b) — (a + Gh) = (ru n Lath... BY 
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Multiplication of a Complex Quantity by a Complex Number. — 
(a 4- jb) (a1 + jb) = aa; — bby +j (abi + ab) 


or, puttmg a+jb= Me? and a+ jbh = Mie 
where M = Va2+}4, Mi= Vait+ bi}, 
tan@= 2 
: a 
bi 
and | tan i= — 
m 


we have (a + jb) (a + Jb) = Me? MeFi = M Mid, 


Hence the product of two complex quantities is in general a complex quantity 
which has a magnitude equal to the product of the magnitudes of the two quan- 
tities and an angle equal to the sum of the angles of the two quantities. , 
Division of a Complex Quantity by a Complex Number. — 
atib —(atjb(a—jb) _ ga + bh — j (abs — ab) 


— — a -— 


aitjh (a1+jh)(a1—jh) ai? + bi? 


a+jh Miei Mi 
Hence the quotient of two complex quantities is in general a complex quantity 
which has a magnitude equal to the quotient of the magnitudes of the two 
quantities and an angle equal to the difference of the angles of the two quan- 
tities. wo quan 
Example. — Suppose 


T1945. 
C atii ` 
then by the rule for division 
Ia 4.5 +3 3-5, 


that is, 7 contains a real part 4.3 and an imaginary part j 3.5. 

Equations Containing Complex Quantities. — Since a real quantity can- 
not be equal to an imaginary quantity it follows that any equation of the form 

A+jB=Ai+jBi, 
where 4, B, 41 and Bi are all real quantities (which may, however, consist of 
any number of terms), is equivalent to the two equations 
A=A, 

and B= Bi. 


' Also, if one member of an equation reduces to the form A + jB, then the other 


member of this equation must likewise contain an equal real and an equal im- 


[W. A. Del Mar.) 
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CONCRETE. — (See also Cement; Concrete, Reinforced.) Concrete as used n 


engineers in construction is generally formed of an artificial mixture of Portland 


cement (see Cement) and an aggregate consisting of sand and gravel or broken - id 


stone. These ingredients are mixed with water either by hand or by machine 
mixers. When in a semi-liquid form the material can be shoveled or poured into 
molds, and will gradually harden in either air or water, forming an artificial 
stone of high strength. The compressive strength of concrete varies with the 


quality and proportion of the materials; the tensile strength is very low and is 
usually neglected. 


SPECIFICATIONS. — The quality of the materials can be determined only 
by careful tests, but for construction of minor importance and magnitude the 
following simple specifications should give good results. 


Cement. — The cement shall be first-class American Portland cement of 


standard brand, guaranteed to conform to the Standard Specifications of the `‘ 
(See Cement.) Such cement may be iy, 


American Society for Testing Materials. 
delivered either in bags or barrels but must be kept dry during storage. 
Sand. — The sand shall be clean and coarse and free from dust, vegetable, 


loam or other organic matter, and other impurities, and should pass, when dry, 
a screen with holes 1 of an inch in diameter. 


Gravel. — The gravel shall consist of clean pebbles, and contain no foreign 
matter. It shall be screened over a %-inch mesh; the sand passing through the 


screen may be remixed in definite proportions with the gravel. If dirty or ~~ 


clayey, the gravel should be washed by a hose before mixing. 


Broken Stone. — The broken stone shall consist of hard and durable stone" ` D 


such as trap, granite and limestone. Unless otherwise specified, all stone shall 
pass through a 24-inch screen. | 


Water. — The water used for mixing shall be free from oil, acid and other 
injurious substances. 


PROPORTION OF INGREDIENTS. — The amount of each ingredient us 


The concrete is designated by the proportion i 
by volume of each of the ingredients in the following order: Cement, Sand, |*: 


is usually measured by volume. 


Stone or Gravel. For example, a 1 : 2 : 4 mixture is one consisting of one barrel 


may be considered as equal to one barrel). 


The following proportions are somewhat generally adopted for different 
classes of work. 


1:1:2 or 1: 136: 3 for water tanks and standpipes carrying considerable pressure a 


and required to be water-tight. 


1:2: 4 for arches, reinforced floors, beams, columns, engine foundations subject 
to vibration, sewers, and in general for structures subjected to bending stresses 
of some magnitude. A mixture as rich as this is also desirable where concrete 


is to be deposited under water since in such a case some of the cement may be 
washed away from the mixture. | 


1:2Y5:5 for bridge abutments and piers when laid in air, retaining walls bud 
ordinary machine foundations. Vong 


1:3:6 for heavy walls, ordinary foundations, backing for stone masonry, ett. 
Quantity of Ingredients.— The following. rule-devised by Wm. B. Fuller 


ge. c.g. 


may be used for approximate determination of the quantity of the various |. 


of cement, two barrels of coarse sand, and four barrels of loose gravel or broken i 
stone (standard cement barrels contain 3.8 cu. ft; four bags of packed cement | 


be Sms 


N 
DIM 
EC 


I 
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Let c= number of parts of cement, 
$= number of parts of sand, 
g= number of parts of gravel or broken stone, 
II 


en 
cts+g 


= N = number of barrels of Portland cement required per cu. yd. 
of concrete, 
NX xe = number of cu. yd. of sand required for one cus yd. of 
concrete, 
N xax i z number of cu. yd. of stone or gravel required for one 


cu. yd. of concrete. 


For tables giving more accurate values see Taylor and Thompson, Concrete 
Costs, N. Y., 1912. 


MIXING. — The ingredients consisting of sand and aggregate should be 
thoroughly mixed while dry until the mass is uniform in color and homogeneous. 
Mixing should preferably be done by machine. When necessary to mix by hand, 
the mixing should be done on a water-tight platform and the ingredients should 
be turned not less than six times. Enough water should be used to produce a 
mixture which will low readily into its place in forms or elsewhere. 


Concrete Mixing in Freezing Weather. — Reinforced concrete should not 
be mixed or deposited in freezing weather unless special precautions are taken to 
keep the materials free from ice, and to protect the concrete from freezing until 
it has been thoroughly hardened. To accomplish these results the aggregate 
may be heated, salt water used in mixing, and the concrete carefully covered 
after it has been deposited. Portland cement concrete which is to be deposited 
in large masses may be laid in freezing weather provided the surface appearance 
is not important, and provided that hardened surfaces be thoroughly cleaned 
from frost as well as dirt before a new surface is laid. Natural cement concrete 
should never be laid in freezing weather. 


Concrete Shrinkage and Temperature Changes. — Cracks in cement may 
be caused by contraction in setting, or by temperature changes, as well as by 
excessive stress. To preserve a good appearance it'is common to establish 
artificial cracks in long walls, sidewalks, etc. For spacing of such cracks see 
reference in Bibliography. Theinsertion of steel reinforcing bars even when not 
needed to carry stresses due to applied loads is an expedient often adopted to 
prevent the occurrence of such cracks. The amount of reinforcement to be used 
for this purpose should generally be not less than one-third of one per cent. 


Effect of Sea Water and of Acids on Concrete. — The data available 
relating to the effect of sea water upon concrete indicate that there may be 
some chemical action resulting in a softening and disintegration of the surface; 
to offset this action as far as possible, concrete laid in sea water should be care- 
fully proportioned and well mixed. There is also great danger from disintegra- 
tion due to frost in cold climates in concrete lying between high water and low 
Water. To protect against this the concrete may be protected by a surface of 
stone in the zone exposed to such action. 

Thoroughly hardened concrete of good quality may be considered as resisting 
the action of acids and mineral oils as well as other building materials. Oils 
containing fatty acids may produce injurious: effects by combining with the 

e in the concrete, resulting in a disintegration of the latter. 


Waterproofing Concrete. — Concrete may be made reasonably impervious 
to water under moderate pressures by using a rich mixture and by careful pro- 


OS PR 


234 Coricréte 


portioning and mixing. In the case of building foundations aid Other structites 
where leakage is not permissible it is usually advisable to protect thé concrete 
by a separate coating applied either on the outside or inside of the wall or floor. 
The usual method of waterproofing the exterior is to construct 4 so-called 
membranous coating consisting of alternate layers of pitch and tarred felt. 
The inner surface of concrete basement walls and floors of many of the important 
buildings in New York City and other large American citie$ have been water- 
proofed by the use of a patented compound called “Hiydrolfthic Cement.” 
Many so-called waterproofing powders, pastes, etc., are manufactured which 
are claimed to make concrete entirely water-tight if incorporated with it during 
mixing, but their value ís problematical. 


COMPRESSIVE STRENGTH AND WORKING STRESSES.—In 
the Joint Committee Report (Proc. Am. Soc. C. E.) the following table of oom- 
pressive strength of thoroughly set concrete is given: 


COMPRESSIVE STRENGTHS OF DIFFERENT MIXTURES OF 
CONCRETE 


Set 28 days under favorable conditions 


In Pounds per Squáre Inch 


Aggregate 1:1:2 I:il6:3| 1:2:4 |t:219:5| 1:5:6 


Granite, trap rock.................... 3300 2800 2200 1800 | 1400 
Gravel, hard limestone and hard 

sandstone «sse Eo tes REX 3000 2500 2000 1600 | 1300 
Soft limestone and sandstone......... 2200 1800 I500 | 1200 | 1000 
Cinders ns. eoi wk RAN COEUR ER 800 700 600 500 400 


The following recommendations are also made: 


When compression is applied to a surface of concrete of at least twice thé 
loaded area, a stress of 32.5 per cent of the compressive strength may be 
allowed for static loads. This value may also be used for extreme fibér stress 
in a reinforced concrete beam. 

For concentric compression on a plain concrete column or pier, the length of 
which does not exceed r2 diameters, 22.5 per cent of the compressive strength 
may be alowed for static loads. 


For reinforced structures see the full report of the Committee in the Proc. 
A.S.C.E., Feb., 1913. 


Modulus of Elasticity. — The value of the modulus of elasticity of cor- 
crete has a wide raüge, depending on the materials used, the age, the range of 
stresses between which it is considered, as well as other conditions. It is recom- 
ended that in computations for the position of the neutral axis and for the 
resisting móment of reinforced concrete beamis atid for the cémpression of 8- 
crete in columns it be assumed as: ; 

(ay One-ifteenth of that of steel, when the strength of the concrete Ts tien 
as 2200 tb. per sq. in. or less. | | u 

(b) One-twelfth of that of steel, when the strength of the concrete is taken & 
greater than 2200 lb. per sq. ih., or less than ogod By. per Sq. T, Att . 

(cy Oiéxenth of that of steel, when tire strength òt ‘the corteséte: iy talit 5 
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‘oe COST OF CONCRETE. — The following table* gives approximate costs 
ae of concrete in place. The values include superintendence, overhead charges 
a and general expense but not office expense nor profit. 
pi ds. 
nf Cost per cubic yard 


Item 


Average 


ai 


Mass concrete as in dams, piers, foun- 


dations, etc.: 
Labor only iii ccinccusdncvece senededs $0.75 to $2.50 
S| Material and labor...............000. 3.00 to 9.00 
gu! | Concrete in tunnels and conduits: 
laboronly.. isses rever buen I.Q0to 3.00 2.00 
Material and labor. .................. 4.50to 8.00 . 6.as 
, | Concreté reservoirs and standpipes: 
3 | Laboronly.......... eene 0.75 to 3.00 1.50 
Material and labor. .................. 3.50 to 13.00 9.00 
Concrete buildings: : 
Labor onlyz i oecevo eia dog eoo EOA 0.75 to 4.00 I.50 
Material and labor. . . ....... MR 4.50 to 9.00 6.50 
pe Concrete bridges: 
"m Labor only.......... ETTA E o.So0to 2.50 I.50 
o Material and labor... ................ 4.00 to 8.00 6.00 
, | Concrete sewers: | 
v^ | Labotenly.,.. essen Sese 0.95 t0 1.75 I.50 
u Material and labor. ..,..............- . 3.50 to 8.00 6.00 
*." | Grandithic sidewalks: | 
^'^ | lLaberonly........... VR RVC ee dA 1.00 to 3.00 1.75 
ui Material and labor,..................- 6.25 to 9.00 7.00 
^^ | Granalithic sidewalks: ) 
Labor only........ eee. 26 to 4f per sq. ft.| — 294f per sq. ft. 
aei | Materatand I E Sf to 14¢ per sq. ft.| | xol per sq, ft. 


5 BIBLIOGRAPHY, — Taylor & Thompson, Concrete, Plain and Reinforced, 
N. Y. 1910; Taylor & Thompson, Concrete Costs, N. Y., 1912; Handbuch fas 

„a  Pienbeonbou, Berlin, 1912; Turneaure and Maurer, Principles of Reinforced 

4% Concrete Construction, N. Y., 1909; Brooks, Reinforced Concrete, N. Y., 1911; 
Hool, Reinforced Concrete Construction, N. Y., 1912; Proc. Am. Soc. C.E, Feb., 

y 1913; Jour. of Ass'n of Eng. Soc., Vol. 44; p. 202; Proc. Am. Ry. Eng. Assn., 

Vol. 13, p. 450. m i . ET br a 

[C. M. Sporrorp.} 

^. ,, Copied by permission from Concrefe Costs by Taylor aud Thompson, which should. 
j“ be consulted for detailed information, | | 
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: CONCRETE, REINFORCED. — (See also Cemeni; Concrete; Structures, 

Simple.) Reinforced concrete beams, girders and slabs are made of Portland 
cement concrete with the addition of steel bars or steel mesh to resist tensile 
stresses. They are usually fixed at the ends by being built into columns, walls, 
or other girders and are continuous over intermediate supports; they are, there- 
fore, subject to negative bending moments at the ends and at intermediate 
supports and positive bending moments between supports. It is common to 
use bottom reinforcement throughout the length and top reinforcement across 
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Fig. 1. 


the supports. Vertical or inclined reinforcement is also usually necessary to 
carry the diagonal tensile stresses occurring in the web. Fig. 1 shows the general 


character of a reinforced concrete beam and shows methods of making con- 
nections to column and floor beams. 


Character of Reinforcement.— The steel reinforcement may consist of 
round or square bars of which the diameter or side seldom exceeds 1% inches. The 
square rods are sometimes twisted when cold, this 
type of bar being known as the Ransome bar. There 
are also various forms of corrugated or otherwise 
deformed bars on the market, some.of which are 
shown in Fig. 2. Steel mesh is seldom used for ordi- 
nary beams, but is frequently employed in floor slabs. 
The steel reinforcement should preferably be of the 
same quality as that used for ordinary steel structures, 
although the use of a slightly less ductile material may 
be warranted in some cases where the steel is unlikely 
to be subjected to injurious shocks. 


Proportions of Ryu. Forms. — The propor- 
tions of concrete for béams and other reinforced ‘con- a 
crete structures subjected to flexure is commonly na » DE MAN mit 
(see Concrete). The forms or molds in which reinforced 1g. 4. 
concrete: beams: are constructed are usually of wood bolted together, although 
steel forms are sometimes employed. In general, the size of the beam should 
be such that the forms can be manufactured from standard size boards. Forms 
should be watertight, and should be left in place until concrete has set sufficiently 
to carry the load to which it may be subjected at time of removal of forms. 


Fireproofing. — In order to make reinforced concrete beams and columns 
fireproof the steel reinforcement must be protected by a reasonable amount of 
concrete. A common provision is that the metal in girder and columns be pro- 
tected by a minimum of 2 inches of concrete; that the metal in beams be pro- 
tected by a minimum of 114 inches of concrete; and that the metal in floor slabs 
be protected by a minimum of x inch of concrete. It is also advisable that all 
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Spacing of Reinforcement. — Lateral spacing should not be less than three 
diameters center to center, with a clear spacing of not less than one inch. The 
distance from the side of the beam to the center of the nearest bar should be not 
less than two diameters. More than two layers should not be used unless 
securely tied together by metal connections particularly at or near points where 
bars are bent. 


Electrolysis and Corrosion in Reinforced Concrete. — The best experi- 
mental data available indicate that no danger from electrolysis need be antici- 
pated to the steel reinforcement in carefully mixed and proportioned Portland 
cement concrete free from salt or calcium chloride. Portland cement concrete 
may be considered to thoroughly protect embedded steel from corrosion provided 
the concrete is properly proportioned and mixed. If the concrete is porous, 
corrosion may be expected. See also article on Electrolysis of Grounded 
Structures. 


Reinforced Concrete Beams. — The table on the following page gives the 
safe uniformly distributed loads per lineal foot for a series of reinforced con- 
dete beams one (1) inch in width. The constants upon which the table is 
based are as follows: 1:2:4 concrete with ultimate compressive strength of 
2000 pounds at 28 days. Allowable stress in concrete = 650 and in steel = 
16,000 lb. per sq. in. Modulus of elasticity of steel 15 times that of concrete. 
Area of steel = 0.77 per cent area of beam above center of reinforcement. 


FORMULAS FOR REINFORCED CONCRETE STRUCTURES. — 
Detail formulas for design cannot be given here; see references in Bibli- 
ography. 

Reinforced Concrete Slabs. — These resemble beams, are much used for 
floors of buildings, and.usually form an integral part of the floor beams and gird- 
ers as indicated in Fig. 1. They may be computed in the same manner as rein- 
forced concrete beams (see above) provided the shears and moments due to the 
outer forces are known. ‘The distribution of the load may be determined by 
the application of the following formula recommended by the Joint Committee 
(see Concrete). 

u 
r= pm b a 


in which r = proportion of load carried by the transverse reinforcement, 7 = 
length, and 6 = breadth of slab. For various ratios of //b the values of r are as 
given in following table. —— 

Using values above specified, each set 
of reinforcement is to be calculated in 
the same manner as slabs having sup- 
ports on two sides only, but the total 
amount of reinforcement thus determined 
may be reduced 25 per cent, by gradually 
increasing the rod spacing from the third 
point to the edgé of the slab. 

If length of the slab exceeds one and 
five-tenths its width the entire load 
should be assumed as carried by transverse reinforcement. 


Columns of Reinforced Concrete. — For such columns it is customary to 
limit to 15 the ratio of unsupported length to least width, and to consider the 
effective area as that within the protective coating (see section on Fireproofing, 
6bow), or for hooped columns or columns reinforced with structural shapes to 
the area within the hooping or structural shapes. The reinforcement may con- 
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sist either of longitudinal bars or of longitudinal bars connected by bands, hoops, 
or spirals, or of rigid structural forms. The following formulas may be used 
in design. Let A. = cross-section of concrete, Ae = cross-section of steel, A= 
Ac+ A. = total cross-section, n = ratio between modulus of elasticity of steel 


and concrete, usually 15, P = total safe load, fc = allowable unit stress in con- 
crete, fs = allowable unit stress in steel, p = 4,/4. Then 


P= fc(Act n As) = fcAlt +(n — 1)2], 
RR, ass 

Je Air @— Dal 

Js= nfe. 


ALLOWABLE LOAD (POUNDS) ON REINFORCED CONCRETE BEAMS 


Allowable uniformly distributed load in pounds per lineal foot, in excess af weight 
of beam, for end-supported rectangular reinforced concrete heams. Tabular 


values to be multiplied by width of beam in inches to get safe applied load (dead + 
live + impact). 


Distance 
from top Moment Span in feet 

Dep to center | Area of of re- 

of of rein- steel, sistance, 

beam, : foot 

in. forcement, | Sq. in. oo els 6 

ii pounds 10 | 12 | 16 | 20 | 25 35 
=d 

5 4.0 0.031 144 z| 1-3 A (PR eS ES 
6 5 0 0.038 224 44 22{ 12| 6 |....1....].... 
1 6.0 0.046 323 64| 32| 18| 10 |....|].... eee fee 
8 7.0 0.054 440 89} 46] 26) 35 | 5 ]|....]-... 
9 7.75 0.060 539 iro 57| 33) 20] 7 |....[.-[- 
Io 8.75 0.067 687 142] 75) 44| 27 | 10 |.... 
H 9.75 0.075 853 177 95| 56| 35 | IS |... 
I2 10.75 0.083 1,037 217| 117| 70| 45 | 19 | 8 j....-- 
13 II.5 0.089 1,186 249| 134| 81] 52 | 23 | 10 |....[..- 
14 12.5 0.096 1,401 296| 160} 971 63 | 29 | 13 397 
15 13.5 0.104 1,635 347| 188| 115) 75 | 35 | 17| 5 |- 
16 I4.5 O.II2 1,886 402| 219| 134| 88 | 42 | 21 | 7 |-- 
17 15.5 0.119 2,155 460] 251| 154/102 | 49 | 25 | 10 |.. 
18 16.5 0,127 2,442 523| 286| 176|117 | 57 | 30 | 12 
19 17.0 0.131 2,592 555! 304| 187/124 | 61 | 32 | 13 
20 18.0 0.139 2,906 624| 342| 211/141 | 70 | 37 | 16 
22 20.0 0.154 3,588 773| 425| 263/175 | 88 | 48 | 22 
24 22.0 9.169 4341. | 938] 517| 321/215 |r09 | 61 | 30 |.. 
. 26 24.0 0.185 5,166 — |rix9| 618| 3851259 |133 | 75 | 38 | 6 
28 26.0 0.200 6,063 ....| 728] 4551307 |159 | 91 | 48 |10 
30 28.0 0.216 7,032 ....| 847| 5311359 |187 |109 | 58 | 
36 33.5 0.258 10,070  |....|1220| 767|521 |275 |162 | 90 |27 
42 39.5 0.304 13,990 ....[1704|1074|733 |392 [235 |134 |47 
48 45.5. 0.350 18,570 528 |320 |187 |70 


tice eae I435|981 


COST. — See section on Costs in article on Concrete. 


BIBLIOGRAPHY. — See Bibliography in article on. Concrete. 
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Ly 
zs CONDENSERS, ELECTRIC. — (See also Capacity and Charging Cur- 
i: gent.) Any two conductors separated from each other by a dielectric form an 
cit? electric condenser. The capacty C of such a condenser is the quotient of the 
ts?! numerical value of charge Q on either conductor by the difference of potential 
V between the two conductors when equal und opposite charges are given the 
lvo conductors, iœ., C Q/V. The usual way of giving the conductors equal 
and opposite charges is to connect them respectively to the two terminals of a 
battery or other source of electromotive force. Unless the conductors are close 
to each other relative to the linear dimensions of their surfaces the capacity 
issmall Large capacities are usually obtained by using flat plates separated 
., fom each other by a thin sheet of dielectric. Unless the two conductors are 
~ cose to each other relative to their distances from other conductors their 
„m capacity is influenced by the presence of the other conductors. 
;^ Formulas for Capacity. — See the article on Capacity and Charging Current. 
ut Condensers in Series and in Multiple. — See Electricity and Magnetism, 
Principles of. 
uH Stored in a Condenser. — See Electricity and Magnetism, Princi- 
5 of. ` 
— Electric Absorption and Dielectric Hysteresis in Condensers. — When 
an ordinary condenser is charged by connecting it to the terminals of a source 
of constant e.m.f. the amount of charge which it takes depends upon the time 
* during which the e.m.f. is applied, i.e., there is an apparent absorption of charge 
by the dielectric. Time is also required for the dielectric to give up this charge 
^ when the plates are short-circuited. Absorption is particularly pronounced in 
" such heterogeneous substances as glass, paper, ordinary mica, etc. On account 
of this absorption both the capacity and apparent resistance of a condenser 
in general depend upon the time of application of the e.m-f., i.e., upon the 
time of electrification. 

Dielectrics, unless of perfectly uniform structure, when submitted to an 
alternating electrostatic field also manifest a property similar to magnetic 
hysteresis, that is, a certain amount of energy is dissipated in the dielectric as 
heat, over and above that corresponding to its “ohmic” or direct-current 
resistance. This loss is approximately proportional to the frequency of alter- 
nation of the electrostatic field, and consequently a condenser used in a high- 
frequency circuit does not have zero power factor, which would be the case 
were there no loss (see Alternating Currents). 

TYPES OF CONDENSERS AND THEIR APPLICATION. — Con- 
densers may be classified according to the nature of the dielectric used as: 
(t) air condensers; (2) mica condensers; (3) glass condensers; (4) paper 
condensers; and (5) electrolytic condensers. 

Air Condensers. — Due to the low specific inductive capacity and relatively 
low dielectric strength of air, air condensers have very low capacity amd are 
therefore seldom used except for standards of small capacity. For the latter 
Purpose they are well suited, since their capacity is hot appreciably affected 
by temperature, time of electrification, or frequency. 

Mica Condensers.— On account of the high cost of suitable mica, condensers 
^ of this form are but little used except as standards. Mica suitable for such 
- Standards is not obtainable, except at prohibitive prices, in sheets larger than 

3 inches by 4 inches. A good working thickness is from o.oors to 0.002 inch. 

A single sheet of high-grade mica 3 inches by 4 inches by 0.602 inch will give 

. a capacity of about 0.004 microfarad and will withstand 1600 volts. In order 
„Ù that the insulation shall be high (product of megohms by microfarads not less 


an 
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than 1000) and the absorption low, only sheets of the finest clear “ruby” mica 


should be used. The metal “plates” of mica condensers are usually of metal mu 
foil, preferably pure tin. EC 


Fig. 1 shows the plan view and connection d 
of a subdivided mica condenser. Since this ar- e Ld MY 
rangement permits of series, parallel, or series- © E "m mm Q i 
parallel connection of the condensers a very WM 2: BEN AS 
large number of values of capacity may be ob- 
tained. : 2 

HL dard ——— 

The power factor of well-made standard mica pei gode — iuis 
condensers ranges from about o.1 per cent to p 
about 1.75 per cent; see Grover, F. W., Bulletin of the Bureau of Standards, 

Vol. 3, No. 3. SESS 


Glass Condensers. — On account of its high dielectric strength and specific ^ 
inductive capacity glass is particularly well suited for high-tension condensers, — ^ 
such as required for wireless telegraphy and the like. The Leyden jarisa ` 
common form of glass condenser. Moscicki's modification of the Leyden jar, i 
shown in Fig. 2, consists of specially formed glass tubes closed at one end and — 
coated inside with silver deposited chemically, the outer coating being sometimes ~~ 
applied in the same way and sometimes dispensed with alto- Tu 
gether, the outer electrode in the latter case consisting of 
a mixture of glycerine and water in which the tubes are 
immersed. 

Mordey (Jour. Inst. Elec. Eng., 1909, Vol. 43, p. 621) re- 
ports a test on a Moscicki condenser consisting of 8 tubes 
having a total capacity of 0.03 microfarad, designed for 10,000- 
volt a-c. working. Each tube is 2 inches in diameter and 2 feet 
9 inches long, or with connections 3 feet 2 inches long. The 
power factor of this condenser was approximately constant __ ir 
and equal to 1.0 per cent for frequencies from 40 to 66 cycles Fis. 2- Moscickl Hn 
per second and for voltages from sooo to 10,000 volts. Condenser I 

Condensers of this type are used to a considerable extent in Europe as 4 
protective device on high-tension overhead transmission lines, as well as for; 
wireless telegraphy. It has also been suggested by Mordey that they could be 


used economically for improving the power factor of highly-inductive loads, m 
such as induction motors. 


Paper Condensers. — These are made either (1) by building up a stack 
of alternate sheets of' tinfoil (0.0003 inch thick) and tissue paper, two sheets 
to the layer, each sheet about o.oor inch thick, or (2) by rolling up alternate 
strips of foil or “ foiled " paper and tissue paper, the roll after being dried 
and impregnated with paraffin or other wax being pressed into a cubical 
shape, and suitably mounted in airtight metal boxes. The ‘‘foiled” paper 
is made by depositing very fine flakes of tin on suitable tissue paper which 
is then run through a press which forces the flakes into contact with each 
other, resulting in a paper resembling the so-called silver paper used for wrap- 
ping tea but having a fairly high conductivity. According to G. F. Mans- 
bridge (see reference below).this paper possesses two decided advantages over 
the ordinary metal foil, (1) it is much lighter, and (2) when punctured it is self- 
healing, the spark vaporizing the tin in the immediate vicinity of the puncture 
without destroying the paper itself. For a complete description of the method 
of making the paper and the condensers see Mansbridge, G. F., Jour. Inst. 
Elec. Eng., 1908, Vol. 41, p. 535. | 

Paper condensers are used almost exclusively for telephone and telegraph 
arl They are usually built to withstand about sce volte The following 
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* weights and dimensions are taken from the British Post Office specifications for 
sit’ metal-cased telephone condensers. One-microfarad paper condensers designed 


— for a working pressure of 1000 volts, and having the dimensions 8% by 6% 
by % inches and weighing 8 ounces each are made by the Western Electric Co. 


ifi | 

n DIMENSIONS AND WEIGHT OF PAPER CONDENSERS 

id British Post Office Specificalions 

—á 

«x 

- Capacity, micro- Length, Width, Thickness, Weight, 

farads inches jnches inches ounces 
0.5 494 2598 046 4 

ee 1.0 494 494 546 8 

CE 2.0 494 494 946 12 

zr 4.0 494 434 11g 20 

je 10.0 494 494 2114g 46 


^ The power factor of well-made paper condensers ranges from about o.2 to 
4 percent, but unless care is taken in their manufacture the power factor may 
be considerably larger; values as high as 30 per cent have been obtained. 


Electrolytic Condensers. — Electrolytic cells of the three following types 
have been used to a limited extent in Germany as condensers for telephone 
work: (1) acid cells, consisting of two small electrodes of platinum dipping into 
an acid solution, (2) sodium cells, in which the electrolyte is a solution of com- 
mon salt, and (3) aluminum cells, in which the electrodes consist of aluminum 
and the electrolyte is some kind of basic solution. "The capacity action of these 
Cells arises from the formation of an extremely thin insulating layer at the 
anode of the cell which apparently has an enormously high specific inductive 
capacity. The anode and electrolyte therefore form two plates of a condenser 
having this thin layer of dielectric between them, forming a condenser of excep- 
tionally large capacity per unit volume. The power factor of this condenser, 
however, is very high, due to the leakage current from anode to electrolyte, and 
Consequently these cells are little used strictly as condensers, either in telephone 
or in power work. However, the aluminum cell is very extensively used as a 
lightning arrester, on power circuits, its capacity action combined with the self- 
/ heating property of the film making it an excellent device for this purpose (see 
< Lightning Protectors). 


TESTING OF CONDENSERS. — The three important properties of a 
condenser are its capacity, its insulation resistance and its power factor. The 
insulation resistance is determined by the use of direct current (see Resistance 
and Conductance); the power factor is measured by employing a source of 

.  Altemating e.m.f., and may be looked upon as a measure of the effective a-c. . 

,  Tesistance. Since this effective resistance is usually many times greater than - 
the d-c. resistance, and since it varies directly as the frequency, the power factor 
of a condenser is practically constant for a considerable range in frequency. 

À great many arrangements of circuits have been devised for measuring the 
capacity of condensers, cables, etc. Only one or two of the simple methods 
used in engineering practice can be described here. For a description and com- 
parison of the various methods which have been used see Grover, F. W., Bulletin 
of the Bureau of Standards, Vol. 3, No. 3. 


1 D-C. Versus A-C. Capacity Tests. — Due to the effect of electric absorp- 
‘tion above described, the charge taken by a condenser depends upon the time 
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of electrification; the discharge also depends on the time. Consequently, whea 
the capacity is measured by any direct-current scheme a standard time of elec- 
trificatión and a standard method of determining the discharge mast be chésén. 
The British Post Office call for the capacity to be measured by taking the instan- 
taneous discharge (by ballistic galvanometer) after the condenser has been 
charged for a period of ro seconds. As a rule the capacity measured by a-c. 
methods is less than that measured by d-c. methods, since the charge does not 
have time to soak in; for the same reason the a-c. capacity also decreases 
slightly with increase of frequency. Hence a-c. tests should be made at a stand- 
ard frequency, preferably that of the circuit on which the condenser or cable is 
to be used. It is also desirable, when possible, to make the capacity test at the 
same voltage, both in value and wave form, as is to be used on the condenser. 

Voltmeter-ammeter Test of Capacity. — Connect the condenser in series 
with ån a-c. ammeter and impress on this circuit the selected a-c. voltage. 
Measure the voltage drop across the condenser by means of a high-resistance 
a-c. voltmeter. Let the current read by the ammeter (voltmeter circuit open) 
be J, the voltmeter reading V, the frequency f, then the capacity is 


I 
2nfV' 


provided the voltage is a pure sine wave and the power factor of the condenset 
is negligible. As neither of these conditions are usually fulfilled, such a test 
as à rule gives only a rough approximation to the true capacity. 


Ballistic Galvanometer Method. — Fig. 3 shows the arrangement of cit- 
cuits for testing the capacity of a cable. B is a battery 
giving the desired constant e.m.f., K a highly insulated 
key, G a ballistic galvanometer properly shunted (see Gal- 
vanometers ‘and Slunts). The sheath of the cable is 
usually necessarily earthed. It is best to charge the 
core of the cable positively as shown. If a condenser is 
to be tested imstead of a cable, the plate corresponding 
to the sheath may or may not be earthed, as desired. 
Care should be taken that there is no leakage of current directly from the bat- 
tery into the galvanometer or into the cable. . 

The procedure is as follows: Throw the key to the left for the desired length of 
time, note the position of the galvanometer needle (or spot of light), then throw 
the key to the right and note the first swing or maximum deflection of the spot 
of light. Callthis Dz. Next, keeping the same battery, substitute for the cable 
à standard ‘condenser of known capacity C and make a similar observation. Let 
the deflection in this case be D. Then the unknown capacity is 
_ Dz 

D 


C, 


provided the damping of the galvanometer is the same in both cases. 
While this method is satisfactory when applied to perfect condensers, it fails 
fone e extent when applied to cables, especially if they are very long, 
dr to any condenser having high absorption. With such condensers the dis 
charge consists ‘of two portions: a sudden rash when the kéy is first closed, 
followed by a current gradually diminishing toward zero, «hie to the release of 
the “absorbed” charge. Both portions of the dischatge are active in produc 
ing the deflection, hence the apparent capacity depends to a certain extent on 
the period of the galvanometer employed, as well as upon the time of électtif- 
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Wheatstone Bridge Method. — The following method gives a means of 
Measuring both the capacity and power factor of a condenser, provided there is 
ii available a standard condenser whose capacity and 
"H* power factor is known. The bridge is arranged as 
SU shown in Fig. 4. Cis the standard condenser and C, 
"xE the condenser to be tested. All resistances must be 
Ww" non-inductive and adjustable. 4 is a source of alter- 
i nating e.m.f. of pure sine-wave form and of frequency 
EC f. Tis the detector; it may be either a telephone 
Xu or if the frequency be kept perfectly constant, a 
877^ vibration galvanometer. For ordinary tests the tele- 
iss" phone is the more convenient instrument; for good Fig. 4 
ACÉ work with it the frequency should be high. ` 
wie The balancing is effected as follows: with Rz and R both Zero, adjust Ri or 
ui R until a minimum of sound is obtained; then adjust either Rz or R as the 
ys? Ase may require, until the minimum is the best possible; then readjust R, or 
ace Ay and so on, thus obtaining the perfect balance by successive adjustments. 
i 2 Ra C, 
Ri 
tan dz = tan d+ 2xf (RC — R;C3), 
where fis the frequency, $z is the angle whose sine is equal to the power factor 
of the condenser under test and $ is the angle whose sine is equal to the power 


sii factor of the standard condenser. The effective alternating-current conductance 
of the condenser under test is then ! 


ian T G; = anf Cz tan Pr 


_- Whichas arule is many times the reciprocal of its insulation resistance as measured 
* by direct-current methods (see Resistance and Conductance). $ 
| The value of the power factor for the standard is best determined at the 


Bureau of Standards in Washington; it is done by indirect reference to an air 
Condenser, . | 


Sources of Error. — The sources of error when the most refined measure- 
ments are to be made are the inductance or capacity of the various resistances, 
o ertor in the ratio of Ri and Rs, and electrostatic induction between the bridge 


and its surroundings, These sources of error are fully discussed by Grover 
ye) Above referred to. | E | 


c COST OF CONDENSERS. — A good standard mica condenser of 14 micro- 
$ farad, guaranteed to stand 300 valts maximum across its terminals costs about 
$> $25. An adjustable mica condenser, such as shown jn Fig. 1, having a maximum 
8’ Gpacity of r microfarad and suitable for voltages up to 300 volts costs about 

aper condensers, such as used on telephone circuits, cost about 79 cents 


per microfarad. A standard 1ooo volt, 1 microfarad paper condenser can be 
had for about $5.75. — . ; 


> Bull. Bur. Stand, 1900, Vol. 3; Mansbridge, G. F. The Manufacture of Elec- 
y "tl Condensers, Jour. Inst. Elec. Eng., 1908, Vol. 41, p. 535; Mordey W.M, 
. Some Tests and Uses of Condensers, Jour. Inst. Elec. Eng., 1909, Vol. 43, p. 658; 
y Budd, A, D., Tubular Electric Condensers (Paper), Elec. W., 1910, Vol. 55, p. 748; 
+ Morse and Shuddemagen, Properties of the Aluminum Electrode, Proc. Ar 


s 4 


[H. PENDER AND H. R. RANKEN.) í 


——— 


Se —————-- lll olm 


244 Condensers, Steam 


CONDENSERS, STEAM.— (See also Cooling Systems for Power Stations; 
Power Stations; Pumps; Steam Engines; Turbines, Steam.) The primary object 
of a condenser is to reduce the back pressure in the exhaust of a steam-engine 
or steam turbine, although in cases where the supply of suitable feed water is 
limited the recovery of the condensed steam is of equal importance. Theoret- 
ically the gain in the output of a given engine for the same steam input is 
proportional to the reduction in back pressure, but practically the gain is usually 


much less than this, depending upon the type of engine and conditions of 
operation. 


CLASSIFICATION OF CONDENSERS. — Condensers are of two 
general types, jet condensers and surface condensers. 


Jet Condensers. — In a jet condenser cooling water and the exhaust steam 
mingle together in a closed chamber, the water condensing the steam by direct 
contact. The cooling or injection water on entering the condenser is broken 


up into a fine spray or is spread out into a thin sheet. Jet condensers may be 
classified as follows: 


Standard or Ordinary Jet Condensers, in which the cooling water, 
condensed steam and air are exhausted by a pump. 


Barometric Condensers (Siphon Condensers), in which the cooling 
water and condensed steam are exhausted by a barometric column, the air being 
exhausted with the water and condensed steam or by means of pump. In 
certain types of barometric condensers the condensing water is forced into the 
condenser by atmospheric pressure (if the lift of the condensing water is not 
over 15 feet), and the condenser is then called a “siphon” condenser. 


Ejector Condensers, in which the condensed steam and air are ex- 


hausted directly to the atmosphere by the momentum acquired by the cooling 
water and condensed steam as they pass through the condenser. 


Rotary Condenser. — The best known form of this type of condenser is 
the Leblanc Condenser (made by the Westinghouse Machine Co.), which accom- 
plishes the separate removal of water and air by means of a pair of relatively 
gmall turbine-type rotors on a common shaft in a single casing, which is integral 


with or attached directly to the lower portion of the condensing chamber. The - 


ARS LL 


condensing chamber itself is but little more than an enlargement of the exhaust |” 


pipe. The injection water is projected downwards through a spray nozzle, and 
the combined injection water and condensed steam flow downward to a centrif- 
ugal discharge pump under a head of 2 or 3 feet, which insures the filling of the 
pump. The space above the water level in the condensing chamber is occupied 
by water vapor plus the air which entered with the injection water and with the 
exhaust steam. This space communicates with the air-pump through a rel- 
atively small pipe. 

The air-pump differs from pumps of the ejector type in that the vanes in 
traversing the discharge nozzle at high speed constitute a series of pistons, each 
one of which forces ahead of it a small pocket of air, the high velocity of which 
effectually prevents its return to the condenser. A small quantity of water is 
supplied to the suction side of the air-pump to assist in the performance of its 


functions. The power required for the pumps is said to approximate 2 to 3 Pet 
cent of the power generated by the main engine. 


Surface Condensers. — Ordinary surface condensers consist of nests of 
small brass or copper tubes usually % inch or x inch in diameter through which 
cooling water is forced and which are surrounded by an. air-tight shell to which 
the exhaust steam is admitted. There may be one, two or more sets of tubes 
through which the steam passes in succession, the condenser being referred to 
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as a “single-flow,” “double-flow” or “multi-flow” respectively. Steam is 
admitted at the top of the shell and the condensed steam drawn off at the bottom. 
Water enters the lower tubes and is discharged at the top, securing thus the 
advantages of the counter-flow principle. The rate of heat transmission depends 
largely upon the state of the tubes. Transmission is much.retarded by a water 
film coating the exterior of the tubes and by interior coatings of scale, dirt or 
corrosion. In the so-called “ dry-tube" type baffles are arranged to catch the 
drip from each set of pipes, drain it off at the side and so prevent it from falling 
on the pipes below. 


Evaporative and Air-cooled Surface Condensers are sometimes em- 
ployed when condensing water is scarce. Brief descriptions and references 
will be found in Gebhardt's Steam Power Plant Engineering. 


List of Well-known Condensers. — The following are some of the well- 
known condensers. 


Jet Condensers: Surface Condensers: 

Ordinary Baragwanath (single-flow). 
Worthington. . | Wheeler (double-flow). 
Blake, Wainwright (multi-flow). 
Deane. 

Barometric. 

Weiss. 
Alberger. 
Rotary. 
Leblanc. 


CLASSIFICATION OF CONDENSER PUMPS. — (See also Pumps 
and Pumping Engines.) The following names are usually applied to the pumps 
used in connection with a condenser. | 

Injection or Circulating Pump, the pump used for injecting the cooling 
water into a condenser. 

Wet-air Pump, the pump used for exhausting the air, condensed steam 
and hot water from a condenser when these are all exhausted together. 


Dry-air Pump, the pump used for exhausting the air and water vapor 
only. A dry-air pump must be used when high vacua are required. 


Hot-well Pump. — This name is applied to the wet-air pump when this 
pump exhausts to a hot-well. The hot-well is a well provided to hold the con- 
densed steam, which is approximately at the same temperature as that of the 
exhaust steam in the condenser. If this hot water is to be used over again for 
boiler feed it is pumped from the hot-well to the boiler by the boiler feed pump 
(see Boilers, Steam). * 


CHOICE OF TYPE OF CONDENSER. — The chief advantage of the 
Surface condenser over the jet condenser is that the condensed steam does 
not mingle with the cooling water and therefore the condensed steam may be 
used over again for boiler feed water, provided any oil which may be carried 
by the exhaust steam from the cylinders is eliminated before the steam reaches 
the condenser (see Separators, Steam). When there is plenty of cooling water 
readily handled a higher vacuum is usually obtained by means of a surface 
condenser than by means of a jet condenser. To offset these advantages, how- 
ever, the surface condenser is much more expensive than a jet condenser, and 
requires as a rule a greater amount of cooling water. 

Consequently the use of a surface condenser is in general justified only when 
the cost of obtaining suitable feed water is relatively high (see also Feed-watey 
Heaters and Purifiers), and poole water, unsuitable for feed water however, 
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relatively cheap (see also Cooling Towers, Ponds, etc). Before finally selecting 
either type of condenser an estimate of the total annual cost, including interest, 
depreciation, maintenance and all operating charges should be made for each 


case. 
According to Prof. Wickenden the following vacua, based on a 30-inch barom- 
eter, have been found most economical in general practice. 


Piston engines. ..........luseeeeeeeeeee enn 26 to 26.5 inches 
Turbines at 20 per cent load-factor or less. ........ 27 to 27.5 inches 
Reaction turbines at high load-factors............ 28 to 29.5 inches 


Impulse turbines at high load-factors............. 28.5 to 29 inches 


In summer months warm cooling water often renders these vacua impracticable, 
When cooling towers are required to conserve the water supply the economic 
limits of vacuum are lower, due to the extra investment and the relatively 
warm state of the water. Jet condensers are cheaper to install and operate 
for vacua up to 27 inches. They require less water and give somewhat higher 
hot-well temperatures if closely regulated. For higher vacua the load on the 


dry-air pump becomes excessive, due to the air entrained with the cooling ' 


water. Surface condensers are then preferable and for extreme vacua they are 
indispensable. 
DEGREE OF VACUUM AND BACK PRESSURE. — Let 
V = degree of vacuum, i.e., the reading of vacuum gauge, in inches of mercury 
column, 
B = reading of barometer. 
Then the back pressure in pounds is , 
j p= 0.491 (B — V). 
'The degree of vacuum is usually referred to a barometric pressure of 30 inches. 
Calling Vo the vacuum in inches of mercury corresponding to a barometric 
pressure of 30 inches, and B and V the observed barometric pressure and gauge 
reading respectively, then j 
i Vo= V+ (30 — B). 


(If Vo is the vacuum in inches referred to 760 millimeters or 29.91 inches of 
mercury, substitute for 3o the number 29.91.) | | 

Vacua from 20 to 29 inches are used in practice, corresponding to back pres- 
sures of from 4.5 toa.5 pounds. The higher the vacuum thé more cooling water 
required and the greater the cost of the air and circulating pumps. 


CONDENSING WATER REQUIRED. — Let 
T = temperature, in ? F., of dry saturated steam at the pressure correspond- 
ing to the desired degree of vacuum, l ' 
|. Ta temperature, in ° F., of the injection water, 
T, = temperature, in ° F., of the condensed steam at hottom of condenser, 
Tw = temperature, in ° F., of the discharge water (for a jet condenser Tw = Ta), 
-H = total heat (above 32° F.) of the exhaust steam, in B.t.u. per pound. 


Then the weight of condensing water required per pound of steam is 
i H — T. 4 32 

Or ee De Ls 
In applying this formula the values of Ts and Ty must be determined and an 
allowance must be made for the regulation of the supply of-condensing water. 
| Nalues of T, and Tw. — Air is always present in exhaust steam and M 


ae, 2 . ^ H . 2 2 oclaumcan unt 
1. nann mn tat noenndeoencare 4 cartain amnunt nf Air alon antare TNE CHIRLEMSC! were 


Ww 


Y Tn 
1 Meow 


Condensers, Steam 247 


iya the cooling water. The effect of the ait is to reduce the temperature of the 
Wis steam (Ta) below that corresponding to saturated dry steam (T ) at the same 
meku pressure. The amount of air présent depends upon the type of condenser and 

als thon the amount of air in the cooling water in the case of a jet ‘condenser. 
piis The following relations between Ts, Tw and T are found tó hold in practice. 


Jet condensers 


ssi | Surface condensers 
Po: 
TE | Paratel- .| Single and) a tui- 

7 eae double » 
int current Bow flow 
bite ———-- —— l 
fen T. Deg. F. .| Deg.F. | Deg. F. 
igi | Tal&s than Tby...........-. EPA roto I5 Storo | otos 
qz | Tw less than T by.............. sss. 10 to 15 To to 20 o to to 
uir 


hi © Cages have been feported where T» and Tw are both higher than T by a few 
uti: degrees, (Proc. Inst. Nav. Arch., March., 1906.) [Probably due to errors of gauges.] 

Aitowance for Regulation of Injection Water. — It is usual to take for 
l1 in thé above formula the value corresponding to dry saturated steam at the 
given pressure in the condenser (see fables in article on Steam), and then to 
increase the value of W sò obtained by from 5 to 15 per cent to allow for im- 
perfect regulation of the injection water and for the more or less unknown state 
of the steam as it enters the condenser. 

Example. — A vacuum of 25.85 inches, referred to 29. 92-inch. barometer, 
is to be maintained in a surface condenser, with injection water at 60° F. The 


git 


{32 value of 7° from the steam tables is 126° F. and H = 1115 B.tu. Take T, = = 


S" uo Ty = 115°, T; = 70°: then 

y= H —~T, +32 ke III5 — 120 +32 
Tw — TY 115 — 70 
DIMENSIONS OF CONDENSERS. — There is so great a difference 


= 22.8. 


FH in the design of the various forms of jet condénsers that it is impossible to give 
" ahy avetage dimensions. See the catalogues of the makers; representative 
v1, Makes of thé various types are listed above. 

Us 


In the case of surface condensers the tube surface ‘exposed to the steam varies 
inversely as the coefficient of heat transfer (ie., the number of B.t:u. per hour 
per ° F. difference in temperature between the steam and water per square foot 
of cooling surface) and directly as the mean ea difference between the 
ies and the steam. Lèt ` 

i = temperature, in ° F., of the injection water, 
z n «= temperature, in ° F., of the exhaüst steam at condenser pressure, 
^ Tw= temperature, in ° F., of the discharge water, 
! Q= pounds of cooling water required .per hour, 

U = coefficient of heat transfer. 

Then, according to Josse (Power, Feb. 2, 1909), the required 'cóóling searface 
in square feet is 


30 Ts — Ti 
mee 7 logo 7.— Te 


The value ef U depends upon the metal used for the tabes, the covidition of the 
extemal surface of the tubes and espècikhy tpn ‘the Condon of the terni 
surface of the tubes (scade and cirrdsion dieaiasihk tlie vafat oT U Véry'markedly), 
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and upon the velocity of the water, being greater the higher this velocity. U 
may be taken as 250 for water velocities of from 25 to 50 feet per minute and 
375 for velocities of from 50 to 75 feet per minute. There is, however, con- city, 
siderable difference of opinion regarding the proper formula for S and the proper an Fumes 
value to assign to U. ; 

In reciprocating engine plants an allowance of 2 square feet of tube surface 
per indicated horse-power is customary. In early steam-turbine installations 
an area of from 2 to 4 square feet per kilowatt was commonly employed, but 
subsequent improvements in condensers and the water rates of turbines have 
tended to reduce these areas. In the most modern plants of large capacity 
condenser surfaces range from 1.2 to 2.5 square feet per kilowatt. 

From the relations implied in the above formulas it is seen that the surface 
may be reduced by forcing large quantities of water at high velocities to pass the 
tubes; or, with a given surface, the vacuum may be heightened by increasing 


the flow of cooling water. However, the gain may be more than offset by the 
cost of pumping this water. 


SIZE OF CONDENSER PUMPS. — (See also articles on Blowers ond 
Compressors; Pumps and Pumping Engines.) The size of the injection or cir- 
culating pump required can be calculated directly from the quantity of injection 
water to be handled and the head against which it is to be pumped, including 
of course the friction head. Separate injection pumps for jet condensers are 
not usually required, as the head does not as a rule exceed that corresponding 
to the difference between atmospheric and condenser pressure. In the case of 
surface condensers the intake and discharge tunnels are usually at about the 
same level, and consequently the head is largely friction head. The friction 
head of a condenser is not readily calculated, but may be obtained from the 
manufacturer. l 

Wet-air Pumps. — The predetermination of the size of wet-air pumps is 

„difficult, owing to the uncertainty in estimating the quantity of water vapor and 
air which they must handle. In the case of jet condensers the total weight of 
water (including the vapor) and air is equal to the combined weight of the 
exhaust steam and cooling water, whereas for a surface condenser only the con- 
densed steam and air in it is handled by the wet-air pump. Hence the wet-air 
pump for a surface condenser is usually much smaller than for a jet condenser. 

Formulas, partly analytical and partly empirical, for calculating the piston 
displacement of wet-air pumps will be found in Gebhardt's Steam Power Plani 
Engineering. For average practice the volume capacity or piston displacement 
is equal to the volumé of cooling water multiplied by the following factors. 

For jet condensers, single-acting pump 
For jet condensers, double-acting pump 


Piston speeds are usually about 5o feet per minute at full load. 


For surface condensers the volume capacity is equal to the volume of the 
condensed. steam multiplied by the following factors. 


For reciprocating engines 
For steam turbines 
These figures are based on a study of some 200 installations (Gebhardt, 1910 ed.) 
Dry-air Pump.— The required volume capacity is found in practice to 
be equal to the volume of the condensed steam multiplied by the following 
factors: 


For vacua under 27 inches................ ccc cece eee ee 20 to 30 
For vacua 28 inches or over....... re GOOG. 50 


In both cases the barometer is assumed as 30 inches. ‘These figures are given 
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POWER REQUIRED FOR CONDENSER PUMPS. — The power re- 
quired for the circulating pump is calculated in the ordinary way from the 
weight of the water delivered and the head, including the friction head (see 
article on Pumps and Pumping Engines). : 

The power required for the wet-air and dry-air pumps can be accurately 
determined only when the proportion of air in the exhaust steam and also in 
the cooling water, in the case of a surface condenser, is known. Surface water 
under atmospheric pressure contains from 2 to 12 per cent, by volume, of air. 
To allow for leakage, a liberal factor of 20 per cent may be taken. 


Power Required to Exhaust the Air. — Let 
fa = atmospheric pressure, pounds per square inch, 
fe = pressure in condenser, pounds per square inch, 
T; = initial temperature of injection water, in ° F., 
T; = initia] temperature of feed water, in °F., 
T, - temperature in condenser in ? F. (approximately the temperature of 
the exhaust steam), 
Ww = weight of cooling water in pounds per minute, 
Ws = weight of condensed steam in pounds per minute. 
Then for a jet condenser the volume of air in cubic feet per minute at condenser 
pressure to be handled by the pump is l 
zi (Wot Ws) Pa (Tc 4- 460) : 


A 310 Pe (T; + 460) 


and for a surface condenser 
T Wapa (Te + 460) ] 
17 310 fc (Ty + 460) 


assuming in both cases that there is 20 per cent air by volume in the water at 
atmospheric pressure, This percentage is probably high when the feed water 
istaken from a hot-well, since the heating of the water drives out the air. Also, 
the temperature 7, for a counter-current jet condenser and separate air pump 
is more nearly the temperature of the injection water than that of the steam. 


The horse-power required to exhaust the air is then 


eVi fa PR. | 
Pom Soze (4s) E 


where e is the mechanical efficiency. of the pump, which may range from 30 to 
6o per cent. (See article on Blowers and Compressors.) 

Power Required to Exhaust the Condensed Steam and Water.— The 
power required to exhaust the water and condensed steam from a jet condenser 
may be calculated in the same manner as for an ordinary pump (see article on 
Pumps and Pumping Engines), using the proper value of the head under which 
the pump operates. This will depend upon the arrangement of the condenser, 
location of the pumps and hot-well, etc. — 

If a wet-air pump only is used, then the total horse-power of this pump will 
be Pa+ Pw, where Pw is the horse-power required to remove the condensed 
Steam and water. If a dry-air pump is used in connection with the wet-air 
pump (which then exhausts the water only) the horse-power of the dry-air 
pump is Pg, and the horse-power of the wet-air pump Py. 

Per Cent of Total Available Energy Used by Condenser Pumps. — 
When steam-driven pumps are employed and the exhaust from these pumps 
is not utilized the steam consumption of the pumps is properly taken as a measure 
of the energy required for their operation; this may range from 5 to 20 per cent 
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of the total steam generated by the plant. When the exhaust from the steam 
cylinders of the pumps is utilized for heating the feed water (sea Feed-waler 
Heaters), the heat consumption of the pumps is properly taken 9s a measure of 
the energy required for their operation; this may range from about 1 to s per 
cent of the total B.t.u. utilized hy the main engines, for a large part of the 
. heat in the steam used in the pumps is returned to the boiler via the feed water. 

When electrically-driven pumps are employed, the kilowatt-hour input to the 
motors driving the pumps is properly taken as a measure of the energy required 


for operating the pumps; this may range from about 2 to 8 per cent of the 
output of the main generators. 


LOCATION AND ARRANGEMENT OF CONDENSERS. — Where 
there is only one engine installed the condenser is usually placed close to and 
just below the engine, so that all condensation may gravitate into it. In some 
large vertical steam turbine outfits the condenser (surface type) is at tbe base 
of the turbine and forms an integral part of the structure. When several 
engines or turbines are installed in a power house a separate condensing outfit 
may be used for each engine, or the so-called “central system” may be employed 
in which one condensing outfit serves several engines. This arrangement is 
particularly. well adapted to plants in which the individual units are subjected 
to extreme variations in load, as in rolling mills. 


Additional data on the location and arrangement of condensers will be found 
in the article on Power Stations. 


COST OF CONDENSING EQUIPMENT. — The cost of condensing 
equipment depends upon the amount of steam to be condensed, the degree of 
vacuum to be maintained, the type of equipment and the method of driving the 
pumps. Gebhardt gives the following cost per kw. of generator output for 
the complete condensing equipments installed and ready for operation. 

Siphon condensers without air pump............. INS 


$2.00-$3.00 
Jet condensers (ordimaty).......... ce eee naina J00 4.50 
Barometric condensers with dry-air ee: E <4100=-9,00 


Surface condensers for 26-inch vacuum. = » e eeoreee * * » 3.5%- 5.00 
High-vacuum surface condensers.........seqcescececuens 


Leblanc jet condensers and pumps 


‘J. R. Bibbins (Power, Jan., 1905) gives a curve showing the relative cost 
of high-vacuum surface cpndensers compared with 26-inch-vacuum surface 
condensers. The following figures are taken from this curve. 

Degree of vacuum, inches.............. 26 26.5 27 aps 28 2&5 
Relative cost, pez cent. .............00. ion FAL 423 137 158 W 


Maintenance of Condensers. — The cost of mainteüsnce of $ Mir 
condenser is subject to wide variations, depending upon the corrosion and de 
terioration of the condenser tubes, the exact cause of which is not often ynder- 
stood. With clean, fresh water, free fram acid, the tubes of a condenser lest 
indefinitely, but where the cooling water contains sulphur, as in drainage from 
coal mines, or sea water contaminated by sewage, such as harbor water, the 
deterioration is exceedingly rapid. 


; The maintenance of a jet condenser i is much less affected by impurities in 
the water. 


BIBLIOGRAPHY. — Gebhardt, Steam Power Plant armek N. Y, 


1909, contains 62 pages on condensers and a very full bibliography of the sub- 
ject. 
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^ GONDUITS AND CONDUIT LINES, UNDERGROUND. — (Se: 
d P aso  Disiribulion Lihos; Transmission Lines; Wires and Cables, Insulated; 
E Wiring of Buildings.) The pe is a brief table of contents of this article: 
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18%‘ Underground cables até now almost universally installed in conduits made 
hee either of glazed tile, Wood of paper fiber. The pipes or conduits are laid so 
ue as to form a series of continuous ducts for a length of not over 400 feet, 
ays i and are terminated ih brick or concrete chambers; from which the cables are 
ail pulled into the duets: 

TERMINOLOGY. — While theré is some confusion in the terminology 
of conduit lines, the best recent literature sanctions the following definitions. 

Conduit, a pipe or tube designed or used for containing electric wires or cables. 
ve Duct, a passage or opening, designed or used for atcommodating electric 
i Wired ot cables, 


tte 
ie Coaduit Line; à troup of installed conduits. (The expression subway is 
yt largély used for conduit line, but will not be used herein, as it is desired to avoid 
» Such expressions as "the subway subway," meahing the conduit lines of an 


" undetground railwáy.) 


{3 


if ye 


line; frequently called à manhole. Properly, a manhole is the opening giving 

4; access to the spliting chamber. 

m Manhole, an opening giving access tó an underground splicing chatnber, 

ix from the surface of the ground; frequently, but improperly, used to designate 

i? the entire splicing chamber. 

c* Service Box, a part of a spliding thamber with facilities for eonnécting 
distributing conductors to the mains. Servicé boxés are usually made of cast 

ji! ton and set on the roof of the splicing chamber like a manhole casting. 


* — USE OF CONDUIT LINES. — Conduit lines are used for the distribu- 
if tion of electrical energy wherever the unsightliness, danger or instability of 
i? pole lines prohibits the use of thé lattér. It is theréfore in large cities that they 
n? have found their principal application. They are used fot the transmission 
o and distribution cables of lighting systems, power plants and railways, and for 
+ telephone and telegraph lines. l 
2 — Since the invention of the Pupin loading-coil, the use of conduit lines for 
telephones has received considerable impetus. Underground telephone lines 
+ now extend from Boston to Washington, a distance of nearly 590 miles, creosoted 
pump-log being. used for the conduit the greater part of the way. The most 
( notable installation of conduit for trunk-line railroad electrification i is that of 
; the New York Central which comprises over 1,600,000 duct feet, partly i in tile 
conduit and partly in iron pipe. 
;  Advizability of Dodbie-tonduit Line. — A bonduit line of a large Gumka 
of ducts should bé avoided wherever postible. Whilé a targe line may be per- 


Spliting Chamber, a chamber built to give access to the ducts òf a conduit - 


E 
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missible for telephone work, it certainly is not desirable for light or power work. 
The entire output of a station or substation of considerable size should not be 
carried out through one conduit line, but should be divided between two or more 
lines kept well separated. 


TYPES OF CONDUITS. — While tile conduit is used far more than any * 
other kind, there are four other kinds in fairly extensive use; namely, fiber con- h 


duit, wrought-iron pipe, cement-lined iron and pump-log. 


Tile Conduit. — Figs. 1 and 2 show the tile conduits used in the Electric — 
Zone of the N. Y. C. & H. R. R.R. near New York. "They represent what is 


————— 


Fig. 2. 


probably the best practice up to date. The single-duct conduit weighs 164 
pounds per length of 18 inches, and the four-duct conduit weighs roo pounds 
per length of 3 feet. | 


Fiber Conduit consists of tubes, made by rolling paper saturated with asphalt 
or bituminous compound around a mandrel. Like iron pipe, which it resembles 
in appearance, lengths of fiber conduit are usually joined by screw and coupling 
although it is also made for socket, sleeve and drive joints. ‘It is lighter and 
easier to handle than iron pipe with which it compares favorably in cost, but is 
more expensive than tile conduit. It is mechanically inferior to other types of 
conduit, and difficulty is often experienced in drawing heavy cable around bends 
without breaking the conduit. For some classes of work this disadvantage is 
entirely compensated for by superior gas and water tightness. ` 

The dimensions of fiber conduits are given as follows by the Johns-Manville !: 
Compnanv and substantially the same by the Fiber Conduit Company. 
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Socket joint Sleeve joint 
: Approxi- : : Approxi- 
: Thick- ~  |Length| Inside | Thick- ngth 
Inside mate aver- : l mate aver- 
: ness o M of sec- | diam- | ness of ; of sec- 
diameter, age weight | . age weight| .. 
inches alls, ec foot tion, eter, walls, pér foot tion, 
inches | P ' | inches | inches | inches * | inches 
ds ds 
I 14 0.45 30 I LA 0.45 30 
1% LA 0.75 60 1% n 0.75 60 
2 m 0.90 60 2 14 0.90 60 
244 y 1.05 60 215 A 1.05 60 
3 p 1.30 60 3 Vy 1.30 60 
34 JA 1.60 60 Zhe te 2.50 60 
4 5 I.85 60 4 18 3.20 60 
xcd ut a Se 
Screw joint Drive joint 
TREE teh Be wee ERR 
546 0.85 60 2 3, 0.90 60 
2 36 I.35 60 2y5 14 I.05 60 
2) 3s 1.70 60 3 UA 1.30 60 
3 Ae 2.20 60 344 Y, 1.60 60 
M te 2.50 “60 4 PA 1.85 60 


4 y 3.20 60 


Wrought-iron Pipe is used in city streets where the conduit line has to twist 
about sub-surface obstructions. It is more expensive than tile conduit and does 
not last as long on account of rusting. The usual sizes are 3-inch and 315- 


inch pipe, 20 feet long, provided with threaded ends and couplings. (For weights 
and dimensions see article on Pipes.) 


Cement-lined Iron Pipe consists of thin sheet-iron cylinders, like stovepipe, 
With a lining. of hydraulic cement. When the conduit is old the iron usually 
lusts away without detriment to the construction. 


Pump-log Conduit is used only on telephone lines, as its inflammability 
renders it dangerous for power work. It consists of wooden blocks with the 


n: TERMES 


i Fig. 3. Fig. 4. 
duct hole drilled out. 
given below under Installation. | 


A description of a typical pump-log installation is 


eed CHAMBERS. — Splicing chambers, for straight runs, are 


"m the shapes shown in Figs. 3, 4, 5 and 6. That shown in Fig. 3 
Sually regarded as ideal, as the excavation is a minimum, and the cables can 
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follow the walls very closely without being bent to a dangerously small radius, 
a frequent occurrence in chambers with square corners. The rectangular form 
shown in Fig. 4 is somewhat more common, but requires more excavation and 
more wall material than the first form, and is conducive to sharp bends in the 


aad es li 
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Fig. 5. Fig. 6. 


cable. The type shown in Fig. 5 is convenient where it is desired to have a wide (s 
chamber without occupying much space on one particular side of the duct line | '* 


as, for éxample, where two duct lines run parallel and a short distance apart. 


In this case, economy may be obtained by the use of a common wall on the long | 


side of the chamber. 


Fig. 6 shows the side-wall type of chamber, which is entered from the side thy 


instead of the top. This form is used in the side walls of tunnels or in retaining 
walls, and usually takes the form of a long niche in the wall. When built it 
tunnel walls not far from the surface of the ground, it is desirable to have them 


open from the street above as well as from the side, in order to avoid the neces A 


sity of having the use of a tunnel track when work is to be done in the chambers. 


Material of Splicing Chambets. — Monolithic conctete is the cheupest and a 


best material to use where a large number of identical chambers have to be built, 


as the same form can be used over and over again. Where such uniformity - 


cannot be attained, as in streets congested with sub-surface construction, brick 
or concrete hollow tile are better and cheaper matetials. 


Dimensions of Splicing Chambers. — The height of latge splidtg cham- |-- 
bers is usually determined by the height in which a man can stand upfight | 
and is seldom less than 614 feet. The width is similarly influenced by the 


space required to work in, which is about 4 feet. The length depends upon 


the length of Splice and the space required to curve the cable from the ducts i 
to the supporting shelves or racks, considerations which make a length of 8 feet. |. 


the practical minimum where there are large cables. 


Special chambers, such as those for bare grounded cables, for a small number : 
of telephone or other small cables, may be made of smaller dimensions than 


stated above, because a man can work on his knees in a chamber 4 feet high and 


342 feet wide, and the length may be reduced to about 4 feet if the cables are 
small and flexible. 


Table I gives the dimensions of standard splicing chambers used by several 


large traction and lighting companies. The letters refer to the dimensions on |. 
Figs. 3, 4,5 and 6. The average volume of a splicing chamber is about 16 cubic . 
feet per splice, although a maximum of 40 and a minimum of 6 are sometimes 


found. 


. Spacing of Splicing Chambers. — It is found that the greatest length of | 


cable that can be pulled through a glazed tile conduit without injuring the cable 
ot requiting spécial apparatus is about 400 or sco feet on 'a straight or slightly 
curved rún. Hence at distantes. of 400 ot soo feet along a conduit line it 5 


_ Sewer through a syphon and 
^ back-water valve. If this 
. $ Bot practicable the sump 

may be drained through the 
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TABLE I. — DIMENSIONS OF SPLICING CHAMBERS 
Height 
inside 


C L 


No. of 
splices 


Name of company 


Feet and inches | 


Chicago Edison Co...... z 3"| 6^ of = 3' 3" 6’ 6” 7 6"| 16 
District Ry., London.... 24/15 of 56 7 6 14 3 32 

L R. T. Subway, N. Y... I 3130| 44 14 O II 4 64 

Long Island R.R......... I 6/4 0] 23 6 6 10 o 18 

Long Island R.R.........| 4 |...... 40| .. 6 6 9 o 18 

Long Island R.R......... 1 8140] 3 8 6 6 9 o 18 

Manhattan Ry., N. Y...| 4 |...... 6 o[| .... 6 6 8 o | 16-48 
New York Cent. R.R.... 2 4450] 3 6 6 6 I1 o 20. 
New York Cent. R.R... 2 645 0] 3 6 6 6 Ir oO 20 

New York Cent. R.R.... I 10|40| 36 6 o I0: Q 5 

New York Cent. R.R.... 1 10]30| 3 6 16'6'-8'o"| 8 6 | 20-32 
Pennsylvania R.R.......{ 4 [...... 40| .... 6 4 8 o 24 

Philadelphia R.T........ 1 8|3 6 |curved| 6 3 7 Io 20 

P, R.R. Tunnels......... (Special shape) 49 6 o 


be pulled in and spliced. Local conditions and curves may prevent the full 
length being attained in all cases, but it is desirable to have no lengths greater 
than the standard, in order to avoid the necessity of keeping special long pieces 
of cable in stock. | 

Service Boxes. — Service boxes are usually iron castings similar in shape 
and size to an ordinary manhole casting, but provided with a completely water- 
Proof inner cover which screws down on a gasket. The outer cover resembles 
that of a manhole. Inside the inner cover is a distribution board with copper 
bus bars, to which the main and feeder cables in the chamber connect through 
the bottom of the board. 

Waterproofing and Drainage. — There is some diversity of opinion with 
tegard to the value of waterproofing splicing chambers, although the modern 
tendency is to omit waterproofing and provide efficient drainage. Water- 
proofing is futile unless the duct lines leading to it are waterproofed. This is a 
very difficult and expensive process which seldom shows good results. Water 
will also enter chambers from the top and will be retained if the chamber is 
Waterproof. * 

Every chamber should be 2 A 
provided with a sump into UA 
Which the water can drain, 
Fig. 7. It is desirable to 
connect the sump to the 


manhole by a hand pump. Vids uri 

Where natural inae: , did 
cannot be secured, as, for example, where the chamber is below the sewer level, 
lis good practice ta provide a special drain pipe ta which all the chambers 
ae connected, the drainage being towards a general sump pit, which is kepy 
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dry by an automatic sump pump. The cost of such a system often compares 9 
favorably with that of waterproofing, besides yielding superior results. : 
The sump of a splicing chamber should be covered with an easily removable yy 4 
grating; wooden ones are often used on account of their property of floating Y: 
when the chamber is flooded, thereby leaving the sump open for the pipe ofa ‘x;y: 
. hand pump. m. 
Manhole Castings. — Manhole castings are usually made with two covers 
(Fig. 8), the outer of which should be made strong enough to stand the weight of 
the heaviest vehicle, and the inner should be as light as consistent with the rough 


usage they receive in zi n. 
handling. Both covers  1:;"\,,)..-———--~__ Ea! emo SÉ Su; 
should be provided with 1 (UI VI LL iN ff Myla) dae 
means to grip them with St ziat Y ar JJ S En 
a hook-bar. Where Se URL IU c uy) 
power cables are used it ese 45K "P 
is essential to provide RU Gea E hl NN 2M 
ventilating holes. It is {> j [E E-— — ——^g dà ee 
usual to lock the inner | | 1—-7---32'dia-—————----—-- AO xi 

cover with a substantial  ! Jerem mA 3514*dia - —— —-——- "m xs 
brass padlock with pro- ^ — —— 85" —ÉÓEENM V 
tected keyhole. Fig. 8. ni 


Cable Supports. — (See also article on Wires and Cables, Insulated.) Cables x; 
in splicing chambers are usually supported on iron brackets attached to the `x 
chamber walls. This construction is very satisfactory, especially if the power 2) 
cables are properly wrapped with asbestos, but some engineers consider a shelf 
to be preferable, as it affords insulation and provides more protection between 
cables. 

Concrete reinforced with expanded metal or wire cloth has proved satisfactory 
for shelves one inch thick, and is inexpensive. A good support for shelvesisa |. 
pair of iron pins set in iron pipes, which aré sunk in the chamber wall at a slight |. 
angle, so as to tilt the shelves toward the chamber wall as shown in Fig. 9. 


UL 


AAA 


A 


mM, 


Fig. 9. 


Fig. 10. 


Splicing chambers with shelves have to be made larger and more expensive than 
those with duplex racks (Fig. 10), if an equal number of cables have to be 
carried. 

Open-face conduits (Fig. 11) constitute a type of.shelf which may be conven- 
iently run all the way through a chamber to-connect duct to duct. This giv 
excellent protection to the cables, but owing to the large size of the conduits, 
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used in a moderate-sized chamber is even more límited than where shelves are 
used. 
RODDING AND WIRING OF CONDUIT LINES. — The only test 
Which it is usual to apply to con- 
duit lines is rodding with a man- þe——— — s — — ——— — —5 
drel in order to ascertain whether 
the ducts are continuous and un 
obstructed. 
The rods used for this purpose 
are of hickory about one inch in 
diameter and three or four feet icenosfor OE Pda 
long and are fitted at the ends d annie ducts only 
With steel couplings such as that 
shown in Fig. 12. The first rod 
ls attached to a mandrel and 
pushed into the duct. Another 
tod is coupled to the first and the 
pair pushed further into the duct. 
By successively coupling other 
rods and pushing them into the 


mw! 
— 
[ 


neaga > 
Recess [7^7 
| 1 l I 


14" 


ff. ne ere, "n H 
E reU 


rx 


duct, the mandrel is made to | Recess 414 long and placed 
travel from one chamber to an- in center of duct 
other. As soon as the mandrel Fig. 11. 


emerges into the receiving cham- 

ber, the rods are pulled through and uncoupled. If an obstruction stops 

the mandrel an attempt is made to force it through by repeated blows, failing 

which, it becomes necessary to cut into the conduit line from the side. 
Mandrels for Rodding. — Various types of mandrels are used for testing 

ducts, some hollow and smooth with sharp cutting edges, others fitted with 

numerous sharp projections and known as hedgehogs (Fig. 13). 


Fig. 12 : . Fig. 13. 


" Wiring? the Ducts. — It is usual to attach a galvanized steel wire (No. 
10 or 12) to the last rod and leave the wire in the duct after the removal of the 
rods, The ducts may also be “wired” by the use of a conduit machine. This 
Consists of a reel of steel tape and means for winding and unwinding the tape 
Into the duct at the rate of about ten feet per second. This tape or “snake " 
iN i pushed through the duct is pulled out again with the wire attached 

Its end. . 


SPECIFICATION S FOR CONDUIT LINES. — (See also article on Speci- 
tons.) By far the greatest number of cable breakdowns occur from injury 

to the lead sheaths, either by electrolysis or by abrasions during installation. 
atp projections in the ducts should therefore be carefully guarded against, as 

a cable pulled over such a projection will have a groove cut along its entire length 


* and the effective thickness of the sheath will be thereby materially reduced. 


e specifications for inspection and rodding given below are typical of the best 
modern practice, but unfortunately duct inspection is usually so lax that often 


^ a large installation scarcely a single duct conforms in every particular with 


e specifications. Engineers are now beginning to realize the practical impor- 
tance of giving each duct a rigid inspection, and rejecting those which have any 
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roughness or irregularity. Scarcely less important is rigid inspection during 
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i Es E 
installation, in order to assure the most perfect alignment. n 
Details of Construction. — The following items should be covered: m 
Conduits. — gi 
Single-way, or four-way. Din- 

Holes circular or square with rounded corners. 4l: 
Maximum outside dimensions. : k 


Minimum inside dimensions. 

Minimum thickness of walls. 

Shall be free from blisters, cracks and other imperfections which, in 
the opinion of the Engineer, will tend to injure the cables to be accom- 


modated therein. Sh 
Shall be of good quality tile, thoroughly glazed inside and outside. i 
Shall be straight and true. S 
Shall be provided with holes for dowel pins if ducts are four-way. — 7 
Dowell pins may also be called for. d 


The sides of single duct conduits shall be combed with two (2) sets — ^5 
of three (3) longitudinal combings each, each combing to havea — 5: 
width of one-quarter (14) inch and a depth of one-sixteenth (46) — S 
in Multiple-duct conduits shall be scored transversely near the | : 
ends. 

Conduits shall be of stated length. It is usual to call for a certain pet^  &t, 
centage of shorter lengths (generally 1 per cent), in order to finish 
runs or stagger joints. The permissible variation from the specified 
length should be stated. — . don 

(If fiber eem is to be used, substitute the corresponding require- | |, 
ments. | 


Cement. — ` ips 


Shall be of approved brand. 

Briquettes made of neat cement and kept one day in air and six days 
in water shall show a stated tensile strength. A corresponding 
strength may be similarly required of briquettes made of one part 
cement and two and one-half parts sand. 

Shall be protected from moisture during work. 


Sand. — 


Shall be clean and free from loam or salt. 
Shall be sharp and of stated coarseness. l 


Stone. — 


Shall be of crushed granite, lime stone, trap rock or other approved | 
variety. 


Shall pass through a sieve of stated mesh. 


Brick. — 


Shall be of good commercial hard-burned sewer brick, or other stated 
variety. 2 


Concrete. — 


Stated proportions of cement, sand and stone. (Usually 1 part op 
cement, 2 parts of sand and 4 parts of stone.) I 

Maximum size of aggregate. (Usually 94 inch.) 

Sand and cement shall be mixed dry and wetted with only sufficient 
water to make a stiff paste. The stone having been previously 
wetted shall be added while wet and thoroughly mixed until all the 
stones are covered with mortar. ^ Tt shall then be deposited as rapidly 
as possible. Machine-mixed concrete will be accepted if made in? 
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wit ^ Cement Mortar, — | 


ei 


Excavation. — 


vel 
gE- 


Stated proportions of cement and sand. (Usually 215 to x of cement.) fi 
Concrete mortar shall not be laid in freezing weather, and shall not be | 
used after initial set has taken place. 


Shall always be of such depth as to leave a stated minimum distance 
between the top of the concrete over the conduits and the surface of 


the ground. ; 
Ground on which conduits are laid shall be rammed solid before any 


S j 
concrete is laid. i 


x7 Refilling Excavations. — 


g if 


ile’ 


t^^ Obstructions, — 


Laying Conduits, — 


` Each joint shall be wrapped with two strips of burlap 6 inches wide 


The best part of the material excavated shall be used. . 

Surplus material shall be carted away by the contractor (or will be 
carted away by the company). l 

Filling shall be thoroughly tamped and rolled, or flushed, as seems 

necessary to the Engineer, and shall be done in a manner to prevent, 

as far as possible, a settling of the earth after completion. 


Obstructions encountered in the course of the work shall be overcome 
in a manner to be approved by the Engineer. 


. Shall be laid with ends square so as to leave a tight, well-fitting butt 
joint. 

Joints shall be staggered horizontally and vertically. 

Conduits shall be laid in a bed of cement mortar of about 14-inch 


thickness. 


and coated with neat cement mortar, the ends of the wrap to lap 4 
inches. (It will insure more careful work if it be specified that the 
contractor shall supply rubber gloves to the men who lay the burlap.) 
Where conduits are laid on curves, the wraps shall be doubled if 
required to protect the openings between the ends of the conduits 
on the outside of the curve, and to exclude mortar from said open- 
ings. (This method of wrapping is not universal. If another method 
is to be used, corresponding details should be given.) d 
Conduits shall be laid with a mandrel of specified length and width and iy 
provided at the end with a rubber washer for wiping the joints. | 
Conduits shall be laid on a bed of concrete of stated depth, shall be 
. covered at the top with a stated depth of concrete, and shall have a 
stated thickness of concrete on each side. Where the conduit line 
goes under railroad tracks, the concrete shall be suitably thickened 
and reinforced. . | 
If conduits are four-way, they shall be laid with dowell pins at joints. 
The alignment horizontally and vertically shall be satisfactory to the 
Engineer. 


5 
, 
ly 


Drainage of Conduit Lines.— The grade of all conduit lines shall be 
such that water cannot stand in the ducts but shall drain into one or both 
splicing chambers. 

Repairing. — All repairing shall be done in a manner satisfactory to 


2 : 
ae the Engineer and the municipal authorities. 


EU ; 


Extras. — No extras will be allowed the contractor for irregular work 


io except 


Rock blasting, if necessary. 
Removal of pipes or other obstructions, if necessary. 
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Cone 
Such work shall not be done without the consent of the Engineer. The cone — v... 
tractor shall specify the cost of such work bcfore it is begun. UN 
Details of Terminals of Conduit Lines. — (Whether they go into 5: 

power stations, etc.) 


Splicing Chambers. — Shall be built according to plans supplied, unless =: 
local conditions interfere, in which case the suggested modifications shall be — 5 
approved by the Engineer. 

Chambers to be not more than a stated distance apart. 


State any details pertaining to the design of the chamber and cable “> 
supports which may not be clear from the plans. I 


Tests. — The contractor shall notify the Engineer sufficiently in advance us 


of the completion of the conduits to enable inspection at the factory to be SA 
arranged for. 


Rodding, Cleaning and Wiring. — After the conduits are laid and = 
the cement is sutficiently set, they shall be rodded and the contractor shall draw `~ 
after such rods, wire brushes and a mandrel of specified dimensions. All mortar ~ 
and other foreign matter shall be removed. If obstructions are found which — ^ 
cannot be removed by cleaners so as to pass the specified mandrel, the ducts —. 7 
shall be removed and relaid. Any expense incurred by such work shall be — ^ 
borne by the contractor. A galvanized wire of stated size shall be left in each <° 
conduit from splicing chamber to splicing chamber, and sufficient length shall ^ 


be left at each end to permit it to be bent in order to prevent it from slipping %1 
into the duct. : 


the right to inspect and the right to reject any and all parts which are not strictly 
in accordance with this specification. 


INSTALLATION OF CONDUIT LINES. — The problems connected 
with the installation of conduits vary greatly with the local conditions. They 
involve the choice of trench excavation, drainage, removing or avoiding ob- 
structions, concrete mixing and so on. The following details are gleaned from 


first-class examples of the various kinds of work described but should in no & | 
sense be regarded as standard. 


Cross-country Conduit Lines. — The excavation for the conduit line of 
the American Telegraph and Telephone Company, between New York and 
Washington, was made partly by a trenching machine and partly by a trench 
plow. The trenching machine was of the Austin “caterpillar” type and dug 
a trench 18 inches wide and 3 feet deep at the rate of 3 feet of clean trench for 
each minute of actual working time. An engineer and two assistants were 
required to operate the machine, replacing, it is estimated, 50 laborers. Other 
sections were excavated by a trench plow drawn by two: mules or horses, the 
furrow being made a few inches deeper at each pass, and the loose earth removed 
by shovelers. The conduit used in this installation was “pump-log” made 
of southern yellow pine 415 inches square and 7 feet long with a circular duct 
3 inches in diameter. These conduits were creosoted by the pressure process, 
with 15 pounds dead oil of coal tar per cubic foot of wood. Splicing chambers 
having concrete-block walls were built every 500 fect. 


Conduit Lines for Railroads are usually difficult to construct and operate 
for the following reasons: 


(i) Owing to the right-of-way being usually on made ground, excessive 
quantities of concrete and reinforcement are required to make a reasonably 
strong duct construction. 


(2) Owing to the width of the right-of-way being usually very restricted it 


EM 
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(3) Owing to the vibration caused by heavy trains, it is necessary to bury 
the conduits at a greater depth, first to avoid undue stress on the conduit, and 
second to avoid crystallization of the cable sheaths. 

In order to have the conduits below the frost level, the depth of ballast must 
be neglected, as it has been found that with stone ballast on top of the ground, 
the frost penetrates the ground about as far as if the ballast were not there, 
unless the ballast is very dirty. 

(4) There is considerable difficulty in obtaining best results from labor where 
there are continual interruptions from trains. On a busy section a duct con- 
struction gang engaged for ten hours can possibly work two full hours. 

(5) Owing to the right-of-way being often quite low, in many cases along- 
side of rivers, duct construction is likely to be seriously impeded by the flooding 
of trenches. 

(6) Where the right-of-way shows signs of settlement, as, for example, on 
marshy ground, continuous piling is necessary to support the ducts. This 
Involves the use of the track for construction purposes for, long periods, and 
thereby not only impedes, but also endangers traffic. 

(7) Duct-line construction generally involves interference with signal and 


‘interlocking apparatus, thereby introducing danger and expense. 


(8) Bridge abutments, bridges, culverts, and in fact all special right-of-way con- 
struction, present complicated problems which can be solved only at great expense. 


Conduit Lines in Cities. — The obstructions due to sewer, water and gas 
Pipes, car tracks and foreign conduit lines, also render conduit construction in 
big cities a complicated problem. Plans made in the office can seldom be fol- 
lowed in the field, as the municipal pipe plans are seldom reliable, and the 
supervision of an experienced civil engineer is needed to solve the numerous 
problems which constantly arise. Excavation is almost invariably performed 
by hand labor, and when the conduits have been laid and covered with concrete, 
it is usual to lay a plank over them in order that future excavators may not 
drive picks into them. Obstructions are often avoided by changing the group- 
Ing of the conduits. 

laying Conduits. — Conduits must be laid so that joints are mechanically 
strong and the ducts unobstructed. With this in view joints should be staggered 
horizontally and vertically, and each joint covered with a wrapping impervious 
to mortar in bulk. Formerly the wrapping was omitted and the conduits 
Joined with stiff mortar, but this became too expensive when the labor unions 
insisted upon the employment of masons for this work. 

.. Single-duct Conduits are laid with their joints wrapped in a light- 
weight fabric saturated with thin cement mortar. In the Pennsylvania Tunnels, 
canvas weighing 10 ounces per yard was used, and cut into six-inch strips. 
Cheese cloth doubled has also 


ee favor. When laying de 1 9/0" for single way duct! "EP 

Conduits jt is necessary to S. Far four way duct É 

have a long mandrel (Fig. 14) „Ii | 1 [ox " 
to remove loose cement from Rock Maple ,/ Iron Plate 
the ducts. This mandrel is M'Ruber > 


usually provided with a rubber Fig. 14. 
Washer at the rear, and a hook- | | 
eye at the front end. The conduit layer is provided with a hook rod by means 


of which he draws the mandrel after him as he lays the conduit. 

Four-duct Conduits are usually provided with holes for dowel pins 
by means of which the ducts are aligned. The joints are wrapped in burlap 
soaked in asphalt and afterwards painted with asphalt. No mandrel is used 
in this type of construction. 
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Concrete Covering. — However the conduits may be laid, the complete ^ 325" 
group is always inclosed in concrete to secure rigidity and protection, and the £ 
finished ducts are cleared of rubbish and obstructions by pushing a steel plunger “7t: 
through them by means of the rods described above. 


t 1 A steel plunger for this — 5: 

purpose is shown in t de 

Fig. 15, in which is Taper gradually to fit Rod coupling Chus 

also shown a wooden ae mx 
` Grind 97 i 

plunger with rubber Edge f í =a T 


TEIR) 


washers, which lx TIIT 7 | s 
should be drawn 3X4 2 Wy YYW, la 
through the ducts t YM | | ‘hey 
to collect the loose BTEELPLUNGER 000 X = 
particles left behind Rubber La gt kg’ Gas J Su 
the steel plunger. qorov " atn ds 
MAINTENANCE ii MW. 2 
OF CONDUIT -!---- v 
LINES.— The Cotter Pin WOODEN PLUNGER [pron Washer Za 
inci i Steel Plunger, Steel Wire Flue Brush XE 
Puce and Wooden Plunger to be passed un 


through ducte in order named. us 
pance are those re- 


lating to keeping the Fig. 15. : 


line clean and safe, namely, pumping out water, blowing out gas, removing 
mud, opening and closing manholes for the benefit of cable workers and in- Xi; 
specting the line to guard against theft and injury. Large systems have usually ict 
one or more wagons equipped with apparatus required for these purposes, and 
have men ready to go out with it upon emergency calls. 


Removal of Water is usually the most important of operating troubles, 
especially where no drainage system is installed. When cable accidents occur, 
it is important to have the chambers accessible without delay and a portable 
pump is required. For this purpose a small gasoline or electric pump is useful, 
having a capacity of about 5o gallons per minute. Such a pump which has given 
good service is of the horizontal centrifugal type with horizontal discharge and 


costs about $200 complete with electric motor, hand priming pump and starting 
rheostat. 


Ventilation does not occur naturally in conduit lines, because the cold ait 
contained in them has no tendency to rise. Noxious gases therefore tend to 
accumulate in splicing chambers, endangering workers and making explosions 
possible. No permanent system of ventilation has proved successful, as it is 
found that pressure is maintained only at or near the bldwing points. When 
it is necessary to blow out the chambers, it is therefore usual to employ a port- 
able blower in conjunction with an air-tight false manhole cover. 


Protection from theft of cable is secured (1) by locking the inner manhole 
cover and.having the lock combination periodically changed; (2) by patrolling 
the line and (3) by using cable differing in some way from that used by neigh- 
boring companies, so that it can be easily identified if stolen. 


Electrolysis is more fully treated in the article on Electrolysis. It should 
be noted that the prevention of electrolytic corrosion of cable sheaths depends 
more upon efficient drainage than anything else. 


Maintenance of Conduit Lines Along Railroads present the following 
peculiar operating difficulties. | 


(1) Owing to the right-of-way being often on made ground, duct lines settle 
and crack, injuring the cables in them and preventing the removal and replace- 
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" (2) Owing to the great depth of splicing chambers necessitated by railroad 1 
CEDE conditions, they are often full of water and cannot be cleared for repairs without i 
mtt Pumping water out of as much of the system as is at the same level, a process : 
mis which may take many hours to complete, possibly interfering with traffic during | 
XM" that time, Drainage is usually out of the question, owing to the absence of i 
" any kind of a drainage system below the surface system. 

(3) The great depth of chambers requires the use of narrow chimneys con- 
necting the chambers to the surface of the ground. This makes it almost 
impossible for employees to escape from chambers in case of trouble. 

f | (4 Where improvements are made involving the raising of the right-of-way, i 
.,' as, for example, in eliminating grade crossings, ducts laid previous to the im- i 
~“ provements become so deep that they are practically inaccessible for repairs T 
^, and splicing chambers are correspondingly dangerous on account of their distance | 
i, from the surface, 
iz (5) The existence of water in low splicing chambers renders the cables par- 2 
DEL ticularly liable to electrolytic corrosion. This is a very serious matter where i | 
the grounded return is only a few feet away, as is almost invariably the case on | 
* arailroad. Electrolytic trouble cannot always be reduced by grounding the | 
cable sheaths to the track rails, as such connections are seldom permissible 
where electric signals are used. — , | | 


REPAIRS. — The principal repairs to conduit lines are those due to settle- 
_ Ment and to damage done by adjacent building operations, such as the con- 
t^ struction of sewers or railway tracks. It is sometimes desirable to replace the 
sat conduit line without disturbing the cables they contain. In such cases, the 
ee conduits are broken, the utmost care being taken to avoid injuring the cables. 
ES New conduits are then relaid on a firm foundation, after having been split 
longitudinally so as to fit over the cables. The whole construction is then 

dnt rendered rigid by being inclosed in conctete. 


COSTS. — The costs of conduit lines published from time to time are of 
merely local value, the labor of preparing a dry trench free from obstructions 
g an item whose variations are so great as to render insignificant the items 

of constant cost. 

Mt. Quimby's table, given below, is probably representative of city practice, 
but conduit lines along railroads cost from 60 cents to $3.00 per duct foot, an 
., Average of 82 cents per duct foot having been obtained on a recent large railroad 
¿3? Installation. In this case the labor item was about 80 per cent of the total 
xi^ although the construction was extremely solid and the number of ducts usually 
ijj 200r more in each trench. l i 

$^;  Theitems to be considered in making an estimate of the cost of a conduit 
line are the following, the quantities all being per foot of trench. 

abor: excavating trench; excavating for splicing chambers; boxing and 
racing; removing obstacles, such as gas and water pipes; mixing and placing 
zz% Concrete; placing conduit; carting and dumping; repaving; superintendence, 
xý Outside; office expense. 

: — Material: conduit; manhole and service boxes; covers, shelves, etc; sand, 

stone and cement; brick for splicing chambers (unless made of concrete); 
; lumber for protecting top of ducts; lumber for bracing; incidentals. 
ded The following table, adapted from that published by E. R. Quimby in the 
© Bec. World, 1911, Vol. 57, p. 1294, includes all these items, and is based on 
jt actual cost of construction in New York City. . Full details will be found in the 
=" original article. The figures given are for Belgian block pavement replaced 
and kept in repair for one year, 
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(nds 
COST PER TRENCH FOOT OF CONDUIT LINE UNDER CITY " 
STREETS Piin l 
Estimates Based on Costs in New York City t n 
3-Inch wrought-iron pipe laid in concrete and protected by creosoted wood TUM 
"a m 
Trench |Conduit line ex- i ii 
dimen- naive of spie . Grand total tt 
N Num- | sions in ingchambersand Service P Plicinz Se 
um- | ber of | inches, | Service boxes chinmi "iu 
oer of | date UL boxes |, b —————————— 
ducts | 107S (wi r (c) | Pers | Per | Cents Y 
of ducts depth be- Labor Mate- (d) vena | Per Rn 
low pave- rial (b) i duct ‘s fay 
ment (a) oot foot UM 
O eee a es i ee Ph et a ie Se ee DN 
I I 16X26 | $0.507 | $0.220 | $0.568 | ..... $1.295 | 129.5 : >] 
2 I 20X30 0.758 | 0.649 0.568 | ..... 1.9755 | 98.8 à d 
3 I 26 X30 0.873 | 0.943 0.568 | ..... 2.334| 79.5 d 
4 2 30X 30 1.006 | 1.178 0.568 | ..... 2.752 68.8 HR l 
4 2 26X35 1.020 | 1.134 | ..... 0.384 | 2.538 63.5 y 
5 2 26X35 1.086 | 1.389 P ..... 0.384 | 2.859 57.2 Vu 
6 2 35X35 1.148 | 1.507 | ..... 0.384 | 3.039 | 50.7 Aa 
4 2 36X35 1.335 | 1.757 | ..... 0.420 | 3.512| 50.2 <E 
8 2 36X35 1.360 | 1.930 | ..... 0.420 | 3.710| 46.4 ^ 
9 3 30X40 1.405 | 2.172 | ..... o.450| 4.027| 44.7 
10 3 36X40 1.535 | 2.359 | ..... 0.450 | 4.344 | 43.4 
3-Inch tile duct laid in concrete and protected by creosoted wood | 
| 
4 I 30X36 1.370 | 0.615 eos. | 0.384 | 2.369 | 59.2 
6 2 25X42 1.485 | 0.740 | ..... 0.384 ' 2.609 43.5 | 
8 2 30X42 1.631 | 0.895 | ..... 0.420; 2.946 | 36.8 
10 3 30X46 1.833 | -1.080 | ..... 0.450 | 3.303| 336 
12 3 30X46 1.942 | 1.263 | ..... 0.500 | 3.705 | 30.9 
14 3 36X46 2:201 | X.5I5 lb "ess 0.500 | 4.222| 30.1 
16 4 32X51 2.310 | 1.620 | ..... 0.520 | 4.450 27.8 
18 4 36X51 2.585 | 1.851 | ..... 0.520 | 4.956 | 27.5 
20 4 38X56 2.817 | 1.983 | ..... 0.520 | 5.320 | 26.6 
22 5 38X56 2.847 | 2.133 | ..... 0.520 | 5.500 | 25.0 
24 4 43X51 3.043 | 2.283 | ..... 0.520 | 5.846 | 244 
26 5 43X56 3.088 | 2.460 | ..... 0.550 ; 6.098 | 234 
28 4 45X51 3.203 | 2.648 | ..... 0.550 | 6.401 | 22.9 
30 5 43X56 3.278 | 2.788 | ..... 0.550 | 6.616 | 22.1 
32 5 45X56 3.497 | 2.964 | ..... 0.580 | 7.041 | 22.0 
34 5 45X56 3.552] 3.119 | ..... 0.580 | 7.251 | 21.3 
36 5 49X56 3.736 | 3.313 | ..... 0.580 | 7.629 | 21.2 
38 5 49X56 | 3.791 | 3.443 | ..... 0.580 | 7.814 | 20.6 
40 5 49X56 3.844 | 3.599 | ..... 0.600 | 8.043 | 20.1 
42 6 | 49X6r | 3.905| 3.743 | ..... 0.600 | 8.248 | 19.6 
"m 6. | 49X6r | 3.925| 3.853 | ..... o.600 | 8.378 | 19.9 


A ^. Add 8i in. for thickness of pavement. b. Pipe at 18 cents per foot, tile duct ató 
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Depreciation. — (See also article on Depreciation.) Conduit lines depreciate 
very slowly from the effects of deterioration or obsolescence. The rates given 
in the article on depreciation are based more upon guesswork than upon ex- 
perience, as there are few conduit lines in existence which have lost much of 
their value from age unless unforseen circumstances have deprived them of 
some useful association upon which their value depended. The value of conduit 
lines often increases with age especially where they have been laid in growing 
E where the demand for duct space increases more rapidly than the 
Supply. 


BIBLIOGRAPHY. — Anon., Conduit System of the Manhattan Railway, 
Street Ry. Journal, 1903, Vol. 21, p. 14; Anon., New Underground Trunk Lines 
of the American Telephone & Telegraph Co., Engineering News, 1911, Vol. 6s, 
p.615; Brace, J. H., and Woodard, S. H., East River Tunnels, Trans. A.S.C.E., 
1910, Vol. 68, p. 447; Del Mar, W. A., The Difficulties of Underground Trans- 
mission for Trunk Line Electrification, Elect. Age, N.Y., June, 1909; Hewett, 
B.H. M., and Brown, W. L., North River Tunnels, Trans. Amer. Soc. Civil Eng., 
1910, Vol. 68, p. 203; Lake, Edwin N., Some Suggested Improvements in Under- 
ground Conduit Construction for Large Transmission Systems, Jour. Western Soc. 
of Eng., June, 1910; Quimby, Edwin R., Various Kinds of Subway Ducts used 
th M anhaltan and Methods of Installation, Elect. World, 1911, Vol. 57, p. 1293; 
Spillman, H. C., The Laying of Vitrified Conduit, Elect. World, 1910, Vol. 55, 


p. 878. 
[W. A. DEL Mar] 
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CONTROL SYSTEMS FOR RAILWAY MOTORS. — (See also 
Controllers; Motors; Raslways, Electric Traction Systems for.) The function of 
the control equipment is to regulate the speed and direction of the motors by 
certain definite systematic changes in connections. The speed of direct-cur- 
rent railway motors is controlled in two ways: (1) by connecting suitable 
resistances in series with the motors, which will reduce the voltage across the 
motors and thereby the current which they will take; (2) by changing the 
connection of the motors so that they will be connected at first in series, 
thereby applying half of the line voltage to each motor, and then in parallel 
across full line voltage. In most control equipments a combination of both 
methods is used. For the speed control of alternating-current railway motors 
an auto-transformer, or compensator, is used instead of the resistances. 

The direction of rotation of the motors, d-c. or a-c., is changed by changing 
the direction of the current in either the fields or the armatures; it is customary 


to connect the terminals of each field coil to a reversing switch in order to ac- 
complish this effect. : 


TERMINOLOGY. — The íollowing terms are in general use. 


Cylinder or Drum Control or Direct Control are names commonly ap- 
plied to an equipment in which all the connections are made by contacts on a 


cylinder or drum which is manually operated by the motorman and located on 
the platform. This may, therefore, be called direct control. 


Multiple-unit, Indirect, Remote Control or Train Control are names 
applied to an equipment in which the changes in connection of the main power 
circuit are made by switches called “contactors,” usually located underneath 
the floor of the car, and controlled by electric circuits coming from a small 


master controller on the platform. "There are two systems of multiple-unit 
control in use in this country, viz., 


Sprague-General Electric System. — In this system the contactors 


are closed by electromagnets which force a plunger against a spring, the latter 
normally holding the switch open. 


Westinghouse “ Unit Switch " System. — In this system the contac- 
tors are closed by compressed air, from the air-brake cylinders, the air valves 
at the switches being controlled electrically from the master controller. 


Hand Control is a term applied to that method of control in which the 
motorman has it in his power to regulate the current to any value he pleases 


by moving the controller handle, the change in connections depending only 
upon the motion of the latter. 


Automatic Control, as distinguished from hand control, is a type of control 
in which certain automatic devices prevent the motorman from causing the 
motors to take a current greater than a predetermined value. With this 
method of control the motors start with a definite current and as soon as the 
current has decreased to a specified value a change in the connections is auto- 
matically made. Thus the rate of acceleration and the current are kept prac- 
tically uniform throughout the period of control. It is nearly always used in 
connection with multiple-unit control. 

Rheostatic Control consists in connecting a resistance in series with the 
motor and short-circuiting consecutively parts of this resistance. It is seldom 
used at present, except on mining locomotives and for single motor operation. 


Series-parallel Control, which is used on practically all railway equip- 
|. ^ i» inelndes the feature of connecting two motors and their resistances 10 
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tively until all resistance is cut out, under which condition the motors will 
operate efficiently at approximately half speed. On the next step of the con- 
troller the two motors with- resistance in series are connected in parallel and 
subjected to full line voltage. There are three methods of accomplishing the 
change from series to parallel. 


Transition with Power Off. — In the so-called type L controller 
power is entirely cut off from both motors while the change in connection is 
being made. This was formerly used for large-size motors and locomotives 
but is not at present much used. Porn 


Transition with Series Resistance. — During the transition from 
series to parallel a resistance is placed in series with one motor and the other 
motor is first short-circuited, then disconnected from the main circuit, and 
finally, placed in parallel with the other motor. This method is in general 
use id equipments of small motors with the so-called type K controller. 


Bridge Transition. — The so-called “bridge” method consists in group- 
ing the motors and their. resistances. like the arms of a Wheatstone bridge, 
so that after the two motors are in full-series position the resistances may be 
Placed in circuit again in parallel with the motors, without opening the circuit; 
the two motors are then connected in parallel with each other and each in 
series with its own resistance. This method is preferable to either of the other 
two in that both motors are in operation throughout the whole control Period. 
There is no noticeable jerk and it is not necessary to open the circuit, which 
would cause flashing at the switches. It is used in certain forms of the K con- 
trol and in most of the multiple-unit control equipments, particularly for 
motors of large capacities and for locomotives. 


Series-parallel Control with Four-motor Equipment. — Whereas 
the three methods just described apply particularly to two-motor equip- 
ments, they are equally applicable to four-motor equipments by connecting 
two motors permanently in parallel and treating them as a unit. 


TYPE K CONTROL. — The type of control as well as the constrüction 
of the controllers for ordinary single-car equipments has been practically stand- 
ardized in this country, the large manufacturers supplying control equipments 
Which are practically identical. 'This type of control is known as the type K. 
The various sizes of type K controllers are listed in the table below. | 

Where type K controllers are used for motors of large capacity they are 
sometimes adapted with a modification of the temote control by the addition 
of two electrically-operated main switches placed underneath the floor of the 
car, the function of which is to open the main. power circuit every time it is 
necessary that it should be opened and thus remove all flashing and drcing 
from the controller. This expedient makes it possible to use a smaller con- 
troller for a given capacity of motors and obviates all danger to the Passengers 
from fire and fright. The scheme is accomplished by substituting for the main 
Power circuit on the controller an auxiliary circuit carrying only one or two 
amperes and every time this auxiliary circuit is opened in the main controller 
the main switches underneath the car open the power circuit. When the auxil- 
lary circuit is closed the main switches close the main circuit. By means of an. 
overload trip operated by a coil in the main circuit these switches are also used. 
as circuit breakers and if the current taken by the car exceeds a certain value 


a relay opens the auxiliary circuit which in turn causes the main switch to. 
open, , l 


Capacity and Weight of Type K Controllers. — The mote usual forms ` 
: e i controllers and the capacity in niotors for which they are adapted 
e as follows:  - pa | ] 
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TYPE K CONTROLLERS 


; à Number Total Number of | Weight, 
Designation of : is* 
motors h.p. points po 
ELE MERET j 5 series 
10-A 2 80 4 parallel 940 
K-10-I ose dore 2 80 j| 5 series 
i 4 parallel 
KAPHA th ana ia 2 S series 
120 A parallel 1020 
T BINENT HUNE 5 series 
K-11 2 120 4 parallel 
TSN 5 series 
K-12-À ....... nnne 4 120 | dpaialid 1175 
T 5 series 
K-12-D.. 5c th 4 120 j à Hel 
5 series 
K-38-B. o iesssosa s o 4 160 : llel 1350 
KEK-28-E:. E 4 160 } ERA 
5 parallel 
6 series 
SAR Dos ib cea eiees 
K-34 2 0r 4 360 | 4 parallel 2250 
6 series 
BARN iia Hane aaa eer 
K-34 20r4 360 a parallel 
K-d5- Geor e RES 20r 4 240 po 1800 
3 parallel 
A PERET E 5 series 
K-35 20r 4 240 j 3 paralla! 


* Weight includes cables, etc., but not motors. 


The 10 H, 11 H, 12 D, 28 F, 34 F and 35 M have auxiliary contactors for 
opening the main circuit. , 


The K 34 and K 35 have “bridge” transition. All others short-circuit one 
motor during transition. 

“The letter “B” in the designation of a controller indicates that it has contacts 
added to it to make it possible to operate electric brakes by causing the motors 
to act as generators to energize electric brake shoes, either of the axle or nm 
type. 

Method of Operation of Type K Control. — The principle of the type 
K control for small and moderate-size motors is shown in Fig. 1. The con- 
troller has an operating handle which moves the main cylinder and thereby 
changes the connections, and also a reversing handle which moves the reversing 
‘cylinder. The latter merely changes the direction of the current through the 
fields of all the motors with respect to the armature. These two handles oF 
cylinders are interlocked so that the reversing handle can only be moved when 
the operating handle is in the off-position, thus preventing reversal with voltage 
on the motors. 

One terminal of one of the motors is grounded throughout. The first three 
points are known as accelerating steps. As resistance is in circuit for each 0 
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length of time, for there is a considerable power loss in the rheostats and they 

are not designed for continuous operation. The fourth step, full series, is an 

, efficient “running point,” giving about 

| half normal speed. The next two [- 
ük ^ steps are transition steps and are not | 
9 ^ marked as points on the controller as 
they must be passed over rapidly. 


— During this period one terminal of roi Ul lfir-—o-——o-^- G 
the second motor is grounded, thus 
4  Short-circuiting the motor which has |; 11 nününn—e-v—ow-G 


one terminal grounded initially; the 

connection between the two motors 

is then opened; finally the two 

w - motors are connected in parallel but aA zi anünanfini—ov——o^-à 
.  inseries with a part of the rheostat. 2 
If the controller is left on the transi- E 

tion point B the short-circuited motor į 


Polsts 


R2 na n4 _ Motor Motor 
y Ground 


Uu 
- 
| 
G) 


5 may build up as a series generator c T Ow. G 
and develop an excessive current. | 
However, it takes an appreciable |5} | + G G 
time for tbis to happen, so that any 


" steady continuous movement of the jo x nnn owa low G. 


controller will. avoid the trouble. 
Points 5, 6 and 7 are accelerating |. | + G G 
, Steps with motors in parallel and 
" ivy in series and are di 8 danüntnfinl-o-8 le G 
not to be used continuously. At the : 
last point the motors are in parallel, Fig tyes E Conte) 
and all resistance is cut out; it is therefore an efficient high-speed running 
point. 

In all controllers a magnetic blow-out and an “arc chute" are employed to 
interrupt the current quickly and direct it away from the contacts, in order 
to prevent short-circuiting other contacts. In the older types of controllers 
— this was obtained from one large magnet coil and a large iron pole piece covering 
all the contacts. In the later forms each contact has an independent blow-out 
coil and small pole pieces. This gives a more powerful effect and more accu- 
7" rately directs the arc in the proper direction. 


ae EFFICIENCY OF TWO- AND FOUR-MOTOR CONTROLLERS. — 
See Railways, Energy Requirements for. 


m REASONS FOR MULTIPLE-UNIT CONTROL.-— When the total 
xý capacity of the motors on a car or locomotive exceeds 300 horse-power it is 
advisable, and when the capacity exceeds 400 horse-power it is necessary, to 
T use the indirect or multiple-unit control, for the cylinder type of controllers 
“tw  Tequired to handle the large currents become too bulky and dangerous to place 
4 9n the platforms of passenger cars. The cylinder control is also inadequate 
D when it is desired to control simultaneously the motors on the several cars in a 
train, which is necessary in order to obtain the high tractive effort necessary in 
high-speed service on elevated and underground railways. 
K For these two reasons the system of multiple-unit or train control was devel- 
"E oped. As originally proposed by Sprague this consisted of a large cylinder 
' controller on each car and each controller was actuated by a small motor instead 
r of by hand. These small motors were controlled synchronously from a single 
yö Point by means of auxiliary control circuits. With the growth in the capacity 
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of the motors this system became inadequate and was replaced by the systems 
now in use. 


SPRAGUE-GENERAL ELECTRIC CONTROL. — There are two types 
in use, the type MK and the type MA. The chief difference in these two 
types is that the type MK is non-automatic whereas the type MA is provided 
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Fig. 2. Sprague-General Electric Type MK Control 


with a current-limiting relay. Fig. 2 is a diagram of the type MK, showing 
the control circuits in light lines and the motor circuits in heavy lines. 
The material included in the control equipment of a motor car consists of: 


2 master controllers; 

1 motor controller containing 8 or 1o contactors and a reverser; 
3 master control switches; 

1 main switch; 

1 main fuse box; 

Y set of rheostats; 

Cables, Train Couplers. 


Master Controller. — This is very similar to an ordinary railway drum- 
type controller but is much smaller, as the current carried by it is small. Each 
master controller is equipped with an operating handle, reversing handle, indi- 
vidual magnetic blow-outs and (optionally) a *deadman's handle,” which 
automatically interrupts the current and applies the brakes when the motor 
man's hand is removed from the button located in the top of the handle. 


Motor Controller. — This consists of an iron box lined with asbestos in 
which the several contactors and the reverser are placed, and is mounted under 
the car. 


Contactors. — Each contactor consists of a powerful magnet operating 
an arm by means of a toggle joint against a spring pressure. "This arm closes and 
opens the circuit in a strong magnetic field which acts as a blow-out. As one 
contactor can carry and break currents of several thousand amperes no extra 
circuit breakers are required. Each contactor is provided with interlocks 
in the form of relays so that contactor No. 2 cannot be operated until after 
No. 1 is closed, thus providing the proper sequence of operation under 
conditions. 
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Reverser. — This is a switch with several circuits and contacts and is 
comparable to the reverser cylinder in an ordinary controller. These contacts 
ate mounted on a rocker-arm actuated by two electromagnets, one for moving 
the switch to the forward and the other to the reverse position. The electro- 
magnets receive their current from the master controller and are interlocked 
so that only one can be operated at a time. 


Switches and Fuses in Control Circuit. — Motor cut-out switches are 
located on the reverser to permit cutting out a disabled motor. In the control 
circuit there is one main control switch and fuse to protect the control circuits, 
and near each master controller is located a “control and reset" switch, which 
in one position closes the circuit to the resetting coil of the overload relay in 
the main controller and in the other position closes the supply circuit for the 
master controller. 


Main Switch. — A knife-blade switch is placed in the power circuit and is 
intended to disconnect the motor circuits from the trolley when it is desired to 
test the motor controller. 


Train Couplers are provided where cars are to be operated in trains. 'These 
cuplers or jumpers provide a means of connecting together similar control 
circuits of the different cars. They contain from 8 to 12 wires and are so 
designed that it is impossible to couple the cars together improperly. 


Current-limiting Relay. — For automatic control, or acceleration at a 
predetermined current, a current-limit relay is provided on each car and this 
prevents each successive contactor from operating until the current in the 
motors has decreased to a predetermined value. On roads having a fairly level 
profile and operating with frequent stops this refinement is desirable, as it 
makes it possible for the motorman to accelerate the train every time at the 
maximum allowable rate and yet never exceed that rate except on a down 
gade. When this relay is provided the control equipment is known commer- 
cially as the type MA control. 


WESTINGHOUSE ‘UNIT SWITCH ” SYSTEM, — The Westinghouse 
multiple-unit control is known as “Unit Switch Control” and is designed either 
for the operation of several motor cars in a train or of single cars or locomotives, 
using either large currents or high voltage. There are four pe of unit-switch 
control classified as follows: 


Type H. L. — Hand-operated (non-automatic), using line voltage for 
the control circuits and having as many points on the controller dial as there 
are steps in the operation; also has a seperate reverser handle. One motor or 
group is short-circuited during transition from series to parallel. 


Type A. L. — Automatically operated, using line voltage for the con- 
trol circuits. The controller dial shows three points forward and three reverse, 
corresponding to switching, series running and parallel running, although there 
ee steps in the operation. Uses bridge transition from series to par- 
allel, 


Type H. B. — Hand-operated, using current from a storage battery for 
the control circuits. Otherwise similar to the H. L. 


Type A. B. — Automatically operated, using. current from a storage 
battery for the control circuits. Otherwise similar to the A. L. 


Operation of Type H. L. Control, — As typical of all of these classes the 
diagram in Fig. 3 shows the connections of the H.-L. type for a four-motor 
equipment for either a car or a locomotive (Cole, Electric Journal, Oct. 1912), 
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As many as five motor cars per train may be operated by one man with this 
control system. 

The main-circuit connections are made by means of a number of independent 
pneumatically-operated switches, known as unit switches, each provided with 
a strong magnetic blow-out and normally held open by a powerful spring. 
The overload trip that controls the opening of all switches in case of overload 
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Fig. 3. Westinghouse, Type H. L. Unit Switch Control 


or short-circuit is actuated by the magnetic pull produced by one of the blow- 
out coils, which is in the main circuit. When a predetermined current value is 
exceeded, a plunger carrying two contact discs breaks the control circuit, which 
causes certain switches to open in the line and switch group. This trip can 
only be reset when the controller is in the off-position. 

A pneumatically-operated reverser controls the direction of operation of the 
car. This reverser consists of two pistons similar to those attached to the unit 
switches, which serve to move the reverser drum to forward or reverse position. 
The air-brake system furnishes compressed air for operating the reverser and 
switches. 

A multi-conductor train line extends the length of each car and is tapped off 
at the master controllers and at the unit switch group to form the circuits 
needed. ‘This train line is made continuous throughout a number of cars by 
multi-conductor jumpers between cars fitted into receptacles on each car. The 
current for the electromagnets which operate the valves of the unit switches is 
taken from low-voltage taps on a resistance connected across line potential. 


Operation of Type A. L. Control. — The A. L. control differs from the hand- 
operated control in that the acceleration of the train is automatic. The master 
controller has only three positions, switching, series running and parallel run- 
ning. The “off” position is in the center. The unit switches are previd 
with interlocks which are electrically connected with the valve magnet in suc? 
a manner that the closing of one switch energizes( the, magnet of the next, 
thus producing automatic progression of the switches, under the direction of 
«he limit switch. This limit switch controls the rate at which the resistance 
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ume: Beut out of circuit so as to give uniform accelerating current. The limit switch 

, Qusists of a solenoid operated by the current of one motor or a pair of motors. 
mirc When this current exceeds a specified limit for which the switch is adjusted, the 
tnit Circuit is opened through a pair of contacts in the operating circuit. The circuit 
„elz Mmains open, so that no more unit switches can close until the accelerating 
i current falls below the predetermined limit, when the control circuit is again 
dosed and allows the unit switches to continue their progression. 


SPECIFICATION FOR MULTIPLE UNIT CONTROL EQUIP- 
MENT.* — The following memoranda are intended’ to assist in writing 
specifications for a complete equipment for the electrical control for a multiple- 

acie unit car or locomotive exclusive of motors and collecting shoes. See also article 


RES 


“on Specifications. 

7 Give a complete description of the service in which the equipment is to be 
. wed, including the maximum number and weight of cars or locomotives per 
2 train. 

J Similar motion of the master-controller handle shall always produce similar 


a 


j| train motions. 

À device shall be provided (this is optional) which will limit the rate at which 

=, the controller increases the motor voltage, and will assure even acceleration 

, Without surging, at the changes from series to series-parallel, and series-parallel 

! — to parallel, etc. 

f A relay shall be provided (this is optional) limiting the current to a specified 

l maximum. (The use of such a relay is more usual on heavy, than on light, 

* equipments.) 

: Provision shall be made so that acceleration can be arrested at any position 

by the master controller and so that the motor-circuit combinations shall never 

be beyond the position indicated by the master controller. 

The controller shall automatically return to initial or open-circuit position 
when the general current supply fails, and when current is restored the control 
shall progress, as specified, to its former advanced position. 

The reverser shall be interlocked so that it cannot be thrown when the motors 
,. &te taking current. 

4 The control apparatus shall operate satisfactory with a maximum line vol- 

tage of... . and a minimum line voltage of . . . . and shall never take 

à Current exceeding . . , . amperes per car. . , 

, In the event of a train breaking in two, provision shall be made so that power 

.: Shall be cut off from the detached rear portion without affecting the control 

. of the front portion. 

" The master-controller handle shall be designed (this is optional) so that if 
the motorman releases it while operating a train, the power will be automati- 
cally cut off. 

State whether controller is to be interlocked with air brakes. 
Main circuit switch (for street cars only) shall be within easy reach of motor- 

* manat each end of car. e 

Each car or locomotive shall be provided with a control-circuit cut-out switch, 
Which will enable the contactors on any car or locomotive to be disconnected 

. {rom the control circuits. 

| Each car shall be provided with an automatic circuit breaker and devices for 

, tripping it from any car of the train. 


CAPACITY, WEIGHT AND COST OF CONTROL EQUIPMENTS. 
_ ~The following table gives the capacity and weight and the approximate 
: Costs of some typical control equipments. 


* By W. A. Del Mar. 
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Total 
weight of 
equipment, 


Weight of | Weight of 
control each 

equipment,| motor, 

pounds pounds 


i a eee | ES |S ft 


Num- | H.P. of 
ber of each 
motors motor 


Type of 
control 


1200 
2200 


.K 2200 3200 
Multi-unit 2800 

125 Multi-unit 2700 4150 
Multi-unit 3200 


CONTROL OF HIGH-VOLTAGE D-C. MOTORS.-—-The motors : 
operating on systems of from 1200 to 1500 volts are usually designed to operate ~~; 


two in series, thus each receives normally 600 or 750 volts. However, the 


insulation of each motor must be designed to withstand the whole line potential, : 


and each motor must be able to withstand momentarily the line voltage across 


its commutator, for if one motor slips the voltage will be unevenly divided += 
between them. For operation on high voltage two motors in series are nor- x: 


mally treated as a unit and the series and parallel connection made with these 
double units. The multiple-unit control is preferable with these high voltages 
and contactors or unit switches similar to those for 600 volts are used. To 
operate the control it is customary to supply a self-starting dynamotor (q. v.) 
which provides 600 volts for this purpose as well as for the lights and other 
auxiliary apparatus. 


Provision for 600-volt Operation. — Since these equipments usually oper- p. 


ate also over 600-volt sections of road, provision has to be made to change the 
connection of the dynamotor when the transfer is made. If the cars are to 


operate at reduced speed on the lower voltages, as is usually the case on entet- |.” 
ing the city districts, no change need be made in the motor connections. But |" 


if the cars must operate at 600 volts at high speed over an interurban section, 


then provision must be made to separate the pairs of motors so that all motors n 


will be in parallel for full-speed operation on 600 volts. This requires a commu 


tating switch with automatic protection in order to provide that it is always - 


changed when the car passes from one section to another. 


2400-volt Systems.— For locomotive work 1200-volt motors are constructed 
to operate two in series on 2400 volts. The control for such a locomotive 15 
similar to the control for a 1200-volt equipment. 


CONTROL OF A-C. COMMUTATOR MOTORS. —AÀ transformer or 
compensator is always used to transform the line voltage (3000, 6000 or 11,00? 
volts) to a voltage suitable for the motors, which is usually from 490 to 500 volts 
for two motors in series. Taps on the low-voltage side of the compensator (or 
auto-transformer) provide the various voltages necessary to start and control 
the motors and thus there is no need of series-paralle] control or rheostats, an 


the energy lost in the rheostats is obviated. A compensator or auto-trans- | 


former is usually preferred to a transformer as it is lighter for a given capactt 


It is usually placed in oil in a tank suspended from the bottom of the car body. |. 
Fewer steps (5 or 6 in all) are required for the control of a-c. motors on account |, 


of the reactance of the circuits. To avoid open circuiting the prata s B : 
e wan | 


motors in changing from tap to tap or short-circuiting the portion of the t : 
former between the taps a “preventive resistance” is connected in the GE 
momentarily during the transition. A reverser is provided to reverse the con 
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The control may be either of the cylinder or multiple-unit type. In the 
former type a standard controller may be adapted for the work. If the multi- 
bal * ple-unit control is used the cores of all the magnets and contactors must be of 
Ws laminated iron and a special design of magnet used on account of the difference 
Vi ž incharacteristics of a-c. and d-c. magnets. In some a-c. multiple-unit equip- 
"P — ments a storage battery is used to supply current for the control circuit, in 
— which case d-c. electromagnets may be used in the contactors. 


i . Provision for D-C. Operation. — For operation on direct current as well as 
:™ ‘alternating current provision must be made to perform the following operations: 
U* 5 (1) cut the transformer out of circuit, (2) connect the motors for series-parallel 
 , control, (3) connect rheostats in circuit, (4) change the field connection of the 
* j motors, (s) change the connections of the compressor motors, (6) change the 
m connections of the lighting circuits. All this is done by a “commutating 
.. Switch” which is thrown over at the instant the change is made. This is so 
&-"' amanged that it can only be moved when the controller is at the off-position. 
i^ The commutating switch is frequently operated automatically, so that when 
tL the car reaches a dead section of the trolley between the a-c. and d-c. sections, 
i 8 no-voltage release throws everything to off-position and when the car reaches 
iv the new live section a "selector" coil moves the commutating switch to the 
^" Proper position. 
CONTROL OF THREE-PHASE INDUCTION MOTORS. — Three- 
| E j phase induction motors for railway work may be controlled by three methods, 
yee YE (1) Changeable pole windings, (2) concatenation of two motors, (3) vari- 
in able resistance in secondary. : 
pu The first two methods were given a considerable trial by German manufac- 
>` turers some years ago, and have been practically abandoned on.account of 
.. their complications. In addition to their complications the variable resistance 
di method must also be used with them to provide the smaller gradations of speed. 
i ; _Variable-resistance Methods. — The secondaries of the motors have a defi- 
, git Me winding and the terminals are brought to collector rings by means of which 
;,5 8 three-phase starting resistance is connected into the circuit. The speed of 
", the motors is controlled by varying this resistance. Under these conditions the 


PET 


ee operating characteristics of the motors are similar to those of a d-c. shunt 
“jt motor. At all fractional speeds a considerable amount of energy is wasted in 
the theostats and there is only one efficient running speed. For prolonged 
^' munning at fractional speed the rheostats must have considerable heat-dissipat- 
, P» capacity. To reverse the direction of the motors a reverser is empluyed 
"^^ which reverses the connections of two.of the three primary leads on each motor. 
"^ Either the cylinder or multiple-unit control may be. used. With induction 
Motors it is desirable to provide a separate set of resistances for each motor 
;:^ to avoid the tendency of the motors to exchange current and “buck,” which 
;' Would occur if the driving wheels were not of exactly the same diameter and 
.s One set of resistances were used for all motors. With several induction motors 
;» M one car it is desirable to accurately maintain the same diameter of driving 
; Wheels on all axles in order to divide the load equally between the motors. 


^; BIBLIOGRAPHY. — Burch, Electric Traction for Railway Trains, N. Y., 
., Du; Harding, Electric Railway, Engineering, N..Y.,{1911; Dawson, Electric 
“1 Traction on Railways, N. Y., 1909; Parshall & Hobart, Electric Railway Engi- 
,: Write; Crocker & Arendt, Electric Motors, N. Y., 1909; Hill, G. H., Multiple 
<: Unit Control, New England R. R. Club, Jan., 1907; Cole, A. B., Unit Switch 
5 Control, Elec. Jour., Oct., 1912; Renshaw, Multiple Unit Control, El. Ry. Jour., 


f 


= Oct., 1909; Sprague, F. J., Trans. A.I.E.E., May, 1899. 
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CONTROLLERS. — (See also Control Systems for Railway Motors; Regu- Ten 
lators; Rheostats; Switchgear Equipment for Power Stations.) Any device for ii: 
regulating the current or voltage of an electric circuit may be called a con- 
troller. Various kinds of controllers have been given different names by users 4t, 


and manufacturers. B ba 
DEFINITIONS. — To avoid confusion the various names are used through: 2 
out this book as defined below. ue 


Compensator or Induction Starter, an auto-transformer for supplying *** 
reduced voltage to the terminals of an induction motor during acceleration; 3 
see Starters, Motor. EM 

Controller, any device which controls the running speed of a motor. This ^ 
article deals only with controllers as here defined. A controller frequently ““ 
combines starting with running features; see Starters, Motor. xis 

Regulator, any device for adjusting the voltage of a circuit. A compen- 
sator is a special form of regulator. The term regulator is sometimes reserved — 
for devices which utilize inductive action for their control properties; such à `i 
device will be designated specially as a potential regulator; see Regulators. 

Rheostat, the resistance portion of a controller or starter, through which flows re 
the main current of the circuit whose voltage is controlled. A field rheostatis *~ 
any device employing a variable resistance to control the voltage across the 
feld windings of a generator or motor. The field rheostat of a d-c. motor 
indirectly controls the speed, because it controls the voltage and current of the /*! 
field winding; see Rheostats; Starters, Motor. ST 

Starters, Motor, a resistance or auto-transformer used with a motor, either a 
d-c. or a-c., to limit the starting current; see Starters, Motor. er ie 


CONTROLLERS FOR DIRECT-CURRENT MOTORS are usually |«. 
operated by varying the resistance in the armature Or field circuits of the |; 
motors, if the motors run separately, or by various : 
groupings of motors in series and parallel, where 
the motors are in pairs, as in the usual railway 
practice. 


“Grindstone” Type of Controller (Fig. 1).—. 
One of the simplest types of controllers is the so- 
called “grindstone” controller shown in Fig. 1, which 
is ordinarily furnished for series-wound d-c. crane 
motors. The movable-finger contacts are mounted on 
a four-arm spider. The connections are so made that 
moving the arm in one direction will mean clockwise 
rotation of the motor, and movement from the off 
position in the opposite direction will mean counter- 
clockwise rotation. The amount of movement controls « 
the amount of resistance in the armature circuit and 


3 
consequently the speed of the motor. pu 
In controllers of this type all wearing parts, con- 59 NSS 
: aces 


pu 


tacts and finger tips are extremely simple and inex- 
pensive and readily renewable so that the mainte- 
nance charge is kept down to a minimum. In the 
smaller sizes the contacts are mounted on a flat soap- 
stone face plate with a single magnetic blow-out coil 
centrally located to prevent injurious arcing. -For 
larger sizes, such as illustrated in Fig. 1, four sets of 


copper contacts are arranged on the periphery of a circular soapstone un n[ 
PY "x Y — a... Af «hp SD 


Fig. 1. Grindstone Con- 
troller t 
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,; is provided with a blow-out coil and in-some cases an auxiliary switch is pro- 
det . è 
na vided for use with a brake magnet when the contact arm passes to the off 
"^. position. 
wt) Drum Type of Controller (Fig. 2). — Another type of controller in common 
use is the drum controller, such as shown in Fig. 2. Drum controllers are used 
, With machine tools for varying the speed and reversing the direction of rotation 
rik ; 
of adjustable-speed d-c. motors by means of arma- 
ture and field resistance. On the larger sizes magnetic 
blow-outs are used. The controller illustrated is 
shown with its cover removed and is provided with 
_ two dials, one connected with the armature resistor 
138 and one with the field resistor. In the smaller sizes 
dr these resistors are inside the controller and in larger 
sizes they are outside. 


i » Series-Parallel Controllers. — A familiar type 
HX" of drum controller is the se.ies-parallel controller in 
R^ general use on street cars for the control of two or 
i" four d-c. series-wound motors. To keep down the 
die starting current and to provide an even rate of acceler- 
Td ation, the first position of such a controller connects 
Tra resistance in series with all of the motors, which are 
dë themselves connected in series in pairs. The resist- 
{ict ance is cut out in steps until the two motors or two 
pairs of motors are in series without resistance, when 
"n the car is running at approximately half speed. The 
motors are then changed to the parallel arrangement 
„g Mith resistance in series with each motor. The resist- 
" ance is again cut out in steps until the motors are all operating in parallel and 

j 

4 

f 


Fig. 2. Drum Controller 
(cover off) 


the car is running at maximum speed. Occasionally provision is made for 
shunting the series fields of the motors for still higher speed. Controllers of 
this type are almost invariably provided with magnetic blow-outs, reversing 
switches, motor cut-outs and various mechanical interlocks that prevent passing 
from series to multiple connection if a motor is cut out, prevent operating the 
main drum if the reverse handle is in the off position, etc. Such controllers 
are frequently provided with brake attachments and are made as fool-proof as 
possible. (See also Control Systems for Railway Motors.) 


Master Controllers. — Drum controllers are also used as master con- 
trollers with contactors to secure starting and speed regulation of large a-c. and 
d-c. motors, as well as the multiple-unit control of motor cars or locomotives on 
railway service. 


CONTROLLERS FOR INDUCTION MOTORS. — Controllers with 
Squirrel cage secondaries usually operate by connecting the motors to various 
voltages obtained from transformer taps. If the motors are provided with 
Wound secondaries the controllers frequently operate by varying the resistance 
in the secondary circuit. The resistors must then be designed to carry the 
running current of the motor continuously without overheating (see Motors, 
y Polyphase Induction; Starters, Motor). 

ith a reversing motor, as in crane or rolling mill service, a similar method 
of control is used except that the controller is provided with two drums which 
, ae operated by a single handle. The motor will run in one direction when the 
, dle is turned to the right, say, and in the reverse direction when it is turned 
w to the left. In going from the off position the first step connects the primary 
" circuit of the motor to the line and subsequent steps cut out the secondary resist- 
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ance. In passing from full speed in one direction to full speed in the other the 
resistance is all cut into circuit before reversing. In the off-position the motor ‘QTR 
is entirely disconnected from the line. 


Use of Contactors with A-C. Controllers. — For reversing, mill or hoist- ee 
ing work using induction motors with wound secondaries many very ingenious +" 
and highly satisfactory installations have been put in service which use solenoid- Tue 
operated magnet switches, or contactors, for the secondary and occasionally UL 
for the primary circuits. These are worked from a master controller or similar Ses 
device, or are operated automatically by the positions of the rolls, hoist, ete — 
Automatic acceleration can be obtained in the same manner as with direct- <>". 
current motors and various safeguards, such as dynamic breaking, can also be er 
employed. b 

Automatic Control of Input to Flywheel Motor-generator Set. <`- 
Another application for contactor control with automatic features 15 with d 
flywheel motor-generator sets which use a very heavy flywheel in connection Sie 
with a d-c. generator and an a-c. motor with wound secondary. The pe o 
put into the flywheel or delivered up by it depends upon the variation in speed = 
of the motor generator. By varying the resistance in the motor secondary ~*~ 
this speed regulation can be secured. By the use of suitable relays the input =- 
to the motor and consequently the load on the a-c. system can be kept practi- $7 
cally constant, while the output of the d-c. generator supplying power to à dc js 
hoist or rolling-mill motor is undergoing wide fluctuations, the energy 10 the iia 
flywheel taking care of the difference between the constant input and the variable << 
output. See also article on Flywheels for Load Equalization. 


COST OF CONTROLLERS. — The following figures will serve 35 3 rough 
indication of the cost of various sizes and types of controllers. Costs of con- 


trollers vary through wide limits depending upon the design, the amount of 
speed variation desired, etc. 


COST OF CONTROLLERS FOR sooVOLT MOTORS" 


Horse-power of motor 


Grindstone type (Fig. 1).............. $105 | $110 
Drum type (Fig. 2)................... 52 
Reversing controllers for wound sec- 

ondary induction motors, 2 to 1 


ee 
ee ey 


* Controllers for 110- or 220-volt motors cost about the same as for soo-volt motors. 


BIBLIOGRAPHY. — A. C. Eastwood, 4.I.E.E. Proc, Vol. 30, P. 150) 
H. E. White, A.I.E.E. Proc., Vol. 28, p. 913; D. E. Carpenter, Elec. Jow» 
V 6; H. L. Beach, Elec. Jour., Vol. 9, pp. 719, 780; H. D. James, Eie Jout., 

ol. 3, p. 23. a: 
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CONVERTERS, SYNCHRONOUS OR ROTARY. — (See also Gen- 
eralors, Allernating-current; Generators, Direct-current; Motor Generators; Motors, 
Synchronous; Transformers; Substations, Railway.) Since in general it is more 
economical to transmit electrical energy in the form of alternating currents 
and more convenient to utilize it in the form of direct currents, some means 
of converting from one form of electrical energy to the other is desirable. For 
this purpose synchronous converters and motor-generator sets (q:v.) are avail- 
able, Synchronous converters are also called “rotary converters." 

A synchronous converter is a machine very similar to a d-c. generator in 
which certain commutator segments, or the conductors connected to them, are 
connected to 2, 3, 4 or 6 collector rings as the case may be. When the movable 
member is caused to rotate, the voltage between any two collector rings is 
alternating. Such a machine, when driven by an engine or motor, may be 
operated as an a-c. generator or as a “‘double-current”’ generator giving alter- 
nating current from its collector rings and direct current from its commutator. 
If the collector rings are connected to a source of alternating currents the 


. machine will run as a synchronous motor and direct current may be obtained 


from the brushes on the commutator; i.e., the machine, with but one set of 
windings acts simultaneously as an alternatipg-current motor and a direct- 
current generator. It has therefore the friction, core-loss and excitation loss 
of one machine instead of two, and since the motor and generator currents flow 
in the same winding and during at least the major part of each cycle are in 
opposite directions, they more or less balance each other and the armature 
RI? loss is much less than.in either a motor or generator alone. 


Synchronous Converter versus Motor Generator. — A converter is 
much more efficient and weighs and costs less than a motor-generator set of 
the same capacity. It also occupies less space. However, since only one 
winding is used, there is a definite relation between the e.m.f's. of the a-c. and 
dc. terminals. The maximum value of the alternating wave bears a definite 
relation to the direct e.m.f. (see below). It is therefore necessary to supply 
the converter with a voltage of the same order as the direct voltage and this 
involves the use of transformers, if a high-voltage transmission line is used to 
supply the converter. Motors operating at voltages as high as 13,000 volts 
can be used in motor-generator sets. 


Relative Efficiencies. — The efficiency of a converter is in the neigh- 
borhood of 93 per cent and of the transformers 97 per cent, thus the efficiency 
of the combination is about 9o per cent. The efficiency of a synchronous motor 
is in the neighborhood of 93 per cent and of a d-c. generator 92 per cent, thus 
the combination motor-generator set has an efficiency of 85.5 per cent. If 
the supply voltage is greater than 13,000 volts, transformers will also be needed 
for the motor-generator set and the net efficiency would then be 83 per cent. 


Synchronous Converter versus Rectifiers. — A converter differs from a 
rectifier (q.v.), since the former gives a direct e.m.f. of constant and uniform 
value and the latter gives a pulsating unidirectional voltage and current. In 
the former the energy is stored in the form of magnetism for an instant whereas 
in the latter there is no magnetic field and no storage of energy. A rectifier 
will not work on an inductive d-c. circuit but a converter will. 


APPLICATION OF CONVERTERS. — The most common application 
of synchronous converters js in electric railway work. The great majority of 
motors for electric traction are direct-current series type, operating at from 
500 to 600 volts. The energy for these motors must be transmitted over long 
distances, which requires a high "voltage a-c. transmission line and converters 
to fink the d-c. distribution with the a-c. transmission. 
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' netically. This changes the shape of the flux distribution, which in turn changes 


| A.LE.E. ratings see Standardization Rules. 
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TERMINOLOGY. — The following terms are used to describe certain 
characteristic features of the various kinds of synchronous converters. 


Phases and Rings. — A single-phase converter has two collector rings and 
each ring is connected to the windings by as many equally spaced taps as there 
are pairs of poles. The taps for the two rings alternate at equal spaces. A 
single-phase converter is therefore a two-ring converter. 

A three-phase converter has three rings and three equally spaced taps (one 
for each ring) for every pair of poles. A four-phase or quarter-phase converter 
has four rings and four taps for every pair of poles. A six-phase converter has 
six rings and six taps per pair of poles. 

Shunt and Compound-wound Converters. — A converter may be shunt 
or compound wound, depending upon the service for which it is intended. 
The series winding is intended to make the converter take leading current when 
the load increases and thus increase the voltage at the a-c. terminals, but the 
ratio of the a-c. termina! voltage to the d-c. voltage remains unaltered. 


Inverted Converter. — Sometimes a converter is operated to convert from 
d-c. to a-c. It is then called an “inverted converter.” The machine will 
operate satisfactorily in this manner, but its speed depends upon the nature 0 
the a-c. load. An inductive load in the a-c. circuit causes the armature to 
demagnetize the fields, with a rSsultant increase in speed. It is therefore dan- 
gerous to operate an inverted converter on an inductive load unless it 15 pro- 
vided with a speed-limit device. This effect does not occur when the machine 
is operating as an a-c. motor, since its speed is fixed by the frequency of the 
supply circuit. 

Motor Converter. — This is a combination of an induction motor and con- 
verter connected in series or concatenation (see Motors, I nduction). The con- 
verter receives half the power in mechanical form from the shaft and halí the 
power inductively, in the form of alternating current at half frequency; from tne 
secondary of the induction motor. By this means the steadiness of a 30-CY 
converter is obtained in a 6o-cycle unit. ; 

Split-pole Converter. — The “split-pole” of “ regulating-pole" converter B 
designed to give a variable ratio of alternating e.m.f. to direct e.m.f., for ope 
ation in parallel with storage batteries and similar purposes. The field poles 
are divided into sections which may be assisting or opposing each other mag- 


the wave shape of the counter e.m.f. and thus the ratio of d-c. (maximum) i 
a-c. (effective) voltage is changed. 

Converter with Series Booster. — A synchronous converter with series 
booster is sometimes used for purposes similar to those of the regulating po^ 
converter. Itis merely a converter with a separately excited a-c. generato pa 
the same shaft as the converter, and the armature of this generator !5 ud 
nected in series with the converter armature and the line. This generator acts 
as an a-c. booster and raises the line voltage. 


RATING AND PERFORMANCE. — The manufacturing companies P^ 
up to the present (1914) divided synchronous converters into classes for DU 
poses of rating according to their overload capacity in the same manner as 2C 
generators (q.v.) are classified. Twenty-five-cycle converters will give a 0 
siderable overload without injurious sparking at the commutator, but 6o-cjd* 
converters are more sensitive to overloads. Certain 2 s-cycle railway converters 
will give three times normal output momentarily without damage. For the ne" 


PRINCIPLES OF CONVERTER ACTION. — In this section a7? brief 
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differs in action from an a-c. or d-c. generator; see table on page 284 for a 


dct summary of the voltage, current and capacity relations. 
HU. Connections and Voltage Ratios. — The ratio of voltage on the a-c. side 
a to that on the d-c. side depends upon the number of rings and type of con- 
na nection employed. 

| Two-ring Converter. — The two collector rings are connected by 
ws taps to the same winding as the commutator; hence the alternating e.m.f. has 
xr the same value as the direct e.m.f. at the instant that the taps pass the brushes. 
vz As this is also the maximum value of the alternating e.m.f., the effective value 
(ie. the value to be indicated by a voltmeter) will be 0.707 times the maximum 
0t 0.707 times the direct e.m.f. Fig. 1 shows in a simple manner the connection 


of a single-phase converter. The external circle represents a two-pole arma- 
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Transformer Connections and Vector Relation of Voltages in Synchronous Converter 

fee 

a i : 

gi ture winding and inside is shown the supply transformer connected to two 
taps diametrically opposite each other. The voltage across this transformer 

" would be 0.707 E, where E is the voltage between the positive and negative 

it 


y brushes on the d-c. side. 


dz Four-ring Converter. — If two additional collector rings are connected 
i” to conductors spaced half way between the former taps, there results the quarter- 
nE phase converter shown in Fig. 2. The voltage across each supply circuit or 
transformer is the same as before, but the two voltages will differ in phase by 
xf Qo degrees. $ 
2 Three-ring Converter. — If three collector rings are connected to 
* taps spaced 120 degrees apart the e.m.f. between adjacent collector rings will 
7' be the vector sum of AO and OB in Fig. 3. Since AO and OB each equal 
.,. §X0.707 E the voltage AB wil be V3x 0.5 X 0.707 E= 0.612 E. Thus 
~ ina three-ring or three-phase converter the voltage between adjacent taps is 
,, 0612 times the direct voltage and the connections of transformer are as in 
^ Figs, 3 and 4. 


Six-ring Converter — Diametrícal and Double Delta Connections. 
. ~À six-ring converter may be connected diametrical as in Fig. 5 in which case 
.' the voltage of each transformer will be 0.707 X E and the result will be like the 
combination of three single-phase groups. A six-ring or six-phase converter 
, May also be connected “double delta” as shown in Fig. 6, which is similar to 
©" the combination of two groups of three-phase delta transformers. In both 
* cases the voltage between adjacent taps of a six-phase converter is 0.355 E. 


"i n-Ring Converter. — In general the voltage between taps of any con- 


& Vetter having s equally spaced taps per pair of poles is 
if Ne 
, Esn“ 
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Current Ratios. — To determine the ratio of the continuous current I to 


the alternating current J; per collector ring in a three-phase converter, for ex- - 
ample, assume the d-c. output equal to the a-c. input with unity power factor; Ee 
then is 
V3 EsI3 = EI, E 
and, from preceding paragraph, dg 
E; = 0.612 E, est 


where Es — a-c. voltage between lines; Is = alternating current per line; Ead- um 
rect voltage; J = direct current. From these two relations 


Is = 0.941. l A 


The ratios of currents for other converters are obtained similarly, and are, 
given in the table on page 284. oe 
In actual practice the current on the input side must be greater than that — ; 
given by these relations, in order to supply the losses in the converter, and the 
alternating current will also vary inversely as the power factor, which is taken 

as unity in the table. 


Resultant Coil-Current.— In any machine acting simultaneously as a | 
motor and a generator the two currents must flow in opposite directions, and - " 
the current in any particular conductor will be the difference between the two. 
In any particular coil the direct current is constant in amount and direction 
from the instant the commutator segment connected to this coil passes the 
positive brush to the instant it passes the negative brush, and conversely from 
negative to positive brush. In any coil midway between the a-c. taps the 
alternating current is a maximum when this coil is half way between brushes 
(for unity power factor), and the current falls to zero as the coil reaches the 
interpolar position. "Therefore, for the period of time that the direct currefit 
in a coil remains constant in amount and direction there is also in it à variable 
current changing from zero to a maximum and back to zero again. The net or 
resultant current will therefore have a wave shape and frequency somewhat as 
shown at R in Fig. 7. The heating in this particular coil will therefore be pro- 
portional to the product of the resistance of the coil by the square of this cur- 
rent, and it is readily seen that the power lost is less than that due to eithet 
the direct or alternating current alone. 


E 
D 
E: 


R m 
Fig.7. Curreht in Coil Midway Fig. 8. Current in Coll at Tap in 
between Taps Two-ring Converter 


A coil situated very near one of the a-c. taps will carry a direct current sub- 
ject to the same law as before mentioned, but the alternating current in this 
coil is the same as that in the middle coil and has its maximum value when the 
coil Fe coil is at the middle of the poles and not when this particular end c) 
is at the middle of the pole. The alternating current in this coil may there- 
fore reach its maximum value soon after the coil has passed a brush, as shown 
in Fig. 8, and the resultant of the two currents is greater than that in the middle 
coil. The further a coil is situated from the middle ‘coil-of-a group, the greatet 
5. the phase displacement of its alternating cutrent, the greater is the value 9 
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sam the resultant current and the greater is the heating effect. Thus although the 

wui heating effect in a rotary converter winding is less than that of a direct-current 

ypt machine having the same output it is different in each and every coil, is mini- 
mum in the central coil (when the power factor is unity) and is maximum at 
the coil nearest the tap, and the greater the angle between taps the greater is 
the total heating effect. 


Distribution of Heat Losses in Armature Winding. — In Figs. 9 to 
K 12 inclusive, representing a two-ring converter, the numbers outside the circle 


12 
Component Currents in a Two-ring Converter 


; Tepresent the direct current in the winding (corresponding to roo amperes in 

lhe.external d-c. circuit and unity power factor on a-c. side) and the numbers 
xz side the circle represent the alternating current in the winding. It will be 
. Seen that the resultant current in a coil midway between taps, Fig. 9, never 
. exceeds 504+-0= 50 amperes. A coil 3o degrees on one side of the middle 
.' Wi Fig. 10, has a maximum current of 50+ 35 = 85 amperes, a coil 60 degrees 


s from the middle, Fig. 11, has a maximum current of 50+ 61 = rrr amperes, 
" and a coil go degrees from the middle, Fig. 12, has a maximum current of 


4 S0+71= 121 amperes. The heating of the armature winding is therefore not 
uniformly distributed, though the conduction of heat from one part of the wind- 
y "to the other tends to equalize the temperature rise. 


g H the converter operates at a power factor different from unity, the position 
. Of minimum resultant current is no longer at the middle coil, but is moved 
i Me way with leading current and the opposite way. with lagging current. 
; Thus one end coil has improved heating conditions, and the middle coil and 

the other end coil have much worse heating conditions, the result being that the 
heating as a whole has increased and.is more non-uniformly distributed than 
with unity power factor. 
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Fig. 13. Relative RI? in Individual Coils of Three-ring Converter . 


-The power lost in each individual coil of a converter and the effect of the 
s Power factor on this loss is very well shown in Figs. 13 and 14, taken from a 


CE PRES ESS PORT ar wp Sem IER MES 
eT a TUER Toce I WI - me sr = Tigh Vinge Me a: _ E = LA, 4 dm + X a = ES 


TITE EIN ^ mo Due. ra xv 
+ — e " m Ts en 
T MM ei RN ooh emer a ee ae 


284 Converters, Synchronous 


paper by J. E. Woodbridge (A.I.E.E., 1908). In Fig. 13 the curved line shows givin 
the relative RI? loss in a coil having any position throughout 120 degrees of ».... 
one phase of a three-phase converter when the power factor is unity. The , ae 
AL 
Ub te, 
TS ty 
Net 


Tre. Me 
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Fig. 14. Relative RI? in Individual Coils of Six-ring Converter 


curve shows the ratio of the loss compared to the loss in the same machine 
acting as a d-c. generator of the same capacity. It will be noted that the middle 
coil has a loss of 22 per cent of that of the generator and the end coils 120 per 
cent, and that the average loss is 57 per cent. For a power factor of 0.966, 
representing a phase displacement of current of 15 degrees, the loss in individual 
coils ranges from a maximum value of.180 per cent at one tap to a minimum 
value of 22 per cent in the coil shifted 15 degrees to one side of the middle coil. 
The other end coil has a loss of a little over 80 per cent of the generator loss. 
P The average value has been increased to 65 per cent. 

In Fig. 14 the same ratios are shown for a six-phase converter, in which the 
winding of one phase is distributed over only 6o degrees. Consequently the 
conditions are better and the maximum loss due to low power factor is less. 


Dependence of Output upon Number of Phases. — As a result of these 
conditions we have the following relations of the capacity of a given armature 
with various numbers and connections of taps, the capacity being based on an 
equal total amount of RI? loss. - 

It should be remembered that there are other losses besides coil losses in the 
converter, and that therefore practical figures are slightly different from those 
given in the table. 


VOLTAGE, CURRENT AND OUTPUT RATIOS 


Converters 


D-C. 
gen- 
erator 
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D-C. amperes eene XOO 100 | 100 
A-C. amperes in line..........,.... Hex IA4I 94 Ji 47 47 


A-C. amperes in winding........... Tm 71 55 5o 47 41 
Relative RI? loss.................. 100 | 137 55 37 26 | 26 
Relative output: 

Unity power factor........ i ates IOO 85.|..í£34|] 3165 197 | 197| 24 
87 per cent power factor.......... dux s 99 IIS | x29 | 129 135 
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ore . Field Excitation. — The variation of the field excitation of a synchronous 
wiz? converter has much the same effect as in the case of a synchronous motor (see 
xic Motors, Synchronous); that is, if its field is under-excited the armature will 
draw a lagging current which assists the field and sets up the necessary flux, 

<m Whereas if the field is over-excited, the armature will draw a leading current 
^; which opposes the field and reduces the flux. By this means the converter 
| may be made to take either a leading or lagging current. A leading current 
+ flowing over a line having inductance tends to raise the voltage at the receiv- 
| | ing end of the line. i 


1 Line Compounding. — If there is sufficient leading current and suffi- 
y ; Gent inductance in the line, the voltage at the receiving end may be greater 
& * than at the sending end in spite of the resistance of the line. This is some- 

„e times called “line compounding.” The relation between the voltages at the 

two ends of the line may be expressed as follows: 


hi Let 
iwi E= voltage to neutral at sending end; 
i Vewoltage to neutral at receiving end; 


dc^ — hz component of line current in phase with V, i.e., the power component 
jet of the line current; 
yi” da= component of line current at go degrees to V, i.e., the leading reactive com- 
ez ponent of the line current; 
jx ^ T-resistanceof oneline;* 
x = inductive reactance of one line; * \ 


y ie then, noting that Zz is to be taken positive when leading, 
y E= (V + rly — x2)? + (xD + rI2)?. 


Use of Series Field. — In practice a series field is added to the con. 
it? verter and the shunt excitation is adjusted so that the armature current is 
., Bagging at no load. As the load increases the series field increases, the adjust- 
ment being such that at about 34 load the proper excitation for unity power 
ale! factor is given. Hence at all loads over % the field will be over-excited, the 
ee: current will be leading and the voltage will be raised or compounded. 


DESIGN. — The design of a synchronous converter is very similar to the 
design of a d-c. generator (q.v.), except for certain special conditions due to 
j the fact that the frequency is fixed by the frequency of the supply system, and 
L^ that greater latitude is allowed in the choice of the nominal value of the d-c. 
armature reaction and copper density, because the real value of these quan- 

s tities is the difference between their nominal d-c. values and their a-c. values. 


_~ Speed and Number of Poles. — The revolutions per minute and the num- 
ber of poles are definitely related to the frequency of the supply circuit, in 
<1: Cycles per second, in accordance with the formula: 


120 X (frequency) = (number of poles) X (rev. per min.). 


E: The choice of the number of poles usually depends upon the commutator. 


a: Commutator. — The design of the commutator is usually the limiting fea- 
|; Üreand therefore the first to be considered. This is particularly true of either 
s high-frequency (60 cycle) or high-voltage (600 volt) machines. Three factors 
i ¿> must be considered in the design of the commutator to secure successful com- 
p> mutation and life of the commutator, namely, peripheral speed, voltage be- 
; tween bars, thickness of bars. If the peripheral speed or the voltage between 


_ * f and z should include respectively the resistance and reactance not only of the 
Ene wire, but also the transformers and reactance coils through which the line current 
passes, 
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bars is too high commutation will be bad. If the commutator bars ate too “#4 
thin the commutator will not retain its shape and commutation will be bad. “°** 
These three limiting factors are very closely related and in a high-voltage ma- Yu 
chine give very little choice. The diameter of the commutator depends upon 


the voltage and frequency, and its minimum value is given by the three fol- 
lowing relations. Let 


zin 


kA 
DRA 


.$- pitch of commutator bars in inches. This ranges from 0.15 in small “sa 
machines to 0.20 in high-voltage or high-frequency machines, to 0.40 zt: 
in liberally designed machines. These values include the width of =z: 
bar and about 0.03 inch insulation between bars. gl 

V = peripheral speed of commutator in feet per minute. This ranges from 3i: 
3500 in liberally designed low-voltage, 25-cycle machines to 5000 in 
6o-cycle machines, and is extended to 6000 under compulsion. "tg 

e = average volts per bar = machine voltage divided by the number of bars . .... 
between brush studs. Normal values are from 8 to 14. The maximum .. 


voltage between bars is about 1.57 times this. ey 
f = frequency in cycles per second; j S: 
E = voltage between d-c. terminals; EP 
p = number of poles; E 


n = total number of commutator bars; 
d = diameter of commutator in inches. 


Then 


i 
a 


ja pE s 
r 


= ——— Í n 
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Armature Ampere Turns and Current Density. — Since the d-c. and a-c. 
armature reactions are opposed to each other the nominal value of the d-c. 
armature reaction ampere turns may be chosen much’ higher than in gener- 
ators and values of from 4000 to 8000 ampere turns per pole are in common 
practice. The nominal or apparent value of the ampere conductors per inch 
of periphery varies from 500 to goo, and the apparent current density (d-c.) in 
the armature copper from 2500 to 5000 amperes per square inch. 


Diameter of Armature. — The diameter of the armature per pole varies 
from 3.5 inches to 6 inches, and the diameter is usually from 6 inches to 8 inches 
greater than the diameter of the commutator, the difference depending upon the 
possibility of making a good mechanical construction of the end connections. 
The number of slots in the armature and the number of segments in the com- 
mutator must be a multiple of both the number of phases and the number of 
poles. 


Armature Winding. — The winding of the armature is usually of the multiple- 
drum type, although the series winding may be used. The turns per pair of 
poles are divided by equally-spaced taps (to the slip rings) into as many groups 
as there are phases. The number of turns in series between brushes is ad- 
justed for the proper direct e.m.f. and a reasonable value of flux per pole. The 
alternating e.m.f. bears a definite relation to the direct e.m.f. depending upon the 


type of connection (see abow), and also to some extent upon the shape and 
length of pole arc. | 


Flux Density in Air Gap. — The air gap or pole-face flux density usually 
has a value ranging from 40 to 60 kilolines per square inch as in generators. 


 Damping Copper in Pole Face. — In the, pole face;óf- every converter à 
squirrel-cage winding should be provided to assist in starting and to prevent 
tantino The total cross-section of copper ner nale ranges annroximately 
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TT from 1o to ¥% of the armature copper per pole and the end rings must be of. 
" " reasonable cross-section compared to the bars. The joints between bars and 


m end rings must be carefully made. 


wig: Shunt and Series Fields. — The determination of the length of armature, 
wiz length of commutator and the design of the field follow the same laws as the 
design of these parts for a d-c. generator. The proportioning of the series 
feld results from the considerations given above under Field Excitation, the 
problem being that a certain amount of leading current is required at a given. 
load and to make the armature take this leading current the field excitation 
must be increased by a certain number of ampere turns, from which the num- 
. ber of turns in the series field can be determined. 


nog 
ws C 
dp ty 


neue Equalizer Connection. — In large multi-polar machines it is customary to 

„ss Connect to a common ring all commutator bars which are at the same potential; 

ote? . these “equalizer connections” avoid local cross-currents in the armature from 

fxs flowing through the brushes and causing bad commutation. These cross-cur- 
rents are caused by unequal or uneven air gap. 


Shaft, Bearings, Etc. — Since the transfer of energy is in the conductors 
themselves, there is no mechanical torque other than that to overcome friction 


and core-loss. There- | à 
fore the shaft, bearings R 
and mechanical hous- | Kw. rating............... 500 300 
ing of a rotary con- | Frequency .......... esee 25 60 
verter are quite light | CoreJoss.............. esses I.00 ^ 1.75 
and present no partic- | Armature RI?.................. 0.55 0.60 
uar mechanical diffi- | Shunt field RP..............4. 0.70 0.60 
ki culties in mechanical | Brush Rz2....................- 0.40 0.40 
EE design. For the same | Bearing frictiqn................ 0.55 I.50 
20". mason converters do | Brush friction.,...............- 0.30 0.65 
id hot require very elab- | Efficiency................s008: 96.50 94.50 


«Orate foundations. Ma- 
nF’ chines of less than 1000 
' kilowatt capacity are usually supplied with a base and are complete in one 
piece, while larger sizes are supplied with foundation plates. 


1 . . CS 
d s . Efficiency and Losses. — The efficiency and distribution of losses of a typical 
4 25-cycle and 6o-cycle converter are shown in the. accompanying table.. All 
int" values are in per cent of input at full load. 


nb EXAMPLES OF DESIGN. — In the following table are given design 
vı data on four representative converters of different capacities. 


4 TESTING OF CONVERTERS. — The following are the usual tests made 
. n converters to determine the efficiency, regulation, heating and to show any 
defects in construction. 


we? I. Resistance of Armature, Shunt Field and Series Field. — The arma- 
jp; ture resistance is usually measured between points on the commutator. diamet- 
5^ tically opposite and the equivalent resistance calculated from this value by the 
Ur equation 


4 X (diametrical resistance) 


ae po (number of poles)? 
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SYNCHRONOUS CONVERTERS 


«*9*«6290€€6292999€4$952992622299292**9* 
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Frequency.............--++++-| CYC. per sec...... 
Number of phases............ 
Armature reaction............ .turns...... 


»ecvccoececc.recocecceccc^^e»ee5| €*131j]7. VASA et oc 


Flux density in gap...........| kilolines......... 
Armature diameter.......... inches........... 
Slots per pole................. 
Armature length.............. inches........... 
Commutator diameter........ inches........... 
Number of segments.......... 
Periph. speed of commutator . 
Volts per bát... iuret [- volts... 
Pitch segments...............| inches........... 
Armature diameter per pole...| inches........... 
Nominal Uf.................| amperes......... 


* g = ampere conductors (d-c.) per inch periphery. 
f U = amperes (d-c.) per square inch. 


To obtain the true RI? in a converter armature this equivalent resistance is 
multiplied by the square of the external direct current and by a constant as 
given in the accompanying 
table: 

These values only hold if Theoretical Commercial 
the converter is operating at 
unity power factor. For any 


other power factor the re- |Single phase... m - à 
arte CODE of the al- | Three phase... 0.56 0.59 ge 
ternating current per phase | Quarter phase. 0.37 0.39 


must be found and the square 
of this component times the 
resistance per phase of the 
armature gives the additional RI? loss due to the lesser power factor. 

2. No-load Saturation Curve. — The no-load saturation curve, as in a-c. 


generators and d-c. generators (q.v.) is usually plotted between commutator 
voltage and ampere turns of shunt field. 


3. Core-loss as in a-c. and d-c. generators (q.v.). 

4. Phase Characteristic at no load and at full load as in synchronous motors 
(q.v). : 

s. Synchronous Impedance as in a-c. generators (q.v.). 

6. Starting Tests to determine current and voltage necessary to start the 
converter on a-c., time to reach full speed, and voltage induced in field wind- 
ines as in synchronous motors (q.v.). 


Six phase...... 
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y. Heat Run. — This may be made either with a resistance for load or 
two similar converters may be tested in parallel by the Hopkinson or “pump 
back" method; see Transformers. In addition to a source of d-c. power of 
the rated voltage of the converter to supply the losses, either a d-c. booster or 
an a-c. potential regulator is needed to adjust the load. 


8. Insulation Tests. — See Generators, Alternating-current, and Standard- 
isation Rules of the A.I.E.E. 


9. Pulsation Test. — A synchronous converter is very sensitive to any 
change in impressed voltage or frequency. A sudden change in either of these 
factors will cause a pulsation which will start the machine hunting, as discussed 
in the article on Motors, Synchronous. This hunting may increase until the ma- 
chine falls out of step or flashes over. To determine whether a converter has a 
dangerous tendency of this kind, a test is made in which two similar machines 
are supplied with power from a common generator. Between each converter 
and the common connection a resistance is placed in each a-c. line, having a 
value that will give with full-load current a drop in voltage of t5 per cent of 
the rated voltage of the machine. Thus there is 15 per cent RI drop between 
each converter and the generator and 30 per cent between the two converters. 
The two machines are operated at no load and at rated voltage with the shunt 
felds adjusted for minimum input. The voltage across the commutators is 
observed for any periodic variation. Then the field of one machine at a time 
is varied from half normal to twice the normal value and any indications of 
periodic variations of the direct voltage noted. If the machines have a proper 
damper winding in the pole faces, they should not develop any dangerous 
hunting, even under the above unfavorable conditions. 


SPECIFICATIONS FOR SYNCHRONOUS CONVERTER.* — The 
following memoranda are intended to assist in writing specifications. Sce also 
article on Specifications. 


Principal Characteristics and Conditions of Service. — Use to which con- ` 


verter is to be put, such as railway, lighting, motor driving or battery charging. 
Whether it is to convert from a+c. to d-c. or vice versa. Voltages and number of 
phases. Nominal rating in kilowatts or Institute rating in kilowatts. Frequency 
and speed. 

Style and Description; Details of Construction. — Whether interpole; 
whether shunt or compound wound, or whether there is a split-pole field wind- 
ing; whether rheostat is to be supplied for shunt field; if so, its characteristics. 
Proposed method of starting and whether starting apparatus is to be supplied. 
Whether a speed-limit device is required; if so, the shunt field rheostat shall 
have sufficient resistance to speed the machine for testing the speed-limit device, 
the latter being set at 15 per cent over rated speed. Whether an end play 
device (or oscillator) is desired and if so, what type or types are acceptable. 

Work to be Done by Other Contractors. — Whether the synchronous 
converter contractor is to furnish and install the following: Main wiring, field 
wiring, field-rheostat grids, dial plate and chains, starting panels, starting 
theostat or motor generator, foundations. | 


Performance and Tests. — Temperature rises upon which nominal and 
Institute ratings are to be based. Overload capacity (see Standardization Rules 


F of the A.I.E.E.). Commutation limits. Efficiency at 25, 50, 75, 100, 125 and 


150 per cent nominal load.  High-potential tests of insulation. Requirements 
regarding effect of moisture upon insulation. Converters shall operate in par- 


; allel without “hunting” from no load to stated (say 200 per cent) overload, 


provided drop in high-tension lines due to resistance between any converter and 
* By W. A. Del Mar. 
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any other synchronous apparatus in the system does not exceed a stated value 


| 
N 
(say 20 per cent), and provided that the phase variation does not exceed & stated ian 


value (say 2.5°). What voltage regulation is required, how it is ta be obtained 7777 
and whether it is to be hand or automatic. If the converter is shunt wound, Ta 
state voltage-regulation requirements. What per cent reactance between 8c. d 
bus and converter is required ? ips 
Hymns 
“Func 


OPERATION OF CONVERTERS. — In the operation of synchronous 
converters the points mentioned below should receive special attentioa. 


Transformer Connections. — The usual methods of connecting transformers 
to supply converters are shown diagrammatically in Figs. 1 to 6 and are dis- 
cussed above in the section on Voltage Ratios and also in the article on Trans- 
former Connections. Of the three-phase to six-phase connections the choice 
must be made with some care, as all connections are not equally good for each 
specific use of the converter. 


Methods of Starting. — The several methods of starting converters are as 
follows: 


Alternating-current Starting which is the same as the starting of 
motors; see Motors, Synchronous. 


Direct-current Starting. — The machine is started as a direct-current 
shunt motor and synchronized on the a-c. side after it is up to speed. This 
requires less power, but takes more time and more skill in order to synchronize. 


Starting with Auxiliary Motor. — This involves the extra cost and ES 
extra continuous loss of the auxiliary induction motor. It is no more efficient 
than starting by direct current and requires the same amount oí time. 


Combination Alternating- and Direct-current Starting. — The me 
chine is started up with direct current, then disconnected from the d-c. mains 
and connected to a low-voltage tap of the a-c. supply and brought up to full 

‘speed. This method is more economical of power and time but requires more 
starting apparatus than either the a-c. or d-c. methods. 


Field Break-up Switch. — All converters are supplied with a switch to 
open the field in several places to avoid the strain of the high potential induced 
in the field during starting and to reverse the direction of current in the field 
after the machine is up to speed in order to reverse the polarity in case it should 
not be right. This is usually a double-throw switch with several poles. 


End-play Device. — In order to prevent the brushes from wearing grooves a: 
in the commutator and collector rings a device is mounted upon one end of the |. 
shaft to move the shaft end-wise back and forth periodically. In small ma- |, 
chines this is à mechanical device consisting of a ball running between two |. 
warped surfaces. In large machines it consists of an electromagnet which 
periodically pulls out the armature a short distance. The magnetic pull of the |. 
main field poles pulls the armature back. d 


Speed-limiting Device. — In case a converter should be disconnected from 
the main a-c. generating circuit and still remain connected so that it would |. 
tend to operate from the d-c. side there is danger of its speed becoming danger- |. 
ously high. To avoid this a centrifugal governor is placed on the shaft and |. 
arranged to electrically operate the main d-c. switches of the converter. 


VOLTAGE REGULATION. — There are several methods of regulating |: 
the voltage delivered by the commutator of a converter. 


Compound-wound Converter with External Reactance. — This method | 
:s automatic and will give about ro per cent variation in voltage. It is standard 


Po 1T sa £. T». *TLoorona 
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Regulating ot Split-pole Converter. — With this type of converter the 
voltage regulation is gradual and normally accomplished by hand, but by the 
addition of an automatic voltage regulator may be made automatic. 


Shunt-wound Converter with Induction Regulator. — A large variation 
in voltage is possible but this method does not respond to quick changes. It 
is quite generally used in lighting work. 

Shunt-wound Converter with Synchronous Booster. — A synchronous 
generator js carried on the same shaft as the converter and connected in series 
between the transformers and the collector rings of the converter. The method 
is good but expensive. 

Shunt-wound Converter and Taps on the Transformers. — The voltage 
ratio of the transformers may be varied. This is usually accomplished by con- 
necting the line to different taps on the primaries, which involves opening the 
drcuit or short-circuiting a portion of the transformer at each change. 


WEIGHTS, SPEEDS AND COSTS. — The weights, speeds, over-all dimen- 
sions and approximate costs of two commercial lines of converters are given 
in the following table. The first group is a line of 25-cycle converters and the 
second a line of 6o-cycle converters for railway work. It will be noted that 
smaller capacities are three-phase machines, whereas the larger capacities are 
six-phase machines. The six-phase connection makes possible a saving in 
material at the expense of an increase in manufacturing labor. 

The costs given are only approximate, as such figures vary enormously with 
commercial conditions. There is a tendency at present to reduce both the weight 
and cost of these machines. All these machines are designed to give their 
rated output continuously with a rise of 35^ C. and an overload of 5o per 
cent for two hours with a risc of 55? C. 


WEIGHTS, SPEEDS AND COSTS 


Over-all dimensions 
is Cost 


Poles; Kw. | R.p.m. | Volts | Phases . Wt., |per kw. 
Leng., | Width |, Ht., Ib. dollars 


in, in. in. 

4 | 20 | 450 600 3 91 84 72 | 19,000 | 13 

4 | 30| 750 600 3 98 84 77 | 21,000 | 11.5 

6 500 500 600 6 122 95 87 34,000 | Io 

6 | 750 500 600 6 134 115 95 | 44,000 9.3 

8 | 100 | 375 600 6 148 137 108 | 63,000 8.3 

6 | 100] 1200 600 3 70 61 58 7,000 | 14 

6 | 200] 1200 | 600 3 79 65 60 | 11,000} 13 

8 | 300| 900 600 6 99 72 70 18,000 | 12 
I2 | Soo 600 600 6 122 87 80 | 33,0000 | 11.5 
14 750 514 600 6 118 110 87 39,000 | IL 
20 | 1000 | 360 600 6 136 145 116 | 58,000 | ir 


, BIBLIOGRAPHY. — Arnold, E., Wechselstromtecknik, Vol. IV, Berlin, 
? 1913; Steinmetz, C. P., Electrical Engineering, N. Y., 1909, and Alternating- 
current Phenomena, N. Y., 1908; Blondel, Synchronous Motors and Con- 
verters, N. Y., 1913; Woodbridge, J. E., Trans. A.I.E.E., 1908; Adams, C. A., 
Trans. À I.E.E., 1908. 


[W. I. SLICHTER.] 
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CONVEYORS. — (See also Power Stations; Telpherage.) A conveyor isa ipo 
mechanical device for the continuous handling of materials along à horizontal t (onre 
or inclined plane. There are four general types of conveyors, viz. the scrape! yen} 
or flight, the screw, the bucket and the belt. ENA 
THE FLIGHT CONVEYOR consists of a trough of any desired cross xus 
section through which are pulled a series of scrapers or “‘ flights” attached toan 2ziz 
endless chain. The improved forms of this type of conveyor have sliding shoes 3i; 
or rollers attached to the flights or to the chains, supported on runways. Enn 
Capacity. — The following table by S. B. Peck (Trans. A.S.M E., 1910) Tim 
gives the capacities of flight conveyors in tons of coal per hour when the con- =. 
veyor is operated at a speed of 100 feet per minute. EM 


CAPACITY OF FLIGHT CONVEYORS "E 
Horizontal Inclined 
Size of a RN —M— nc RR 
flight, Flights spaced Lb. 10? 20? 30° : 
quur eee ae E a EO ———| 
\ 18 in. 18 in. 24 in. flight 24 in. 24 in. 241. 
MON. MN HAE 
Tons. Tons Tons Tons Tons Tons 
4byto | 33.75 30 22.5 15 18 14.25 | 5 
4" 12| 42.75 38 28.5 19 24.5 18 13.5 
5" I2 | 51.75 46 34.5 23 28.5 22.5 16.5 
5“ IS 69.75 62 46.5 31 40.5 31.5 22.5 
6 18 | wees. 80 6o 40 49 40.5. 31.5 
8 “I8 a 120 go 60 72 57 48 
RU E ciues 105 70 84 66.5 $ 
225770 ree 135 go | 120 96 n 
JO 724 | Ace 172.5 IIS 150 120 go 
Io“ 3j ENTUM - 220 147 184 146 116 
10°" 36 j sei oak 268 179 | 225 177 142 
10542 ..... T 315 210 | 264 210 167 


Power Required. — The following formula gives approximately the horse 
power at the head wheel required to operate flight conveyors: 


H.P. = (ATL + BWS) + 1000. 


T = tons of coal per hour; L= length of conveyor in feet, center to me 
W = weight of chain, flights and shoes (both runs) in pounds; S Spee A 
feet per minute; A and B constants depending on angle of incline from hor! 


zontal and have the following values. 


Angle, Angle, Angle, B || 
deg. a 5 deg. a B deg. e x 
— eee 

o 0.343 O.OI Io 0.50 0.01 30 0.79 0.009 E 

E 0.378 | o.o1 14 0.57 | 0.01 34 0.84 | 0-8 ||: 

4 0.40 | 0.01 18 0.63 | 0.009 38 0.88 | 995 |; 

6 0.44 O.OI 22 o.69 0,009 A2 0.92 0.007 : 

8 0.47 O.OI 26 0.74 0.009 46 0.95 0.007 : 
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For suspended flight conveyors take B as o.8 and for roller flights as 0.6 of 
the values given in the table. 


Screw Conveyors. — Screw conveyors consist of a helical steel flight, either 
in one piece or in sections, mounted on a pipe or shaft, and running in a steet or 
wooden trough. "These conveyors are made from 4 to 18 inches in diameter, 
and in sections from 8 to 12 feet long. The speed ranges from 20 to 60 r.p.m. 
and the capacity from 10 to 30 tons of coal per hour. It is not advisable to use 
this type of conveyor for coal, except the smaller sizes, as the flights are easily 
damaged by any foreign substance of unusual size or shape. 


BUCKET CONVEYORS are of two types, having rigidly connected and 
pivoted buckets respectively. The buckets are carried by an endless chain 
driven by sprockets or pawls. Rigid buckets are used to convey coal and other 
materials over considerable distances when there is no intermediate point of 
discharge. They are built to carry as much as 2 tons of coal per minute. 

Pivoted buckets may be used both as conveyors and elevators, and are par- 
ticularly well adapted to the handling of coal and ashes in power plants. Their 
advantages are slow speed, silent operation, adaptability to change of direction 
Without transfer, high efficiency and easy renewal of worn parts. Their dis- 
advantages are danger of buckets sticking or upsetting and jamming in the 
supports, and the difficulty of preventing spill at the loading and turning points. 
Spilling in loading may be prevented by the use of special loading devices, by 
providing overlapping lips on the buckets or by placing small buckets between 
the main buckets to catch the spill. 


Capacity. — Buckets are usually of 2-feet pitch, and range in width from 18 
to 48 inches. They run at low speeds, usually not over 50 feet per minute, 
40 feet per minute being the usual speed. At the-latter speed the capacities 
when handling coal vary from 40 tons per hour for the 18-inch width to 120 tons 
per hour for the 48-inch width. 


Power Required. — Prof. E. F. Miller gives the following formula for cal- 
culating the power required for a bucket conveyor making a rectangular cir- 
cuit: 

P=0.004CL, 


where P is the horse-power required, C is the capacity of the conveyor in tons of 
coal per hour, and Z is the total lift in feet. This is an empirical formula de- 
duced from numerous data on coal conveyors having capacities of from 20 to 
50 tons and operating at speeds of from 40 to 55 feet per minute, and making 
lifts of from 40 to 80 feet. The power given by the above formula is for the 
conveyor loaded to its full capacity. The conveyor when running empty will 
require from 40 to 60 per cent of this. The smaller the conveyor the larger the 
percentage of power empty to power loaded. 


BELT CONVEYORS. — Rubber and cotton belt conveyors are used for 
handling coal, ore, sand, gravel, etc., in all sizes. They combine a high carry- 
ing capacity with low power consumption. In the majority of cases the belt 
is troughed by means of idler pulleys set at an angle from the horizontal and 
placed at intervals along the length of the belt. Belt conveyors may be used 
for elevating materials up to about 23° incline. The belt may be run at any 
speed from 200 to 800 feet per minute, and may be from 12 inches to 60 inches 
in width. The most serious objection to belt conveyors is the lack of durability 
of the belts, their liability to destruction from accidental causes and the erpen 
of their frequent renewals. 

Link belts (see Chains and Chain Drive) are also used for conveying 
purposes, 


| 
| 
[ 
f 
| 
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Capacity. — The following table gives the capacity of the more common sizes 
of belt conveyors: 


(t 
CAPACITY OF BELT CONVEYORS IN TONS OF COAL PER HOUR fd | ta 
= É ing 
à Ib, 
Velocity, feet per Width Velocity, feet per minute : 
minute of = 


belt, 


—M 
mL ER ————— |———— Los 


Fort materials other than coal, the figures in the above table should be multi- 
plied by the coefficients given in the table below: 


Material Coeff sient 


Ashes (damp)........... 86 || Eerth........ nnn . 


é 
o.scoct*206í20ícbácbetto* 


e *€*6*0909t92998 9209292929525? 
e*o9646o006069€606$20929520699252062€9292 


eet90060992060280€92992€4«92992^5 


Power Required to drive a belt conveyor (C. K. Baldwin, Trans- ASM s 
1908) depends on a gteat variety of conditions, as the spacing of idlers, in id 
drive, thickness of belt, etc. In figuring the power required, the belt s à 
run no faster than is necessary to carry the desired load. If it ghould be eure 
sary to increase the speed, the load should be increased in proportion an 
power figured accordingly. | | 

For level conveyors the horse-power required is 


P -CxTXxL + 1000. 
For inclined coriveyors 
P =(CXTX L+ 1000) + (T x H + 1000). 


C= power constant from table below; T = load, tons per hour; L- ye 
of conveyor, center to center, feet; H = vertical height material is lifted, feet; 
S = belt speed, feet per minute; B = width of belt, inches. ble 

For each movable or fixed tripper add horse-power in column 3 of tae 
Add 20 per cent to hotse-power for each conveyor under go feet long: i 
1o per cent to horse-power for each conveyor betwègn 50 and zoo feet one! 


a formulas above do not include gear friction, should the conveyer be géar- 
riven. 
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C for mate- | C'for mate- H.P. re- 
Width of | rial weigh- | rial weigh- | quired for | Minimum | Maximum 
belt, ing from 25 | ing from 75 | each mov- plies of plies of 
Inches | Ib. to 75 Ib. | lb. to 125 Ib. | able or fixed belt belt 
per cu. ft. per cu. ft. tripper 

12 0.234 0.147 j 3 4 
14 0.226 0.143 j 3 4 
16 0.220 0.140 i 4 5 
18 0.209 o.138 I 4 5 
20 0.205 0.136 ii 4 6 
22 0.199 0.133 1j 5 6 
24 0.195 0.131 ü 5 3 
26 0. 187 0.127 2 5 2 
28 0.175 O. I2I 5 8 
3o 0.167 0.117 2} 6 8 
32 0.163 O.IIS 4. 6 9 
3 0.161 O.II4 3 6 Io 
36 0.157 O.II2 3l 6 Io 


BIBLIOGRAPHY. — Gebhardt, G. F., Steam Power Plant Engineering, 
N. Y., 1909; Kent's Mechanical Engineers’ Pocket-Book, N. Y. Catalogues of 
Manufacturers, e.g., Link Belt Eng. Co., Phila.; Robins Conveying Belt Co., 
N. Y.; C. W. Hunt Co., N. Y. 

. [WM. KENT] 
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COOLING SYSTEMS FOR POWER STATIONS. — When the 
supply of cooling water is limited or expensive, economy requires that it shall 
be artificially cooled and used continuously. This cooling is accomplished by 
natural or forced evaporation in open ponds, spray fountains, a series of artificial 
cascades or in cooling towers. The latter device is largely used. 


COOLING TOWERS. — Cooling towers are usually made in the shape 
of large cylinders of sheet steel, filled with narrow boards or laths arranged in 
geometrical forms, or hollow tile, or wire network, so arranged that while the 
water, which is sprayed over them at the top, trickles down through the spaces 
it is met by an ascending air column. The air is furnished either by disk fans 
at the bottom or is drawn in by natural draft. In the latter case the tower 
is made very high, say 60 to 100 fcet, so as to act like a chimney. 


Make-up Water. — When used with jet condensers, the water produced 
by the condensation of the exhaust steam is sufficient to make up for the evapo- 
ration in the tower, and therefore only enough water for the boiler feed need 
be supplied continuously. In fact, the condensed steam is, as a rule, more than 
sufficient to make up for the loss due to evaporation, and there results a slight 
overflow, which carries with it the oil from the engine cylinders and tends to 
clean the system of the oil that would otherwise accumulate in the hot-well. 

When a cooling tower is usd with a surface condenser make-up water must 
be added to the cooling water, the amount ranging from 3 to 4 per cent, but 
in this case the boiler feed water can be used over and over again with but 
slight loss, provided the oil (there is none with turbines) is eliminated by 
suitable separators. 


Reduction in Temperature Obtainable. — With a ione designed 
cooling tower the temperature of the hot water (and condensed steam in the 
case of a jet condenser) can be reduced 40 to 50° F. 


Power Required for Forced Draft in Tower. — The power required 
for the fan, when forced draft is used, averages 2 per cent of that developed by 
the main engines during the summer months, when maximum volume of air 
is required, and about 1 per cent during the winter months. 


COSTS. — Cooling-tower costs vary greatly with climatic and operating 
conditions. When these are relatively favorable the cost may be kept as low 
as $2.50 per kilowatt for natural draft towers and $3.60 for fan draft. Under 
ordinary central-station conditions the costs will probably average $3.50 and 
$5.00 per kilowatt respectively for the two types of towers. 


BIBLIOGRAPHY. — Additional data on cooling towers, ponds and spray 
fountains and numerous references to original papers will be found in Gebhardt's 
Steam Power Plant Engineering. See also Kent's Mechanical Engineers! Pocke- 


Book. 
(Wu. Kent] 
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COPPER. — (See also Electrochemical Processes, Industrial; Wires and Cables, 
Bare.) The following discussion applies primarily to copper for electrical 
conductors. 


COMPARISON OF LAKE AND ELECTROLYTIC COPPER. — The 
copper mined in the vicinity of the Great Lakes is almost pure copper. Copper 
made from the various ores of the metal must be refined (usually electrolyti- 
cally) to reduce it to the same degree of purity. Lake copper possesses both 
high conductivity and excellent mechanical qualities but costs from % cent to 
% cent per pound more than electrolytic copper. Why the latter should be 
inferior to Lake is difficult to explain, but experience shows that the general run 
of commercial electrolytic copper is by no means uniform in physical qualities 
and as a general thing is distinctly inferior to Lake for wire-drawing purposes. 
The lower price of electrolytic copper results in its use by many manufacturers 
although the wire is generally inferior to a slight extent. 


ROLLING-MILL PROCESSES. — The refined copper comes to the rod 
mill in bars weighing about 200 pounds each. These bars frequently have 
ridges along the sides, due to faults in castings, and the surface is often covered 
with a layer of oxide. They are heated in a furnace until sufficiently soft for 
rolling and are passed through a series of rolls diminishing in size until a rod 
of the proper diameter is obtained. The rod is then coiled up and immersed 
in a pickling liquid (ro per cent H2SO,) in order to dissolve the oxide formed 
during rolling. It is then washed and dipped in a fluid tallow mixture. 


WIRE-MILL PROCESSES. — The rods having cooled are connected to- 
gether by brazing and are drawn through a series-of dies of decreasing diameter. 
The dies give the wire a dense hard exterior coating which increases its tenacity. 
Ás the strength obtainable is almost a direct factor of the work expended upon 
the wire, the smaller the size the greater the tensile strength per square inch, 
so that the strength of the wire is readily varied by changing the size of the 
rod and the number of dies. 


Defects in Wire. — One of the most serious defects occurring to wire at 
this point is from ridged bars as above described. Ordinarily the bar will not 
be sufficiently heated to dissolve the copper oxide on the surface so that as the 
softened bar enters the first passes of the rolls, the ridges are lapped over, in- 
dosing the oxide scale. The subsequent passes and the drawing through the 
dies obscure this flaw almost entirely, but it remains a serious menace to the 
toughness and the resistance to wear of the copper. 

A second cause of trouble arises at the same point by overheating the copper 
in the softening furnace, in which case copper oxide is formed on the surface 
and quickly dissolves through the entire bar, thereby increasing the oxide con- 
tent and tending toward the production of brittleness. Both of these dangers 
can be avoided by careful selection of the bars and by proper regulating of the 
temperature of the softening furnace. 

As the production of the hard surface from drawing is at best a rather delicate 
operation, careless handling, uneven welding of the rods and unequal temper- 
ature of the wire while passing through the dies will all produce noticeable effects 
in the quality of the finished wire, so that care throughout the mill is absolutely 
necessary for the best results. 

It, therefore, appears that the most efficient wire must possess not only high 
conductivity but the maximum torsion and tensile strength possible in com- 
mercial copper and that to obtain this it is first necessary to use high-grade copper 
and to prevent an excess of cuprous oxide entering it at any stage of the manu- 
facture, and, secondly, to select as perfect bars as possible and to observe extreme 
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care in every treatment through which they pass. (Adapted from article by 
Carl F. Woods, Electric Railway Journal, 1909, Vol. 33, b. 105.) 


ANNEALING. — All wire when first drawn is more or less hard. It may 
be softened by annealing, i.e., by heatiag to a high temperature and cooling 
slowly. 


MECHANICAL ‘PROPERTIES. — (See Wares and Cables, Bare, for tables 
of tensile strength, etc., of various sizes of wire.) The more important mechanical 
properties of copper are discussed in some detail below. 

Tensile Strength and Elongation of Soft Annealed Copper. — The ten- 
sile strength of soft annealed copper is about 30,000 to 33,000 pounds per square 
inch with an elongation of about 25 per cent (in 10 inches) at the fracture. It 
has no true elastic limit, permanent elongation being produced by very small 
loads. 


Tensile Strength and Elongation of Hard-drawn Copper. — (See Wires 
and Cables, Bare, for tensile strength of various sites af wire.) According to 
D. R. Pye, hard-drawn copper in wires up to 4% inch diameter varies in tensile 
strength with the diametet according to a linear law of tbe fortn 


T = 70,000 — 45,000 D, 


where T = tensile strength, pounds per square inch, and D = diameter of wite, 
inches. : 

The above constants agree approxitpátely with the tables of the American 
Society for Testing Materials and represent values somewhat under those usu- 
ally obtained. 

The elongation at fracture is approximately tepresented by 


E=4VD, 


where E = per cent elongation at fracture. 

Tests by G. C. Batson on 5o-foot lengths of hard-drawn copper showed à 
tensile strength only 12 per cent less than that of 10-foot lengths, a fact which 
indicates that the material is very uniform. 

Modulus of Elasticity of Hard-drawn Copper. — The modulus of elas- 
ticity of hard-drawn copper varies from 12 X 10° to 20 x rof, the higher values 
applying to small wires. The following tests by G. C. Batson are typical of 
commercial copper. | 


Diameter, ih. 0.158 | 0.438 | 0.112 0.004 p.079 | 0.066 | 0.04 
sq. ih. units 117. 7X 101 13.9 X 10° 17. -5X10 |17. 7X 108 | 15 . IXI | 19. 5X 19.2X19 


An apparent modulus of 12 x 1o is often obtained from an initial test, due to 
straightenimg-out. (See also Wires and Cables, Bare.) 

Elestic Limit of Herd-drawa Copper. — The true elastic Himit of hard- 
drawn copper, or load at which permanent set begins, is mot the same as the 
point where the sitain begins to inctease more rapidly than the stress. Tee 
latter point is usually between 30,000 and 35,000 pounds per square inch and 
the former, somewhat below (see Wares and Cables, Bare). 

Density. — The density of copper ot, for afl practical purposes, its spediic 

ravity referred to water, is 8.89 ‘at 20° C. "This fs the valwe which hes beth 
adopted as standard by Phe Anrerican Tastitute of Electtícal Engineers, and most 
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the Calumet & Hecla Smelting Works, and the Reichsanstalt haye indicated 
this as a mean. 


CONDUCTIVITY AND RESISTIVITY. — (See also Resistance and Con- 
ductance; Wires and Cables, Bare.) F. A. Wolff and J. H. Dellinger give the 
resistivities of 89 samples of commercial copper from 14 important refiners and 
wire manufacturers in this and other countries. The mean for annealed wire is: 
Resistivity in ohms per meter-gram at 20° C. = 0.15292; per cent conductivity 
= 100,25. (Per cent conductivity is computed on the basis of roo per cent 
conductivity corresponding to the standard resistivity of 0.15328 ohm per 
meter-gram at 20? C.) The mean result of data furnished by a large wire- 
manufacturing company, representing tests on more than 100,000,000 pounds 
of copper, is also given; for example, for annealed samples: Resistivity in ohms 
per meter-gram at 20? C. = 0.15263; per cent conductivity = 100.42. 


Conductivity of Hard-drawn Copper. — The conductivity of hard-drawn 
No. 12 B. & S. wires was found to be less than the conductivity of annealed 
wires by a mean value of 2.7 per cent. The difference between the conductivity 
of annealed and hard-drawn wires increases as the diameter of the wire decreases. 
The lowest resistivity and highest conductivity found for a hard-drawu wire 
Were: Resistivity in ohms per meter-gram at 20° C. = 0.15386; per cent con- 
ductivity = 99.62; and for annealed wire were: resistivity in ohms per meter- 
gram at 20° C. = 0.15045; per cent conductivity = 101.88. 


Effect of Bending on Conductivity. — Copper wire apparently decreases 
in conductivity when bent, but the greater part of this is caused by local changes 
in cross-section. This effect is negligible unless the wire is bent to a very small 
radius. 


Effect of Melting. — Electrolytic copper which is drawn without having 
been melted has a higher conductivity than that which has been melted, J. H. 
Dellinger recording copper thus drawn as having a conductivity as high as 
101.71 per cent after annealing at a dull-red heat. Lake copper likewise drawn 
without having been melted gave conductivities as high as 101.88 after annealing. 

Temperature Coefficient of Resistivity. — It has been found by J. H. 
Dellinger (Bulletin No. 147, Bureau of Standards, 1910, Vol. 7, No. 1) that the 
temperature coefficient of copper is proportional to the conductivity instead of 
being virtually a constant, as hitherto assumed. This fact may be expressed 
by saying that the change of resistivity per degree C. of a sample of copper 
is 0.000597 ohm per meter-gram or 0.00681 micro-ohm per centimeter cube. 
(Dellinger’s original figures were subsequently changed slightly; see Circ. No, 31 
of Bureau of Standards, ro12 ed.) The 20°C. temperature coefficient of a 
sample of copper is found by multiplying the per cent conductivity by 


0.00393 and dividing by 100. These rules apply only to copper furnished for. 


electrical use and to the temperature range of 10° C. to 100° C. over which the 
temperature coefficient was found to be linear. The following table gives the 
temperature coefficients a, in the formula: 


R= Rri +e,- T)). 


O O O a o amam M M U MM ~L 


ae - — 


Ohms per | Per cent 
meter-gram| conduc- 
at 20° C. 


0.16134 0.00403 
0.15966 0.00408 
0.15802 0.00413 
0.15753 : 0.00414 
0.15640 0.00417 
0.15482 0.00422 
0.15328 0.00127 
0.15176 0.0043I 


The boldface values in the table have been adopted as standard by the 
American Institute of Electrical Engineers (see Standardization Rules). 


BIBLIOGRAPHY. — Copper Wire Tables, Circ. No. 31 of U.S. Bur. Stand, 
1912 ed.; Batson, G. C., Report on Hard-drawn Copper and Bronze Wire, Natl. 
Phys. Laboratory, Collected Researches, 1912, Vol. 8, pp. 155-170; Bolton, T., 
Hard-drawn Copper Wire, El. Rev., London, 1907, Vol. 60, pp. 131-33, Abstract 
in El. Rev., N. Y., 1907, Vol. 5o, p. 279; Carlson, B., Electro-chemical Refining 
of Copper, Mining Journal, Lond., 1906, Vol. 79, p. 77 (Translation from arlide 
in “Teknisk Tidskrift,” Stockholm); Dellinger, J. H., Temperature Coefficient of 
Resistance of Copper, Bul. U. S. Bur. Stand., Feb., 1911, Vol. 7, pp. 71-101; 
Doolittle, T. B., History, Manufacture and Properties of Hard-drawn Copper Wire, 
Harvard Engineering Journal, Nov., 1905, pp. 133-139; Reprinted " Telegraph 
Age,” 1906, Vol. 24, pp. 7, 34; Kuppers, W., Das Ziehen von Kupferdraht, Teit. 
des Ver. Deutscher Ingenieure, 1906, Vol. 50, pp. 2022-8; Peters, F., Neuerungen 
auf dem Gebiete der Elektrometallurgie des Kupfers, Glückauf, 1900, Vol. 45, 
p. 515; Peters, E. D., The Principles of Copper Smelting, N. Y., 1907, pp. 497 
451 (quotes from Dr. William Borchers, and gives reasons why the electro- 
lytic method for refining copper is generally used); Pye, D. R., Mechanical 
Properties of Hard-drawn Copper, Institute of Metals, r9rr, Vol. 6, p. 165; 
Schroder, H., Electrolytic Process of Copper Refining, Australian Mining Stand- 
ards, 1910, Vol. 43, pp. 163, 189, 215, 241, 271 (series of illustrated articles 
on methods and costs); Copper Handbook, Houghton, Mich., annually; Wolf, 
F. A., and Dellinger, J. H., Electrical Conductivity of Commercial Copper, Bul. 
U. S. Bur. Stand., 1911, Vol 7, No. 1, pp. 103-26; Anonymous, Standard 
Specifications for Copper Wire Bars, Eng. & Min. Jour., Jan. 20, 1912, p. 181; 
Standard Specifications for Hard-drawn Copper Wire, Amer. Soc. for Testing 
Materials, 1909, Proc., Vol. 9, pp. 311-318. 


(W. A. Dev Mar] 
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CORONA, ELECTRIC. — (See also Electron Theory; Spark Gap; Trans- 


mission Lines.) When the difference of potential between two conductors 
which are insulated from each other by air is increased from a low to successively 
higher values, the following sequence of phenomena is observed, provided the 
conductors are relatively far apart compared with their dimensions: rz. When 
the potential is but a few volts only an extremely small (practically negligible) 
current passes between the two. conductors, i.e., the insulation resistance is 
very high. 2. As the potential is increased, the insulation resistance remains 
practically constant until a certain value of the voltage is reached (depending 
upon the dimensions, distance apart of the conductors, etc.); when the insulation 
resistance falls to a much lower value, a bluish light appears around at least 
those parts of the conductors which are closest together, and a hissing noise is 
produced; these effects all start at the same value of the voltage. The bluish 


. light is called the “corona” and the accompanying phenomena are called “corona 


effects." 5. Asthe voltage is still further increased the sheaths of light extend 
" greater distance from the conductors until finally a spark passes between 
em. 

If the conductors are near together compared with their dimensions the spark 
passes without being preceded by the bluish light, i.e., no corona appears. 

The appearance of the discharge at the positive conductor is different from 
the appearance at the negative conductor. If instcad of a constant potential 
difference an alternating one is used the phenomena noticed are very much the 
same except that now the discharge is not continuous but appears and disappears 
with a frequency twice that of the potential difference. 


CORONA ON TRANSMISSION LINES. — The loss of power accom- 
panying the appearance of the corona on high-tension transmission lines is an 
appreciable one; in fact, in the present state of the art, the corona loss is the 
chief obstacle to the use of voltages above 150,000, The most comprehensive 
study of the “laws” of the corona thus far made is that by F. W. Peek, Jr. 
(Trans. A.I.E.E., rgr1, Vol. 30, p. 1889; Proc. A.I.E.E., June, 1912). Peek’s 
investigations were made with alternating voltages on an outdoor transmission 
line about soo feet long, under all the variable conditions of spacing, size of 
conductor, storms, etc., usually met with in practice, these tests being supple- 
mented by extensive laboratory investigations. Peek’s results are summarized 
in the following paragraphs. 


Disruptive Potential Gradient. — In his formulas Peek uses a factor which 
he calls the “disruptive” critical potential gradient. This “disruptive” gradient 
is not the potential gradient corresponding to the actual formation of the corona 
on the wires of a transmission line, but is the potential gradient corresponding 
to the break-down voltage of an air gap of o.5 cm. or more in length between 
conductors of very large radius of curvature, i.e., practically plane surfaces 
(see article on Spark Gap). Peek obtains its value by extrapolating his experi- 
mentally determined curves, and thus obtains 75.7 kilovolts per inch (29.8 kilo- 
volts per centimeter) maximum, which is equivalent to 53.5 kilovolts per inch 
effective value for a sine-wave voltage. This value is in close agreement with 
the values obtained directly for the potential gradient required to break down 
à spark gap between conductors of large radius of curvature when the gap is 
greater than o.5 cm. in length. 

The following formulas apply to either a single-phase or symmetrically ar- 
ranged three-phase line. Sine-wave voltage is assumed and all voltage values 
are effective or r.m.s. values. Let 


a = radius of each conductor in inches. 
D = distance, in inches, between centers of conductors. 


* 
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Ho 75.7 = “disruptive” critical potential gradient of air, kilovolts per ‘aC; 
inch, at 77? F. (25? C.) and 29.92 inches (76 cm.) barometric pressure. — ai 
Vo = kilovolts to neutral corresponding to the potential gradient Ho at the ata 
` surface of the wire, assuming a clean, polished cylindrical (circular) 
surface. 
V, = kilovolts to neutral required to start the corona, called by Peek the 
“visual” critical voltage. 


When the return conductor is so remote that the charge on it produces no 
appreciable field at the conductor in question * 


D 
Vo = 123 a logi va (1) 


TABLE I. VALUES OF Vo FOR STANDARD STRANDSt 
Effective kilovolts to neutral 


Size of D 
wire, Diam., Feet between wires, center to center ( =— 
cir. mils | inches P 
or =2a 
20 
A.W.G. 3 4 6 8 IO 12 15 


— ef Oe | |] | dM OO 


1,000,000 1.152 127.5 | 136.1 | 148.9 | 157.8 | 164.7 | 170.3 | 177.2 | 186.1 
150,000 0.998 | 114.3 | 122.0 | 132.8 | 140.5 | 146.4 | 151.3 | 157.3 | 165.3 
500,000 0.814 97.7 | 103.9 | 112.8 | 119.0 | 123.9 | 127.9 | 133.2 | 139.0 
350,000 0.681 85.0 | 90.2 | 97.6 | 102.8 | 107.4 | 110.2 | 114.3 | 119.5 
250,000 0.575 74.4 | 78.8 | 85.0] 89.4 | 92.9 | 95.7 | 99.1 | 103.5 
: 9000 | 0.528 69.5 | 73.5 | 79.3} 83.3| 86.5 | 89.1| 92.2| 96.3 

000 0.470 63.3 | 66.9 | 72.0] 75.6| 78.5 | 80.7] 83.5} 87.2 
00{ 0.418 57.6 | 60.8 | 65.4} 68.6] 7.1 | 73.2 | 75.6| 78.8 
o 0.373 52.5 | 55.4 | 59.5| 62.4| 64.6| 66.4] 68.6| 71$ 
I 0.332 47.8 | 50.4| 53.9| 56.5 | 58.5 | 6o.r| Gar] 64.7] 
2| 0.292 | 43.1| 45.3| 48.5 | 50.7] S2.5 | 53.9 | 55.6) 57.9 
4 0.232 35.6 | 37.4 | 39.9| 41.7| 43.1 | 4.3| 48.6| 47.4 
6| 0.184 29.4 |. 30.8 | 32.8 | 34.2 | 35.3| 36.2| 37.3| 397 


* The potential gradient H , in abvolts per em., at a point a distance s cm. from 
the center of a cylindrical wire, due to a charge of Q abcoulombs per cm. on that wire 5 
2 Q/x; the capacity to neutral is 


C= abfarads 


2 log, — 
à 


and since Q = CV, where V is in abvolts, therefore 
H- 


abvolts per cm. 
æ log, z 


At the surface, z = sand H = the value of Ho in abvolts per cm., whence the above 
formula in practical units. À l | 


t This table is calculated from the formula Vo = 123 a logis D taking for a one-half 
a 


the over-all diameter of the strand. The values of Vo given in the table are therefore 
actually those corresponding to a solid wire of this same diameter; the effect of strand- 
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Visual Critical Voltage in Fair Weather. —, Peek’s experiments show that 
the actual voltage, kilovolts to neutral, at which the corona forms* in fair 
weather may be represented by the formula 


Vy = ms c E) Vo, (2) 

Vad | 
Where “y (= x for clean, polished, solid wires) is a factor which takes into 
account the condition of the surface of the conductors, see Table II, and 5 is 
the specific gravity of the air, referred to air at 77? F. (25? C.) and 29.92 inches 
(76 cm.) barometric pressure (6 = 1 for these standard conditions), The spe- 
cific gravity 6 is calculated from the formula 


17.95 B 
m 460 4- f (3) 


where B = actual barometric pressure in inches, and ¢= actual temperature’ 


in*F. 
TABLE II. VALUES OF m, AND mo 


Surface, etc. Value of m, | Value of mo 


Clean, polished wires, solid.................. esee ; 1.00 
Weathered or roughened wires, solid. . .............. 0.93 to 0.98 
7strand bare cables, decided corona all along con- 
———— € ——— 0.83 to 0.87 
7-strand bare cables, local corona all along conductor| ^ 0.72 | .......... 


Visual Critical Voltage in Foul Weather. — Peek's experiments show that 
when the wires are thoroughly wet, e.g., in a heavy fog or rain, the visual critical 
voltage is, to a fair degree of approximation, 
V', = 0.3 (: jc: 
Va 
Smoke, falling sleet, or sleet on the wires also lowers the critical voltage. 
Power Loss in Fair Weather. — Peck’s experiments show that the power 
loss in fair weather in kilowatts per mile of each wire, when the corona actually 
appeárs, may be represented by the formula 


P= oes J Vs (V — mjV,)*, E 


ô = specific gravity of air referred to air at 77° F. (25° C.) and 29.92 inches 
(76 cm) baromettic pressure, seeequation (3). Under standard 
conditions of pressure and temperature 6 = 1. : . 

J= frequency of the impressed voltage. 

a = radius of conductor, in inches. 

D = distance between conductors, center to center, in inches. 

V = actual kilovolts to neutral, effective value. 


yr- W 


where 


D 
Vo 123 a logio z ; see Table I. 


m= factor depending on the surface of the conductors, see Table IT. For 
clean, polished, solid wires mo = 1. 
* For wires less than r5 diameters apart Peek found that as the voltage was raised a 
Spark passed without being preceded by the corona. 
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For V less than the visual critical voltage Vy, but greater than moôVo, the 
above formula gives a loss which in general is greater than the observed loss. 
It is probable that were the conductors perfectly clean and their surfaces abso- 
lutely uniform, there would be no loss whatever for V less than Vy. The loss 
that is observed is due to local coronas which form at a lower voltage wherever 
there is a spot of grease, dirt or other irregularity. 


Power Loss in Foul Weather. — The presence of fog or smoke, sleet on 
the wires or falling sleet, or rain or snow increases the loss. The effect of snow 
is greater than that of any other weather condition. According to Peck the. 
loss during-foul weather may be calculated, to a rough approximation, by using 
the fair-weather formula taking for mo 80 per cent of the values given in Table II. 


Effect of Humidity, Winds, Frequency, etc. — According to Peek high 
voltages do not entirely eliminate sleet. Humidity and “vapor products” 
have no effect on either the critical voltage or on the loss. High winds have no 
effect upon the loss or critical voltage at ordinary frequencies. The effect of 
frequency on the visual critical voltage is negligibly small for frequencies between 
25 and 60 cycles per second. It should also be noted that the formula for power 
loss, given above, in which the loss is given as proportional to the frequency, 
has been tested only for frequencies within the commercial range. It is prob- 
able that at extremely low frequencies, the loss decreases less than proportional 
to the frequency, and approaches a small finite limiting value at continuous 
impressed voltage. 

Ionization of the Air around Charged Wires. — When the corona 
appears, the air in the neighborhood of the conductors is found to have a con- 
ductivity many times larger than its normal value. This conductivity remains 
for an appreciable length of time after the potential has been cut off. The air 
is said to be ionized, since, on the assumptions of the electron theory (qv), 
it contains under these conditions a very large number of ions. Whitehead has 
investigated the relation between the conductivity of the air near the conductors 
and the voltage between them, and finds that the voltage at which the corona 
appears is exactly equal to that at which ionization begins. It is now well 
established that visual corona, power loss and ionization are entirely contem- 
poraneous. l 


BIBLIOGRAPHY. — Peek, Law of Corona, Proc. A.I.E.E., 1912, Vol. 31 
p. 1085; Trans. A.LE.E., 1911, Vol. 30, p. 1889; Whitehead, Electric Strength 
of Air, Proc. AI.E.E., 1912, Vol. 31, p. 839; Trans. A.L.E.E., 1911, Vol. 30, 
p. 1857; 1910, Vol. 20, p. 1159; Ryan, Open Air and Oil as High Voltage Insula- 
tors, Trans. A.L.E.E., 1911, Vol. 3o, p. 1; Faccioli, Losses on High Tension 
Lines, Trans. A.I-E.E., 1911, Vol. 30, p. 337; Watson, Atmospheric Losses, 
Electrician, 1909-10; Moody and Faccioli, Corona Phenomena, Trans. A.LE.E.. 
1909, Vol. 28, p. 769; Mershon, High-voltage Measurements, Trans. A.LE.E. 
1908, Vol. 27, p. 845; Scott, High-voltage Transmission, Trans. A.I.E.E., 1898, 


Vol. 15, p. 281. 
[W. S. Gorton] 
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COUPLINGS, DIRECT. — (See also Belts and Belting.) Couplings for con- 
necting electrical apparatus together or to other machines can be divided into 
two distinct classes, namely, solid and flexible. 


SOLID COUPLINGS (Fig. 1) are usually of the flanged type and consist 
of two steel castings rigidly bolted to- 
gether. This type should be used where 
the two machines are mounted on a com- V, 
mon iron base and where an exact align- 
ment is possible. Large flanges should be 
provided for overcoming bending stresses 
which may occur when the couplings carry 
part of the load such as, for example, in 
three bearing sets. See also article on Ma- . 
chine Tools, Electrical Operation of. Fig. 1. Solid Flange Coupling 


FLEXIBLE COUPLINGS are mainly used to connect machines which 
cannot be lined up properly or where there is fear that alignment cannot be 
maintained. Many different kinds of flexible couplings are in use, and they 
may be divided in two general classes, insulated and uninsulated. The insu- 
lated couplings are composed of castings separated by leather or rubber, as a 
flexible and insulating medium. The principal types of flexible couplings in 
use are the leather link, the laced belt, the rubber buffer and the mill-type 
coupling. 


Leather-link Flexible Couplings (Fig. 2) consist of two iron castings con- 
nected together through leather punchings fastened at the ends by bolts to the 
alternate halves. . For the smaller sizes - e 
these links are usually replaced by a 
single leather disk which connects both 
halves by means of bolts alternately 
fastened through opposite halves. The 
torque stresses are transmitted through 
these links or disks to the bolts which 
fasten them to the castings. F 
ey es to allow sufficient play for LA 

€ heads of the bolts, alternate holes : E 3 : 
are bored to a large diameter, the bolts pee “ERDI arin 
accurately fitting the other holes in the castings. By this means flexibility is 
obtained and a small amount of end or side play is permissible between the 
shafts of the two machines to which each half coupling is securely keyed. 
This type of coupling is recommended for shafts up to 315 inches in diameter. 
For shafts between 314 inches and 5 inches in diameter either this type or the 
leather-laced type may be used. 


Leather-laced Flexible Couplings 
(Fig. 3) are recommended for shafts 
above 314 inches in diameter on ac- 
Count of their structural advantages. -- 
They consist of two steel rings, an - 
outer and an inner, with cast-iron 
hubs bolted to them. Slots are 
formed in these rings through which 
an endless leather belt is interwoven. 
This construction not only gives great flexibility but, due to the two rings 
being concentric, it is not subjected to bending strains and therefore is espe- 


EL 
EUR 
N 


Fig. 3. Leather-laced Flexible Coupling 


eet ia H ————— 
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cially adapted for transmitting a high torque commensurate with the strength IN - 
of the belt and the size of the coupling employed. a 

As the outer ring of the coupling is only connected to the shaft of the machine oo 
through the coupling hub which is keyed to the shaft, machines using this fom * E € 
of coupling can be readily disconnected without unlacing or interfering with the m. 
coupling belt. To do this it is only necessary to remove the bolts, holding the er 
outer ring to the hub. This partial disassembling also aids in the replacing of a 
worn-out belt without removing the coupling from the machine. 


Rubber-buffer Flexible Coupling. — This coupling is made up of two a 
` iron spiders, the small interlocking arms of which are separated by cylinders o 
soft rubber. The rubber cylinders are held in place by projecting plates screw 
to the arms of one of the spiders. The construction of this type of coupling 
affords great flexibility as well as insulating qualities. This type of coupling 
was once much used on account of its high-insulating qualities but is now toa 
great extent being superseded by the two previous types. 

Mill-type Flexible Coupling (Fig. 4). — Where the conditions are too 
severe for the belt or rubber of the flexible couplings described above, that 1$ 
where there is much grit or hot vapor 
present and where noise is not objection- 
able, the mill-type flexible coupling shown 
in Fig. 4 should be used. This is a 
rough sturdy coupling consisting of three 
steel castings, two of which are identical SES 
and called the “pods,” while the center . 1 type Flexible Coupling 
i called de “hoa” Ane wok aias NO LU dk 
sive use for this coupling has been in steel mills. Best results are obtained ei 
this coupling when it is used on a constant load, as the noise under these coh 
tions is at a minimum. 


PROPER SIZE OF COUPLING. — The selection of the proper coupling 
should be determined by calculation and not by the method of choosing the jak 
corresponding to the shaft diameter. The coupling should have Se: 
capacity to take care of the overload capacity of the motor or generator, a5 
case may be. 

BIBLIOGRAPHY. — Smith, H. J., Inertia Effects of Shaft ea 
Power, 1911, Vol. 33, p. 994; Bunnell, S. H., Dimensions for Flanged $ 
Couplings, Amer. Mach., 1903, Vol. 26, p. 1914. 


[D. B. Rusumore, assisted by E. A. Lor] 
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CRANES. — (See also Blocks and Tackle; Controllers; Hoists, Electric; Tel- 
pherage.) A hoist is a machine for raising and lowering weights. A crane is a 
hoist with the added capacity of moving the load in a horizontal or lateral direc- 
tion. That part of a crane carrying the hoist and movable with respect to the 
main structure of the crane is called the “trolley.” Cranes are divided into 
two classes as to their motions, viz., rotary and rectilinear. 


Rotary Cranes may be classified as follows: 


Swing-cranes. — Having rotation, but no trolley motion. 

Jib-cranes. — Having rotation, and a trolley traveling on the jib. When 
the jib or boom is movable, carrying a sheave on the end, the device is called 
a derrich. 

Column-cranes. — Identical with the jib- -cranes, but rotating around 
a fixed column (which usually supports a floor above). 

Pillar-cranes. — Having rotation only; the pillar or column being 
supported entirely from the foundation. 

Pillar Jib-cranes. — Identical with the last, except in having a jib and 
trolley motion. 

Derrick-cranes. — Identical with jib-cranes, except that the head of 
the mast is held in position by guy-rods, instead of by attachment to a roof or 
ceiling. 

Rotary cranes arranged so that they may be readily moved from place to 
place may be classified as: 


 Walking-cranes. — Consisting of a pillar or jib-crane mounted on 
wheels and arranged to travel longitudinally upon one or more rails. 

Locomotive-cranes. — Consisting of a pillar-crane mounted on a truck, 
and provided with a steam-engine capable of propelling and rotating the crane, 
and of hoisting and lowering the load. 

Rectilinear Cranes may be classified as follows: 

Bridge-cranes. — Having a fixed bridge spanning an opening, and a 

trolley moving across the bridge. 


Trath-cranes. — Consisting of a truck, or short bridge, traveling longi- 


tudinally on overhead rails, and without trolley motion. 
Traveling-cranes. — Consisting of a bridge moving longitudinally on 
overhead tracks, and a trolley moving transversely on the bridge. 


Gantries. — Consisting of an overhead bridge, carried at each end by 
a trestle traveling on longitudinal tracks on the ground, and having a trolley 
moving transversely on the bridge. 


Rotary Bridge-cranes. — Combining rotary and rectilinear movements 


^ and consisting of a bridge pivoted at one end to a central pier or post, and 


supported at the other end on a cireular track, provided with a trolley moving 

transversely on the bridge, 

: For descriptions of these several fons of cranes see Towne's Treatise on 
ranes. 


HAND-OPERATED TRAVELING CRANES. — The weight of a hand- 
operated traveling crane depends not only upon the capacity of the crane and 
the length of the span, but also upon the particular design. The following 
ur ee formula will serve as a rough guide when actual data are not avail- 
able: 


W = KCL, 
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where W is the weight of the crane in tons, C the capacity of the crane in tons, 
L the length of the span in feet and K a constant ranging from about 0.01 for 
L = 10 feet to 0.012 for L = 75 feet. 


ELECTRIC OVERHEAD TRAVELING CRANES. — Electric traveling 
cranes usually have 3 motors, one for the hoist, one for the trolley traveling on 
the bridge and one for moving the bridge. Cranes of over 15 tons capacity 
are usually provided with an auxiliary hoist of from 340 to 14 the capacity of 
the main hoist. Automatic brakes are used to sustain the load when lifted 
and to regulate the speed when lowering, the hoist motor usually having to 
drive the load down. , 

Speeds of Electric Traveling Cranes. — The standard speeds at which 
the various parts travel in the cranes manufactured by Pawling and Harnischfeger 
are as follows: 


STANDARD SPEEDS OF ELECTRIC CRANES, IN FEET PER MINUTE 
(Pawling & Harnischfeger) 


Capacity, Hoisting 
tons (2000 speed, 
. Ib.) ft. per min. 


Bridge travel, 
ft. per min. 


Trolley travel speed from 100 to 150 feet per minute in all cases. 


Weight and Dimensions of Electric Traveling Cranes. — Let 
C= capacity of crane, in tons (2000 pounds), 

Ws- weight of bridge alone, in tons, 

W r= weight of trolley alone, in tons, 

W = total weight of crane, in tons. 

Then 

We=KesClL, Wr= KrC, 

W=Wet+ Wr=-C (KpL4- Kr), 


where Kz and Kr have the following approximate values (see paper by S. 5. 


Wales, Proc. Eng. Soc. Western Pa., 1902, Vol. 18, p. 146). 


SS AÀ 
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kmit For example, for a so-ton crane for a 6o-foot span, the bridge alone would 
nit: weigh 0.013 X so x 60 = 39 tons, the trolley would weight 0.4 X 50= 20 tons, 
and the total weight would be 59 tons, approximately. If the bridge is equipped 
vith 2 wheels at each end, the maximum load on each wheel when the trolley, 


Mz STINE full load, is at the end of the bridge would be approximately 
d 3 20+ 50 

pr + —— = 45 tons, 

gd ta 4 


ukve orif there are 4 wheels at each end, the maximum wheel load would be 22.5 tons. 
The following table is taken from a catalogue of the Alliance Machine Co. 


pi 
ii? DIMENSIONS AND WHEEL LOADS OF ELECTRIC TRAVELING 
CRANES 
E : 60-foot span and 25-foot lift; wire-rope hoist 
pd Di f Maxi load 
; Candi ; istance from aximum loa 
Ls Ms ad ee center of rail | Wheel base of | per wheel; trol- 
: T to ends of end truck ley at end of 
ed Ib.) highest point : 
crane bridge 
f gt 
| | | | eT 
Feet Inches Inches Feet Inches Pounds 
i 5 6 o 9 9 o 20,000 
d Io 6 6 10 . IO o 27,000 
$ 25 4 4 12 II 6 51,000 
i 40 8 o 12 12 3 82,000 
i 50 8 9 12 12 6 48,000" 
ju - 
ist * Has 8 track wheels on bridge. 


l Standard cranes are built in intermediate sizes, varying by 5 tons up to 40 
ons. 


m 
~~ Power Required. — The following is adapted from the paper by S. S. Wales 
" above referred to. The frictional losses will of course depend to a certain extent 
upon the design of the crane, the use of rope or chain, etc., but the constants 


7 ^ given below represent fair averages. 
| The same notation as in the previous section is used. In addition let 
Rg= tractive effort in pounds per ton required to move the bridge, 
Rr= tractive effort in pounds per ton required to move the trolley, 
Sg = speed of bridge in feet per minute, 
ST = speed of trolley in feet per minute, 
Sa = speed of hoist in feet per minute. | 
"m Pus the power required, at shaft of bridge motor, to drive the bridge at speed 
gis i 
C+Wrat+Wr) Res 
P R= (C+WatWr) Ra 52 horse-power. (x) 


33,000 


The power required, at shaft of trolley motor, to drive the trolley at speed 
ris l : 
l pra CWD Rrsr 
panan 
33,000 


horse-power. (2) 


; 
| 
| 
E 
{ 
3 
, 
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The power required, at shaft of hoist motor, to drive the hoist at speed $5, sai n 


! 


assuming 60 per cent efficiency of gearing and hoisting tackle, is a ot 
CS | 
Pu- d horse-power. | (3) 


For constant-speed running, Wales gives the following values for Rg and Rr, |; 
the former varying with L and the latter with C. 


If the moving member is accelerating at the rate of a ft. per sec. per sec, | 
to the value of # given in the above table should be added an amount [ss 


Ra = 64 a. 


The power as calculated by the above formulas is the power output of the 
motors; to obtain the power input divide by the motor efficiency, which ranges 
from 80 to 9o per cent. 


Motor Equipment.* — (See also Motors, Industrial Applications of.) Wales 
recommends that the bridge motor should have a rating (1-hour rating, the |: 
motors being rated on the same basis as railway motors) 1.5 times the calcu- 
lated power for constant full-load speed, the trolley motor 1.25 times the cal- [5 
culated power for constant full-load speed, whereas the rating of the hoist 
motor should be taken equal to the calculated power for constant full-load 
speed. The motors may be designed for 110, 220, or 500-600 volts. 

Both direct-current and alternating-current motors are successfully used for 
crane work. "The series direct-current motor has speed-torque characteristics 
especially well adapted for crane service. At light loads the speed increases 
and at heavier loads the lifting is slower and the raising effect consequently 
stronger. This characteristic of the series motor often results in considerable 
saving of time, due to the fact that the majority of loads in factories are light, 
so that the increased speed of lift enables work to be performed in a shorter 
time. For a-c. motors a normal operating speed about 25 to so per cent higher 
than for d-c. motors is therefore generally selected and the slowing down for 
heavy work is accomplished by inserting resistance in the phase-wound rotor 
circuit. 

Example. — Crane of 5o-ton capacity, span 70 feet, bridge speed 200 feet 
per minute with full load, trolley speed 1oo feet per minute with full load, hoist 
speed 15 feet per minute with full load. Then C= so, We= 45.5, Wr= 20, 
Rg = 40, Rr 35, and 

Pg 15:5 X 40 X 200 
33,000 
and the motor required for the bridge would be 28 x 1.5 = 42 horse-power, of 
the nearest commercial size over 42, say 5o horse-power. 


i ox 
Pra 7 35 X 100 
33,000 


* Den D D...L....... 


= 28 horse-power, 


= 7.43 horse-power, 


Hig 


i 


af 
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and the size motor required for the trolley would be 7.43 x 1.25 = 9.28 
horse-power, or say 10 horse-power. 


Pmg- DERS 75 horse-power, 
10 


and a motor of this rating would be used for the hoist. 


Control of Crane Motors.* — The control equipments for crane motors 
should be of the regulating and reversible type. The starting and speed regu- 
lation of series motors is generally accomplished by inserting resistance in series 
with the armature and field, and with induction motors, resistance is inserted 
in the phase-wound secondary or rotor circuit. For cranes which do a large 
amount of lowering, dynamic control is becoming very generally used, and is 
very readily accomplished with direct-current motors. It is also occasionally 
wed with alternating-current motors, when direct current is available for 
excitation. 

Drum Versus Magnetic Controllers. — Both hand- and magnetic-con- 
trol equipments are in general use. The former are satisfactory for small and 
medium-size motors, and consist simply of a drum-type controller with a set of 
separate resistances. For large-size motors too much physical effort would be 
required to move a controller of the necessary size and the magnetic control 
should then be selected. A magnetic-control equipment consists of a master 
controller, a contactor panel and the resistances. The contactor panel contains 
the contactors for cutting in or out the resistances, the interlocks and the current- 
limit relays for automatically controlling the sequence and rapidity with which 
the contactors operate. The master-conttoller handle can be thrown to the full- 
speed position quickly without causing an overload on the motor, since the cur- 
rent-limit relays automatically prevent the contactors from cutting out the 
resistances too rapidly. 


Dynamic Control. — With dynamic control of d-c. motors the field is 
separately excited and the armature is connected to the line voltage with one 
section of a rheostat in series with it, and another section of the rheostat in 
parallel with it. This is accomplished by means of the controller, whose duty 
is to make each step on the lowering side keep the speed of the motor under 
control no matter whether the motor has to drive a light hook downward or 
hold back against a heavy load. In the former case the current which passes 
through the series rheostat also passes through the armature and produces the 
desired torque, The speed is controlled by varying the value of this rheostat 
just as in hoisting. If the motor has to act as a brake, the power generated in 
the armature is expended in the parallel rheostat and the speed is controlled by 
varying this rheostat. In actual practice the two rheostats are varied simul- 
taneously so that if a certain point on the controller tends to cause the motor to 
drive a load at a high speed it will also cause the motor to hold back at a high 
speed. The practica] result is that an operator always has his load under còn- 
trol, and does not have to worry about dropping his load. On the lowering side 
of the controller, a motor holds back against its load even when power fails, 
because the motor then acts as a self-excited series generator, and consequently 
the solenoid brake alone is not depended on to prevent the load from falling. 

In the case of a phase-wound induction motor it is necessary to excite one 
portion of the primary winding with direct current in order to generate a voltage 
in the secondary winding. A rheostat is then connected to the secondary wind- 
ings of the motor and the speed can be controlled as with d-c. motors. As direct 
current is necessary for excitation dynamic braking is not very often used with 
a-c. crane motors. 


* By D. B. Rushmore. 
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Solenoid brakes are also provided for holding the load when the hoist motor 
is stopped. If dynamic braking is not provided, mechanical brakes must be 
provided in addition to the solenoid brakes to assist in holding the load when the 
motor is stopped and for regulating the speed when lowering. 

Solenoid brakes are, as a rule, applied by gravity when the armature current is 
shut off and released by the solenoid which is energized when the controller is 
thrown on the first notch. The solenoids of direct-current motors are generally 
connected in series with the motor circuit, although with polyphase induction 
motors they are connected directly across one phase thus receiving the full line 
voltage. 

All crane motors should also be protected by safety-limit switches arranged 
to cut off the supply current when the limit of motion is reached and thus auto- 
matically provide against accidents from over-travel. 


SPECIFICATION FOR ELECTRIC CRANE.* — The following memo- 
randa are intended to assist in writing specifications. See also Specifications. 


Principal Characteristics and Conditions of Service. — Span between 
crane rails and load to be lifted on main hoist and on auxiliary hoists, if any. 
Characteristics of current, a-c. or d-c. (phases, cycles and voltage). 


Style and Description of Apparatus. — Structural work of open-hearth 
steel according to some standard steel specifications. Maximum stresses allow- 
able. Whether hand operation is to be provided for. Distance of hook from 
crane rails, vertically and horizontally, when at extreme limits of its motion. 
Details of brake. Description and characteristics of motors to be supplied. 
Whether or not a foot-walk is to be supplied. Whether trolley is to be above 
bridge or submerged. Hoisting drum to have bronze bearings. Track wheels 
shall have chilled treads, ground true, with double flanges, and shall be keyed 
to their axles. Axle bearings shall be bronze. Details of lubrication and 
"earings. Location of carriage. Details of control. All gearing (except 
when shrouded) shall be cut, etc. Wiring details. Controller details. 

‘Dimensions. — Supply a diagram of clearances. 

Work Done by Other Contractors. — Track rail and weight thereof. 


Performance and Tests. — Speeds of main travel, lateral travel and hoists. 
Time to get up speed or acceleration rates. 


COST OF CRANES. — The cost of cranes depends to so great an extent 
upon the design, motor equipment, etc., that no reliable average figures can be 
given. Asa rough approximation the cost of a hand-operated traveling crane 
may be taken as from about 5 to 7 cents per pound of total crane weight and 
the cost of an electric traveling crane as from about xo to 13 cents per pound of 
total crane weight. 


BIBLIOGRAPHY. —Anton Bóttcher, A., Cranes, trans. by A. Tolhausen, 
N. Y., 1908; Hess, H. D., Machine Design, Hoists, Cranes, Phila., 1911; Brough- 
ton, H. H., Electric Cranes, London, 1911; Brown, R. B., Designing Electric 
Cranes and Brakes, Machinery’s Reference Series No. 47; Hill, C. W., Electric 
Crane Construction, London, 1911; Fiegehen, E. G., Crane Specifications, Eng. 
London, 1911, Vol. 92, p. 517; Friedlander, E., Electric Cranes for Steel Mil 
Service, Elec. Rev., 1911, Vol. 59, p. 741; Miller, W. H., Electric Cranes, 
El. W., 1909, Vol. 54, p. 1170; D-C. versus A-C. Equipments for Cranes, El. 
W., 1911, Vol. 57, p. 1611; Marzolf, E. H., Safety Device for Traveling Cranes, 
Power, 1912, Vol. 35, p. 332; Circulars of Morgan Engineering Co., Alliance, 0., 
Pawling and Harnischfeger, Milwaukee, Wis.; Yale and Towne Mfg. Co., N. Y. 


* By W. A. Del Mar. 
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7 $ : 
gus CROSS ARMS, — (See also Poles for Overhead Lines; Insulator Pins; 
pipe IrsWators.) Cross arms are usually of wood though sometimes of iron. 
: “Buck arms ” or “ reverse arms" are cross arms attached to a pole at right , 
id ae angles to the principal arms, and are used for taking off wires at right angles 
lia to the line, either at the junction of intersecting lines or at services. '' Double 
pur ams” are pairs of cross arms attached to opposite sides of a pole so as to act 
me as one compound arm. Double arms are used to increase the strength of an 
i ; arm and to permit the use of two pins and two insulators for supporting a 
tu" ingie wire where additional strength is required. 
hee Cross arms are used principally for supporting pins, insulators and wires, 
adis: though lightning arresters, transformers, switches and other miscellaneous 
" A appliances are often mounted on them, usually for the purpose of keeping the 
pole free of incumbrances so that it will be more easy to climb. 


int Alley Arms. — When city distribution lines are located in alleys it is common 

iE — to locate poles next to the property line. Where it is not permissible to let 

~jo arms overhang private property special arms may be used which extend on one 

yxsi* side of the pole only. These must be well braced and should not be used for 

" dead ending wires. A better construction is obtained by locating two poles on 
T opposite sides of the alley and putting special cross arms across the alley be- 
siet 5 tween them. 


ii FORCES ON AND STRESSES IN CROSS ARMS. — The forces which 

A d ; cross arm resists are: 

2i e (a) Vertical forces due to weight of pins, insulators, wires (with sleet) and 

it" accidental loads due to linemen standing on arms, etc. 

m. (b) Transverse horizontal forces due to wind pressure on the wires (with 

jl ee . sleet) at right angles to the line. 

p (c) Longitudinal horizontal forces due to the pull of the wires where the pull 

"3^ isunbalanced. Unbalanced pull is usually due to an angle in the line, the end- 

bing of the wire at the arm, a change in the size of wire at arm and an unequal 

tension in the spans on the two sides of the arm. 

hai The principal internal stresses produced in an arm from these forces are: 

(1) A bending force in a vertical plane due to vertical forces (a). 

(2) A bending force in a horizontal plane due to horizontal forces (c). 

, (3) A twisting force about the longest axis of the arm due to the *'pin lever- 

= age” of the horizontal forces (c). The pin leverage is the distance from the 

5" center of the wire to the axis of the arm. 

U^ — Of these stresses the most destructive is probably the twisting stress which 

C?" tends to split the arm in a vertical plane through the pin holes and along the 

T^ grain of the wood. On this account the pin and insulator should be no taller 
than necessary, the pin should extend completely through the arm to give the 

ist best distribution of bearing pressure and, where stress is heavy, the arm may 

be strengthened by two "strengthening bolts" (machine bolts with nut and 

{2 Washers) put horizontally through the arm one on each side of the pin, one being 

js near the top and the other near the bottom of the arm. 

.& The vertical and horizontal bending stresses are of some importance and may 

i be computed by the usual beam formula (see Structures, Simple). Data of tests 

x on strength of cross arms for these stresses are given below. 

gir Strength Tests of Cross Arms. — (Forest Service, Cir. No. 204.) Tests made 

(* on3%in.by 4% in. by 6 ft., 6-pin air-dried cross arms with vertical load distributed 

2> equally at each pin hole gave the results at top of next page. 

* —— Thetests showed that for ordinary use the strength, for vertical loads of 6-pin 


arms, need not be considered in calculations of line construction, except in the - 


, Tate case of abrupt change of the grade of the line. 
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, Av’ge max. 

Kind of wood load in Ib. 
Longleaf pine, 75 per cent heart.......... 10,180 
Longleaf pine, 100 per cent heart......... 9,780 
Shortleaf pine. ................uuuus. mites 9,260 
Longleaf pine, 5o per cent heart.......... 8,980 
Shortleaf pine, creosoted................. 1,650 
Douglas Dic 2i SEE EM S REM 7,590 
White Cedar co eue ves rh dpi ELE EE 5,200 


DIMENSIONS AND RATING. — Cross arms are rated in terms of the 
number of pins they are designed to carry, 2-pin arms being the minimum and 
10-pin arms the maximum ordinarily used. 

When arms are made directly from the original logs they are sometimes 
. dimensioned in even inches, i.e., 4 in. by 5 in., 5 in. by 7 in., etc. In most cases 
they are made from lumber in stock 
and when finished are a quarter of an 
inch or more under the even sizes. 
Several "standard" dimensions have 
been adopted for distribution arms. 


Size of arms 


Standard I...... 


e y 
In the accompanying table Standard I 4 
: : : | : , | Standard II...... 4s 
is that given by Miller (American Tele Standard Ion i 


phone Practice) and found in various 
catalogues of dealers in electrical sup- 
plies, Standard II is that given in Report of Committee on Overhead Line 
Construction of the National Electric Light Association, and Standard IH is 
one used by the Stone & Webster Engineering Corporation. Fig. 1 shows a 
6-pin cross arm according to Standard IIT. 


Fig. 1. Standard Cross Arms of Stone & Webster Engineering Corporation 


Distance between Pole Pins. — It is desirable to have the space between 
pole pins (i.e., the two pins on opposite sides of the pole) as large as possible to 
give a clear space for climbing the pole, It usually varies from 16 in. to 30 n. 

Distance between Other Pins. — This usually ranges from 12 in. to 21 
in. Under ordinary circumstances 12 in. has been found sufficient to prevent 
wires on adjacent pins swinging in contact in the middle of the span. Where 
small wires (such as No. ro telephone wires) are used on long spans (150 ft. oF 
more) contact is to be expected occasionally where 12 in. spacing is used. 

Distance from End Pin to End of Arm. — This is usually 4 in., which 
. is about the minimum that can be used without the arm splitting due to pi 
leverage. 


+ 
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In order that a line may have a neat systematic appearance it is desirable that 
the pin spacing be the same for all arms, whether 2 pin, 4 pin, etc. In the tabula- 
tions below the arms included in each standard (defined above under Dimensions 
ond Rating) have been grouped on this principle which shows that Standard I 
really consists of one regular group and 5 odd arms while Standard II consists 
of 2 regular and r odd arm. Referring to Standards I and III it will be noted 
that the length of arm is always a multiple of one foot. 


STANDARD DISTANCES BETWEEN PINS 


End pin | Between | Between 
to end 
of arm 


————Ó———"] S —Ó—ÀÀ—— — — | — 9 4£E—————————— | ————————— [————————— 1 —————————— 


Number | Length 


Group of pins | of arm 


pod 
P 
[wn 
3 
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Regular 
Regular 
Regular 
Regular 
ET RN Odd 
Odd 
Odd 
Odd 
Odd 
Odd 


Regular 
Pehin taat Regular 
Odd 


Regular 
Regular 
TE Regular 
Regular 
Regular 
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* Alternative found in some catalogues. 


Pin Holes. — 1% in. diameter is standard for wood pins. N.E.L.A. speci- 
fications require that holes shall be tested with steel gauges taking one of the 
nominal size without forcing but not taking one 42 in. larger. 


Bolt Holes.—For fastening the arm to the pole there is usually one 56-in. bolt 
holeat the middle of the arm. For fastening cross-arm braces there are two 36-in. 
bolt holes located 38 in. apart (Standard II) or 4o in. apart (Standard IIT). 


High-tension Wooden Cross Arms. — These are not standardized but are 


. specially designed and made as required. They differ from distribution arms 


in being wider and deeper with larger pin holes and wider pin spacing. The 
following tabulation will give data on some arms that have been used for different 
voltages. 


Number | Width Depth Length Spacing Pin hole 


Voltage of pins | of arm of arm | of arm of pins diameter 
Inches Inches Inches Inches Inches 
25,000 2 6 6 64 48 2% 


55,000 2 5 7 88 72 242 


a—— HR ae ad 


pr 


vmm 
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Special high-tension arms are usually unnecessary for circuits of 5500, 6600, 
11,000 and 13,200 volts. Standard 2200-volt distribution arms may be used, 
the wire spacing being increased by not using certain pins. Thus a standard 
2200-volt 6-pin arm may be used for a 11,000-volt 4-pin arm by leaving the 
middle pin holes vacant. For higher voltages the strength of arm and size of 
pin hole is usually insufficient. 


SPECIFICATIONS. — (See article on Specifications.) The stis to be 
covered in a set of specifications are: i 


Material. — Usually pine or fir, sometimes western hemlock. (See Poles for 
Overhead Lines.) 


Quality of Material. — Usually should be “‘straight grained, free from knots ` t 
(or free from large, loose or unsound knots), sapwood, pitch pockets, shakes, 
checks, loose heart, rot, worm holes or other defects." The strictness of the 
specifications, or of the inspection, must, however, be governed in these respects 
by local conditions. In some localities a quality of materia] can be obtained 
cheaply, and should be required, which would be unreasonable to expect where 
wood is expensive. 

Wood should be dried before manufacture. (When arms are dried aíter 


drilling, the pin holes become elliptical, i.e., smaller across the grain, due to 
shrinkage of the wood and the pins do not fit well.) ti Da 
Dimensions, Pin holes, etc., as noted in preceding section. ET 
x 
COST. — The cost of cross arms is subject to considerable variation and “he, 
depends largely upon the locality in which they are purchased. The following m 
figures are rough approximations and are exclusive of freight. `; a 
APPROXIMATE COST OF CROSS ARMS x 
Cents per linear foot up 
iw 
; : Longleaf pine, Commercial “ely 
Kind mor fa “y5 per cent heart,”| yellow pine Eh 
ace F.O.B., New Orleans| F.O.B., New York} | “t; 
i 4t 
Ue 
34 by 414 inches..... “eh 
3h by 44% inches..... : el 
394 by 494 inches. .... ite Ss a 


In car load lots about 25 per cent less than above. 


BIBLIOGRAPHY. — Spencer, P. S., Line Construction for Overhead Light 
and Power Service, Trans. N.E.L.A., 1906; Report of Committee on Overhead 
Line Construction, Trans. N.E.L.A., 1911; Lundquist, R. A., Transmission 
Line Construction, N.Y., 1912; Gear and Williams, Electric Central Station 
Distributing Systems, 1912; Forest Service, Circular 204; Western Electric 
Company, Catalogue Bulletin No. 74. 


[R. A. Panir and Casor Srevens|] 
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DAMS. — (See also Hydraulics; Hydrology; Power Stations; Structures, 
Simple.) A dam is a structure built to interrupt a stream’s flow and raise the 
level of the water, thereby impounding water which may be used for power 
development, water supply, navigation, irrigation or numerous other purposes. 


Coffer-dam. — A dam built for the purpose of holding back water from an 
area, which would otherwise be flooded, and making it accessible for construc- 
tion purposes, is called a coffer-dam. It is generally a temporary affair. 


‘Diversion Dam. — This name has been applied to dams built for the pur- 
pose of diverting the whole or a portion of a stream into a side channel or 
race by which it is conducted to one or more places where it is used to develop 
power. | 

Wing Dam. — In swiftly flowing streams having steep slopes, a diversion 
dam is sometimes built out from one shore diagonally upstream toward the other, 
but not to it. This special form of diversion dam is known as a wing dam. 

Gravity Dam. — Under this classification fall the many dams, all of which, 
although differing in form of cross-section, depend upon the force of gravity for 
resisting the thrust and overturning moment of the water. Earth and loose 
rock dams, timber cribs and most masonry dams are of this type. 

Arch Dam. — These are built curved in plan, resting on the valley floor with 
the ends terminating in the valley walls which act as abutments to the arch so 
formed. Theoretically the arch dam should be safer and more economical 
than the gravity dam, but uncertainties in the theory of its action and design 
have made its userare. In a long arch of large radius a certain amount of def- 
ormation must take place, before arch action can be developed, due to the 
elasticity of the materials and the fact that it was built under conditions of no 
stress. This would be a serious matter in any important dam since it would 
cause a slipping on the foundations or a rupture on other horizontal planes. 

Composite Gravity and Arch Dam. — Often a gravity dam has been built 
in the form of an arch, using the possible arch action as a factor of safety, and 
depending wholly on the gravity action to resist the thrust of the water. Many 
of the highest dams in existence are so constructed and are generally in localities 
Where the stream's valley is relatively narrow and deep. 


LOCATION OF DAMS. — In power development the location of the dam 


depends largely on the topography and geological formation of the ground. In^ 


general it should be placed so as to produce the greatest fall at the least expense 
and insure perfect safety not only to the dam and power house, but to the 
country round about. A position should not be considered where ample pro- 
vision cannot be made against possible disaster from log or ice jams and floods. 


HEIGHT OF DAMS. — The height of the dam should be as great as pos- 
sible in order to develop the power to its maximum extent. Care must be 
taken not to overflow lands not owned or controlled by the building company, 
neither must the rise in level set the water back on the wheels of another power 
development above the proposed one. Court cases and heavy damage suits 
are only too common in this connection. : 


MATERIALS AND FOUNDATIONS. — Stone masonry, concrete (plain 
and reinforced), steel, timber, loose rock and earth have all been used for dam 
construction either singly or in combination. Structural steel has been used 
only in a very few cases owing to the uncertainty of its durability. It does, 
however, offer the distinct advantage of permitting stresses to be more accu- 
rately computed and taken care of in the design. 

Earthern Embankment. — The earthen embankment is the most common 
form of dam and generally the cheapest It can be safely built on foundations 
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that would not permit of masonry construction, but offers a decided disadvan- 
tage for power developments in that it cannot be over-topped with water without 
endangering the structure. This makes it in many cases an impossibility, 
since provision must always be made for flood-flows. When used, it is provided 


with masonry overflows or waste ways which require most careful design and 
construction. | 


Masonry Dams of considerable size require solid rock for a foundation. 
Small dams have been built on foundations of hard clay or compact sand, 
timber platforms being used to distribute the load. 


Timber Dams may be used on any foundation and generally consist of 
cribwork filled with rock, sand and clay planked over to make it fairly tight. 
If placed on soft bottom, piling is sometimes used for a support and sheet 
piling driven vertically into the bed to prevent seepage. Timber dams are 
often placed on rock foundations in which case they are bolted in position. 


Loose Rock Dams, as the name implies, are embankments of loose rock 
made partially impervious by a core or facing of earth or other fine material. 
Since percolation through the dam is possible, the foundation must be safe 
against scour and, if the dam is of considerable height, should be solid rock. 


Rock-filled Dams are not extensively used for power development because 
of the relatively large loss of water by seepage. 


DESIGN AND CONSTRUCTION OF EARTH DAMS.--The ma- 
terials used are loam, sand, gravel and clay mixed in various proportions,.the 
clay being used to make the other three impervious. The earth dam is generally 
trapezoidal in section, having a top width and side slopes which are determined 
by the materials used. It may be built either with or without a core wall, the 
object of which is to offer an impervious barrier to seepage. When no core 
wall is used, the whole embankment may be constructed of uniform material 
mixed and placed so as to be as near water-tight as possible, or the material 
may be sorted and the best and most impervious placed in the upstream embank- 
ment and near the face, with a gradual change to the coarser and more-porous 


material as the lower face is approached. Even with the core wall this method 
is often followed. 


Core and Foundation for Earth Dams. — Since the core is used to obtain 
imperviousness, its use is imperative only when good material is not at hand 
or abundant. Cores are most often built of clay puddle, carefully mixed and 
rammed, but have been constructed of fine earth, and often masonry cores are 
used. The thickness of a puddle core is ordinarily 4 to 8 feet at the top, and 
at the bottom about one-third the water.depth. Masonry cores can be made 
thinner in good embankments and generally have a top width of from 2 to 4 
feet with side batters of 16 to % inch per foot down to the trench. In all cases 
the core should reach down into the foundation to a stratum of compact, imper- 
vious material and several feet into it. Stiff clay or hardpan makes the best 
foundation and solid rock is also good if free from cracks and fissures. 


Side Slopes and Top Width of Earth Dams.—The slopes given the 
embankments vary considerably in practice, but in general are about the same 
for the two faces. The upstream face is usually protected by rip-rap-or paving 
and the slope is about the natural angle of repose. With coarse material this 
may be 2 horizontal to 1 vertical but with fine material it is sometimes 2% of 
gto -r. one amount of material in the lower embankment has much to do 
with the stability of the dam, consequently flattet slopes are used here than 


the drier, more porous. material would necessitate. A slope of 2 to 1 is com- 
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quirements for a roadway. Where not so fixed it may be made proportional 
to the height and determined approximately from the relation, 


h 
w=- +5, ~ 
5 


where & is the height. High dams with long slopes are liable to rain-scour on 
the lower face unless provision is made for draining off the water. This can be 
done by building berms a few feet wide every 30 feet ar so on the slope, thereby 
providing lateral drainage. ‘To pratect the upper face from ice and wave action 
the slope is paved with a hand-laid pavement 12 to 18 inches thick laid on 6 to 
12 inches of broken stone or gravel. Heavy rip-rap is often used below the water 


line. 


Procedure in the Construction of Earth Dams. — In preparing the foun- 
dation the surface soil is stripped to a depth sufficient to reach sound material, 
and all loose stones, stumps, roots, etc., removed. If the foundation be rock, 
the surface is cleaned and roughened to aid in making a good bond with the 
earth. The core wall (if used) is started in its trench and when it is even with 
the surface, or a little above it, the embankments are begun. The material is 
put on in layers 6 to 12 inches thick and rolled with a grooved roller after 
being sprinkled with water. If a puddle core be used, it is carried up along 
with the embankments, but a concrete or stone core must be kept several feet 
above them and the earth should be rammed well against it. 


MASONRY DAMS, — Both stone and concrete have been widely used in 
constructing masonry dams. Recent practice has favored concrete and many 
of the highest dams have been built of it. It is often cheaper to obtain than 
stone, may be economically handled, and, if well laid, presents a homogeneous 
mass with no joint planes or weak spots to offer chances of slipping or crushing. 
“Cyclopean masonry” is concrete containing large stones or “plums” carefully 
placed in the wet concrete so as to be entirely surrounded by it. Stones with a 
content of i to 2 cubic yards are not uncommonly used, and economy results. 
In the last ten years or so, many important dams have been built of reinforced 
Perg with gain not only in economy but in convenience and in certainty of 

esign. 

Foundations for Masonry Dams. — Most masonry dams over 3o feet in 
height require solid rock foundations. From this all soil and disintegrated rock 
is removed and the surface scrubbed clean. All cracks and fissures at the site 
and for some distance above and below it must be located and grouted under 
pressure. If originally smooth or inclined the rock is roughened or stepped 
off to offer a good bond between it and the masonry. Often a longitudinal 
trench is blasted out, into which the masonry may be carried to form a cut-off 
wall for any water seeking 4 way under the dam. This is generally placed at 
the upstream face or heel of the dam. (See Fig. 1.) 

Where low dams are built on earth foundations, the earth should be hard clay 
or compact sand of an even texture. Plank foundations on piles are sometimes 
used ta distribute the load, and sheet piling i is often driven into the foundation 
at the upper edge of the dam to prevent seepage. It should reach down to a 
stratum of. imperyieus material, or deep enough to make percolation under it 
à slow process. 

General Principles of Design of Masonry Dams. — (See alsa Structures, 
Simple.) The chief forces considered in the design are gravity, water pressure, 
ice pressure and ‘temperature stresses. Hf water percolates beneath the dam, 
upward pressure is developed which, if not taken care of, may ultimately be the 
cause af the dam’s destruction. If cansidered in the forces acting, it will re- 
sult in an exaggerated and uneconomical section, Upward pressure is best 
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avoided by using all possible care in making the foundation work tight and by 
providing underdrains. (See below). 


Temperature Stresses generally show their action by a series of vertical 
cracks in the face of the dam. In massive structures it is probable that the 
temperature of the interior material changes but little during the year and that 
only the outer shell is subject to these strains. Little attention is generally 
paid to temperature stresses in any but large dams, where allowance is made by 
considering that the first few feet of outer shell may not be so effective in adding 
to the stability of the whole as the inner core. 


Ice Pressure may be very great under some conditions but cannot be 
well estimated. The thrust from surface ice cannot well exceed its crushing 
strength, which may be taken at 400 lb. per square inch, yet it is difficult to see 
how this may be exerted. The chief danger comes from a “shove” of broken 
cakes piled against the dam and urged over it by a rise in the stream. The 
forces developed under these circumstances may be very great and the best 
protection against them is obtained by shaping the top of the spill-way so that 
the ice may ride easily up and over it. 


Fundamental Conditions. — When the following fundamental con- 
ditions are fulfilled the stability of any masonry dam will be assured: 


(a) No pressure to be allowed on any joint * or in any part of the dam greater |. Ca 
than the safe working pressure. This varies from 8 to 15 tons per square foot — [3n 
according to the material. oy 

(b) No tension to be allowed on any joint. Assuming that the stress varies "Aia 
uniformly over a joint, it can be shown that if the resultant pressure on any 
joint falls within the middle-third portion of the joint,T no tension can exist. 
The condition of no tension is, therefore, that on every joint the resultant force 
must lie within the middle third of the joint. 

(c) At each joint the resistance to shear or to sliding shall be greater than 
the shearing force. If the dam be constructed with no continuous horizontal |^ 
joints, and in accordance with conditions (a) and (b) above, sliding wil beim- [7 
possible save at the foundation. If the latter be rock it should be roughened 
or stopped to obviate a continuous plane joint. On other foundations the 
angle that the resultant force makes with a vertical line should not exceed the 
angle of repose of masonry on the material composing the foundation. 

(d) The dam as a whole must resist overturning. If conditions (a) and (b) 
be fulfilled -the dam will have a factor of safety of at least two against over- 
turning. : : 

Types of Cross-Sections or Profile. — Cross-sections differ in profile 
principally according to whether or not the dam is to pass water over its top. 
Where it does not, the type shown in Fig. 1 is fairly representative. If it does, 
then the rounding top and curved face shown in Fig. 2 is commonly used, al- 
though on rock foundation it may not be necessary to add the lower curve to the 
face, or down-stream side, which is for the purpose of deflecting the water and 
protecting the foundation. The upper portion of the curve is usually made para- 
bolic to conform to the natural path of the water as it leaves the crest with an 
initial horizontal velocity and falls freely under the action of gravity. If the 
descending sheet or nappe does not touch the dam, partial vacuum will occur 
behind it and the atmospheric pressure on the back, or up-stream side, of the 
dam will become effective as an overturning force.. 


* By joint is meant any plane section through the dam, or portion of such a section, 
whether there exists an actual joint in this plane or not, 

+ Imagine a horizontal line in any cross-section of the dam, and let this line be divided 
into three equal parts; the middle part is called the middle third of the joint in which this 
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Calculation of Dimensions of Cross-Section. — The proportions of 
the section are possible of mathematical determination once the forces become 
known. , Wegmann, i in his Treatise on Dams, gives the equations (and their 
derivation) necessary for the different steps. A more common method is the 
*cut and try" by which a profile is first assumed and then investigated with 


regard to the conditions of stability (2) to (c) as stated above. 


It is then cor- 


rected and again tested until it results in a section satisfactorily strong and yet 


economical. Fig. 1 shows the steps and result of this method. 


Starting with a 


given height, top width and unit weight of masonry (see Weights of Materials), 

a series of horizontal joints are arbitrarily assumed at equal distances through 
the structure. The position of the resultant force on each joint is graphically 
found by combining the resultant force on the above, or previous joint, with 
the weight of the masonry block between joints, and the water pressure on the 
back face of that block. Starting with the top block, where the weight and the 


water pressure are the only forces, this is easily accomplished. 


If the “line of 


resistance," i.e., the line which connects the points of application of the several 
resultants falls at any point outside the middle third portion of the section, ' 


the profile is changed and a new “line of resistance” drawn. 
Calculation of Maximum Pressure on a Joint. — 


The maximum 


pressure on any joint (according to the usual assumptions, which are justified 


by experience) may be found from the relation 


Pmax = E aC + 23 | pounds per square foot, 


where V is the vertical component of the resultant force in pounds (per unit 
length of dam) on that joint, Z the length of the joint in feet (the horizontal 
distance perpendicular-to the length of the dam from the face to the back of 
the dam), and e the distance in feet from the resultant to the centre of the joint. 
It can be shown that a dam constructed to satisfy condition (b) above will be 


safe against crushing if the height is not much over 100 feet. 


Effect of Water on Crest. — When water is passing over the dam 
extra forces are developed which tend to make the dam less stable. The pres- 
sures arising from the dynamic action of the water are generally disregarded 
and the pressures on the back of the dam are considered to be due to the head of 


water whose level is that of the water going over the crest. 


No allowance is 
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made for the effect of the weight of the water as it flows over the down-stream 
face. 


Underdraining. — In many large and important dams, provision against 
upward water pressure has been obtained by placing a system of drains in the 
foundation. They may lead to a main sump in the structure or directly to the 
outside at a point in the toe of the dam. Their more general use would seem 
to be a part of good design. 


REINFORCED CONCRETE DAMS. — The last few years have seen 
the rapid development of reinforced concrete in dam construction. Most 
dams so built consist of an inclined decking of reinforced slabs, resting on a — 
series of parallel buttresses which have their footings in the foundation. Fig. 3 
shows the section of such a dam designed to pass water over its crest. Witha |" 
low dam and rock foundation, the down-stream decking or apron may be omitted 
and the face made vertical. The great stability of the dam follows from the 
fact that the water pressure is inclined and, when compounded with the weight of 
the dam, gives a resultant pressure on the base which is nearly vertical. Fig.3 
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shows this resultant to change little in position as the height of water behind 
the dam changes, a condition far different from that existing in the solid dam as 
generally designed. 

Advantages of Reinforced Concrete Dams. — There is no doubt that this 
type of structure possesses certain marked advantages. The stresses developed 
may be calculated with considerable certainty and the structure properly de- 
signed to meet them. The temperature stresses are provided for by expansion 
joints in the deck slabs placed at each or every other buttress. Ice cannot er 
ert its full strength as the face of the dam is inclined and raises the ice. The 
dam may be easily inspected at all points when in service, and from the manne? 
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of its construction affords simple means for accomplishing the final “ closing ” 
of the dam. Not the least of its good points is the practical elimination of 
chance for upward pressure. 


Disadvantages of Reinforced Concrete Dams. — Against all these advan- 
tages may be urged the uncertainty of the life of steel reinforcement in con- 
crete under water, and it is this fact that has prevented its wider adoption. A 
majority of dams so built have been constructed by or from the designs of the 
Ambursen Hydraulic Construction Co., and to date (1914) no failure has oc- 
curred, even of a partial nature. An examination of the steel in a dam ro years 
old has revealed no trace of oxidation, or deterioration. 


APPENDAGES TO DAMS. — The more common appendages to dams 
are the following: 


Sluice Gates. — As their name implies, these are large gates placed in the 
dam for the control of the water level, or for relieving the dam in times of flood. 
À common type of gate is the so-called Tainter gate which is slightly curved 
and revolves about its axis of curvature. A later improvement on this is the 
Hall gate which permits of finer regulation. 


Flash Boards. — These are light boards, or their equivalent, placed on the 
crest of the spillway and held in position by light rods or frames. "Their object 
is to temporarily increase the height of the dam during the dry season so as to 
conserve the water which would otherwise be wasted over the spillway at times 
when the wheels were not running. They are made light not only to facilitate 
handling, but also that they may give way quickly in emergency before a dan- 
gerous head could be created by sudden flood. 


Log Runs. — On any stream where the driving of logs is practiced, it is gen- 
erally a requirement that provision be made in. a dam. for the sluicing of logs. 
This is accomplished by a chute or trough placed generally near the spillway, 
with its upper end slightly below the pond level and closed by a sluice gate. 


To this the logs are guided by log booms fastened to the dam and cribs along 
the shore. 


Fish-ways. — A fish-way is a gradual incline connecting the water below 
the dam with the pond above. A constant stream of water passes through it 
with a velocity against which the fish may readily swim. This is sometimes 
attained by using baffles across a portion of the stream, leaving a passageway 
at the side. The slope of a fish-way should not be greater than 1 in 4 and its 
ends should be well beneath low water level. Fish-ways are generally more or 
less covered in order to protect the fish from interference, but should never be 
made dark, as they would not be used by the fish. Fish-ways are generally 
required by State law on all natural water ways. i 


, COST OF DAMS. — It is difficult to give items of cost for dam construc- 
tion, due to the great influence of local conditions. As earth embankments 
should not be attempted in places where material is not available near the gite, 
the figures for unit cost may be fairly well approximated. Excavation in earth 
will cost from 20 to 30 cents per cubic yard; embankment 25 to 40 cents; puddle 
cores 45 to 7o cents; hand-laid paving $2.00 to $3.00; rip-rap $1.50 to $2.00; 
sodding 20 to 3o cents per square yard. Figures for masonry dams depend 
largely on the ease with which the materials may be brought to the site. The 
following figures serve to show approximately the unit costs under conditions 
normally favorable. Rock excavation $1.00 to $2.00; rubble masonry laid in 
natural cement $3.00 to $5.00; same laid in Portland cement $4.00 to $6.00: 
Concrete masonry, Portland cement, $5.00 to $7.00; reinforced concrete $7.00 to 
$11.00; rock-faced stone masonry $10.00 to $15.00; dimension stone masonry 


$15.00 upward. 
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BIBLIOGRAPHY. — Some of the more important modern books treating 
of dams are the following: Wegmann, Design and Construction of Dams, N. Y., 
1907; Mead, D. W., Water Power Engineering, N. Y., 1908 (contains an ex- 
tended bibliography to 1908). The following are recent articles in the tech- 
nical journals dealing with the design and construction of dams. 

Mississippi River Dam at Keokuk, Iowa, Engineering, Nov. 21, 1913, Elec. 
World, May 31, 1913; Cassiers Mag., July, 1913, Power, Sept. 5, 1911, Deerfield 
River Dam at Somerset, Vt. (Earth dam, no masonry core wall), Eng. News, 
Dec. 15, 1913; The Design and Construction of Masonry Dams, by H. J. F. 
Gourly, The Surveyor, Nov. 8, 1912; Uplift Pressure in Masonry Dams, Eng. 
News, July 31, 1913; McCalls Ferry Dam, Power, May 13, 1913; Punlledge 
River Power Development, Vancouver, B. C., Eng. News, Oct. 23, 1913; Upward 
Pressure and Ice Thrust, Eng. News, Nov. 16, 1911, Proc. A.S.C.E., Nov., 1911, 
and Jan., Feb., March, April and May, 1912; Design of Spillway Sections, 
Le Technique Moderne, Aug. 15, 1912; Dam and Gates for the Twiliere Power 
Plant, Eng. Record, April 1, 1911; The Marble Falls Dam on the Colorado River 
(Reinforced Concrete), Eng. Record, May 6, 1911; Suggestions and Criticisms 
on Dam Design, by John R. Freeman, Eng. News, Oct. 19, 1911; Concrele-Steel 
Dams, at Theresa, N. Y., Eng. News, Nov. s, 1903; at Schuylerville, N. Y. 
Eng. News, April 27, 1905; at Danville, Ky., Eng. Record, Feb. 15, 1902; a 
Fenclon Falls, Ont., Eng. News, Feb. 9, 1905; a£ Huntington, Pa., Eng. Record, 
Dec. 22, 1906; The Design of Buttressed Dams of Reinforced Concrete, Eng. News, 
April 23, 1908; The Construction of ihe New Dam of the Bellows Falls Canal Co. 


across the Connecticut River, Eng. Record, April 3, 1909; A Large Reinforced 
Concrete Dam at Ellsworth, Me., Eng. News, May 23, 1907. 


- (GEo. E. Russert.) 
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Decimal Equivalents 


0.015625 
0.03125 
0.046875 


0.0625 
0.078125 
0.09375 


0.109375 
0.125 
0.140625 


0.15625 
0.171875 
0.1875 


0.203125 
0.21875 
0.234375) 


0.25 
0.265625 
0.28125 


0.296875 
0.3125 
0.328125 


3 


0.34375 
0.359375 
0.375 


0.392625 
0.40625 
0.421875 


0.4375 
0.453125 
0.46875 


0.484375 
0.5 


0.515625 


0.53125 
0.546875 
0.5625 


0.578125 
0.59375 
0.609375 


0.625 
0.640625 
0.65625 


DECIMAL EQUIVALENTS. — The following table will be found useful 


in converting common fractions into decimals. 
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0.671875 


0.6875 
0.703125 


0.71875 
0.734375 
0.75 


©. 765625 
0.78125 
0.796875 


0.8125 
0.828125 
0.84375 
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DEMAND INDICATORS. — (See also Ammeters; Ampere-hour Meters; 


Watthour Meters.) For some time past various attempts have been made to 
inaugurate systems of charging for electric energy which would be more equitable 
to both the consumer and the central station than a flat kilowatt or kilowatt- 
hour rate. The so-called “maximum demand system” has found favor with 
many, and may find a much more general application. | 

The system is based on the fundamental assumption that the charge to any 
consumer should be divided into two parts: one part fixed by the maximum 
power demanded by an individual consumer at any time during a certain definite 


period, and another part fixed by the total number of kilowatt-hours used during 
the same period. 


Requirements of a Demand Indicator. — The kilowatt-hours supplied to 
the consumer are readily measured and recorded by a watthour meter (q.v.); to 
record the maximum power (kilowatts) taken by the consumer various forms of 
‘maximum demand indicators,” usually called simply “demand indicators,” 
have been devised. In the case of a practically constant d-c. voltage at the con- 
sumer's premises, a device which measures the maximum current is as satis- 
factory as one which measures maximum power, but when the voltage or power 
factor (in case of an a-c. system) varies, the maximum current indicator is not 
suitable. 

In any case the device should be one in which the demand measured is not the 
instantaneous peak of the load demanded by the consumer, but is the average 
of the power demanded over an appreciable time interval, for the maximum 
demand recorded should not be influenced by short-circuits, excessive current 
flow in starting motors, or by any abnormal consumption of energy that covers 
too short a time to have any real effect on the capacity which must be provided 
in the central station to take care of the demand. 

The time over which the demand should be taken differs with the character 
of the installation and its relation to the maximum power demanded and to the 
maximum capacity of the central station. In relatively large consumers’ in- 
stallations the time should be carefully chosen with reference to the time that 
the central station can endure an overload successfully. In small installations, 
such as residences, the time interval is not important, provided it is long enough 
to cover any abnormal and sudden fluctuations of load, but not longer than the 
ordinary period of sustained maximum load. In some instances times as short as 
one or two minutes have been selected for large installations, and about fifteen 
or thirty minutes seems to be quite generally satisfactory for household instal- 
lations and small industrial plants. 

In connection with demand systems of charging it is sometimes of advantage 
to know at what time of day the maximum demand occurs, for it is sometimes 
possible to give preferential rates to large consumers if they will draw their 
heaviest load at periods when the station load-curve is below its maximum. 

The general subject of demand indicators has received considerable attention 
within the past year or two and many new devices have been developed experi- 
mentally, and will no doubt soon be on the market. The whole system of charg- 
ing, including the necessary devices to be used, may be considered to be in à 


transition state. Some of the demand indicators now in commercial use are 
briefly described below. 


Curve-drawing Wattmeter as a Demand Indicator. — (See also Wall 
meters.) The most accurate method of obtaining a complete knowledge of 
the conditions prevailing on a customer's premises is to use a curve-drawing 
wattmeter. With this device the average demand overyaniy- period of time can 
be taken, and the time at which the maximum occurs may be definitely known. 
tr one oneve.drawing wattmeters are too expensive and troublesome for any 
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but comparatively large installations, and one of the cheaper and simpler de- | 


vices described below is ordinarily used. 


TYPES OF DEMAND INDICATORS. — The devices, which have so 
far been produced, may be divided into the following classes: (1) Instruments 
in which the time of reaching the maximum record is delayed, and in which the 
maximum record and time over which it is averaged depends more or less on the 
previous load conditions; (2) {Instruments in which the time over which 
the demand is averaged is definite, the period of registration beginning and end- 
ing at certain definite times controlled by a clock or equivalent device. 

In either of the above types the record may be obtained by automatically 
pushing a pointer up the scale and leaving it at the maximum indication, in 
Which only the maximum is recorded, or various arrangements of moving charts 
may be employed on which any number of records may be made. In some cases 
the time of each record is also indicated, in which case the instrument may be 
nearly equivalent to a curve-drawing wattmeter, provided the time interval over 
which the average is taken is short. 


Wright Demand Indicator. — This instrument, manufactured by the 
General Electric Company, records the maximum ampere demand of appreciable 
duration in either.a direct- or alternating-current circuit. It 
operates on the principle of a differential air thermometer. 
The instrument consists principally of an enclosed system of 
a vertical U-tube with unequal arms and with nearly equal 
bulbs at the ends, Fig. 1. An indicating tube of uniform bore 
Is annealed to the shorter arm of the U-tube just below the 
bulb b. The upper bulb bı is closely surrounded by current- 
carrying heater strips wound non-inductively. The U-tube is 
filled with sulphuric acid and both bulbs with air, in such a way : 
that the air in the upper bulb bı, heated by the electric cur- g: 
rent in the strips, causes some of the liquid to flow into the 
index tube i? and to remain there as a record until the indicator 
is set back. The system of tubes and bulbs is fastened toa 
frame which can be turned up slightly more than 90°, so as to 
allow any liquid contained in the index tube to flow back into. 
the bulb and U-tube. Since the expansion of the air in the Fig. 1. Wright 
heated bulb by is approximately i i Demand, mae: 

proportional to the final riseof cator 
temperature, and hence roughly proportional to the square of 
the current in the heater coil, the ultimate height of the liquid in the index tube 
ie vill proportional approximately to the square of the current in the heater 
Strips. The scale reads directly in amperes. 

Wright demand indicators of all capacities from s to 150 amperes inclusive 
raed be connected directly into alternating-current circuits of any commercial 
shares Indicators of 200 amperes capacity and over are furnished with 

The d direct current and with current transformers for alternating current. 

ES Hes demand indicator is not suitable for the determination of maxi- 
s oads in alternating-current circuits of variable power factors. It leaves 
Tecord of the duration of the maximum demand nor of the time at which it 
es place. After the instrument has been reset there is no original record of 
Previous maximum demands. 
eee Lag and Precision of Wright Demand Indicator. — Each in- 
cub tis its individual time lag, and the same instrument may have differ- 
" lags at different loads. The time lag is shown by the following average 
m e per cent of any increase of load is indicated after approximately 4 
aile uration, 97 per cent after ro minutes, roo per cent after about 40 
+ Wright demand indicators are sufficiently accurate for most com- 
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mercial installations, provided they are installed in locations which are not 
subject to abnormal temperature variations. 


Type W Polyphase Demand Indicator. — This instrument, made by the 
G. E. Co., is suitable for indicating loads and for recording maximum loads 
on polyphase alternating-current circuits in which these loads have appreci- 
able duration. The time lag, which for this instrument is defined as the num- 
ber of minutes required for the meter to indicate 90 per cent of any change of 
load, may be adjusted from one to five minutes. With the time lag-adjusted 
for ive minutes, full deflection corresponding to a change of load is reached after 
about 15 minutes. The instrument is constructed on the principles of a poly- 
phase induction watthour meter (see Watthour Meters). Fig. 2 shows the ar- 
rangement for a 3-wire, 3-phase instrument. Both current and both potential 
elements act on the upper disc Di. A system 
of controlling springs at S provides a restoring 
moment, the springs being adjusted so that 
full-load driving torque will be completely 
balanced by the restoring moment of the 
springs at S when the vertical shaft has made 
three revolutions, corresponding to one revol- 
ution of the indicating pointer Hi, driven by 
means of a system of gearing of 3: 1 ratio. 
The other pointer He, driven by the first one, 
is held at the maximum position reached by 
Hi by means of a ratchet and remains there 
until set back by hand. The propelling 
torque is proportional to the power in watts 
and the restoring torque is proportional to rt ; ; 
the deflection of the moving system, there- Fig orc Type Dean ee 
fore the ultimate deflection of the pointers is directly proportional to the power 
in watts. The magnets M and M’ acting on disc Ds provide an exceedingly 
heavy damping system. The indicator is thereby prevented from recording 
power demands of short duration. The type W polyphase watt demand indi- 
cator is made in all standard capacities. For the larger capacities instrument 
transformers are used in the same way as with the watthour meters. The 


instrument leaves no record of the duration of the maximum demand nor of the 
time at which it takes place. 


Precision of Type W Demand Meters.— Most of the advantages 
and the limitations of polyphase induction watthour meters apply to this instru- 
ment, and, in addition, it is extremely delicate, and its operation may be affected 
by mechanical shocks and jarring. 

Combined Watthour and Demand Meter, Single Phase. — This instru- 
ment, made by the Westinghouse Electric and Manufacturing Co., is a combi- 
nation of induction watthour meter, induction wattmeter, and an escapement 
form of time element. The time for this instrument to reach maximum de- 
flection corresponding to any change in load is constant, provided the load re- 
mains constant during this time interval. 'The meter records, besides the 
kilowatt-hour consumption, the maximum load in watts in the circuit. The 
instrument leaves no record of the duration of the maximum demand or of 
the time at which it takes place. 

Demand Indicator Attachments to Watthour Meters. — These devices 
are on the market in various forms and under various names and are used to 
indicate the average power over a certain predetermined period of time. All oí 
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them depend for their operation on a device the speed of which is proportional 
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to the rate of energy consumption in the circuit, and on a clock or some equiv- 
alent constant-speed device by which the time interval is determined over 
which the average power demand is desired. Consequently these devices may 
be applied to any circuit in which a watthour meter will correctly measure the 
energy consumption. The accuracy of any particular device of this kind de- 
pends, therefore, on the accuracy of the watthour meter in connection with 
which the attachment is used, and on the accuracy of the constant-speed device 
which determines the time interval. Among these demand indicator attach- 
ments may be mentioned the Maxicator, Printometer and Graphometer made 
by the Chicago Electric Meter Co. 


Maxicator. — The maxicator is used for the purpose of indicating the 
largest half-hourly average of power demand. It consists of a register element 
and a contact making motor or clock. "The register element operates as an ordi- 
nary gear train of a watthour meter and has connected with it through a special 
train of gears a driving element which engages with the maxicator hand on a 
special dial. This hand is carried forward at a rate proportional to the speed of 
the watthour meter and therefore proportional to the rate of consumption of 
energy in the circuit. At the end of each interval.of thirty minutes, the contact 
making motor or clock will cause a solenoid, connected to the driving element, 
to be energized in such a way as to reset the driving element to a zero position. 
The maxicator hand is thus left at the point which it had reached after the first 
half-hour interval. The resetting operation is so arranged that it does not 
affect the regular dial pointers of the register. The driving element after having 
been reset revolves as before, but does not re-engage and drive the maxicator 
hand unless the energy consumption in the second half hour exceeds that of the 
first half hour. Thus the distance moved by the maxicator hand is proportional 
to the watt-hours for a period of thirty minutes. The maximum half-hourly 
average of the power demand in watts is obtained by dividing the reading in 
watt-hours of the maxicator dial by the time interval. 

À constant-speed motor is preferable to the clock for making the half-hourly 
contacts, as the former reduces the cost of inspection and attendance; on the 
other hand, the clock may be made to operate with greater accuracy than a 
motor. The maxicator hand is reset by the meter reader, who thereby destroys 
the original record of the maximum demand. The duration of the demand and 
the time at which it occurrs cannot be obtained by the maxicator. 


Printometer. — This instrument is designed to print on a paper tape at 
regular time intervals the time of record and the consumption of energy up to that 
time, the energy consumption being that registered by a watthour meter con- 
nected to the circuit. The instrument contains a set of cyclometer type-wheels 
which are moved forward at a rate proportional to the rate of energy consumption 
in the circuit. Tbis is accomplished by a solenoid, the energizing circuit of 
which is closed through a contact wheel fixed to one of the spindles of the gear 
train of the watthour meter. The reading of the cyclometer is printed, at regu- 
lar time intervals, on a slowly moving paper tape by the agency of a rubber platen 
and a copying ribbon, the rubber platen being actuated by a solenoid which is 
energized at regular time intervals by means of a contact making clock. The 
time is also printed opposite each cyclometer reading. Thus, the difference 
between consecutive records on the tape is proportional to the energy consump- 
tion in watt-hours in the circuit during a definite time interval. The average 
demand over a period of time, corresponding to the interval between succes- 
Sive operations of the printing solenoid, is obtained by dividing the watt-hours 
of energy consumption during a time interval by the length of the interval. 

"This device, therefore, gives an original record of a permanent nature, which 
furnishes complete data for a continuous load curve for the circuit to which it is 
connected. 
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Graphometer. — The graphometer is designed to draw a curve showing 
average demands for successive time intervals of equal length. "The principle 
of operation of the graphometer is similar to that of the printometer, described 
above. The plunger of a solenoid, the energizing circuit of which is closed 
through a contact wheel fixed to one of the spindles of the gear train of a watt- 
hour meter, causes a stylus to be moved vertically upward a distance proportional 
to the number of contacts made by the contact wheel, and hence proportional to 
the energy consumed in the circuit. The stylus draws a line on a treated paper 
chart which moves uniformly in a direction at right angles to the direction of 
motion of the stylus. At the end of the interval for which the contact-making 
clock is adjusted, the mechanism driving the stylus is caused to become dis- 
engaged from the rack carrying the stylus, which is thereby allowed by gravity to 
drop back to a point corresponding to the zero position on the chart, when the 
same series of operations begins for the next interval. The various ordinates on 
the chart represent average power demands for a definite time interval. 

The graphometer therefore plots directly the points for a continuous load 
curve, which serves as a permanent record, and which requires no interpolation, 
and from which the maximum demand may be read at a glance with the aid of a 
suitable scale. 


Costs. — The net prices of the different types of demand indicators are as 
follows: l 


Type Description Price 


Wright Demand Indicator 
Wright Demand Indicator 


5 to 150 amp. for 750 v. and below... 
D.C. only, 200 to 600 amp. for 750 v} 
and below... i esee es 


$5 to $12 
toto 17 


A-C. only, 200 to 600 amp. with cur- 


Wright Demand Indicator rent transformers up to 2300 v.... 3510 a 
Type W Demand Indicator | 5 to 75 amperes, 110 to 440 v........ 45to 80 
Watthour Demand Meter | .................. eese eene 20to 25 
Maxicator................. | 15 to 30 min. time interval......... ai. 
Graphometer......0....00. | cece cccecececweeses E EE etate AS 

Prmntomeler.ien ebbe as ceeeeaak eas ve iow oes beats 115 to 160 


BIBLIOGRAPHY. — Manufacturers’ bulletins; Electrical Meterman’s Hond- 
book, N.E.L.A., 1912; Massachusetts Board of Gas and Electric Light Comms- 
stoners, 28th Annual Report, Appendix A; Jansky, C. M., Electrical Meters, 
N. Y. 1913. The question of the proper basis for equitable rates for electric 
energy has been very actively discussed during the last five years. The two 
earliest papers on this subject are Hopkinson, J., The Cost of Electric Supply, 
Elec. Rev. (London), 1892, Vol. 31, p. 571; Wright, A., Points of Interest in the 
Development of Electricity Supply at Brighton, Elec. Eng. (London), 189s, Vol. 15, 
p.537; see also recent articles in the London Electrician, Electrical Review, 
London, Electrical Review, Chicago, Electrical World, Trans. A.I.E.E., Asso. 
Ed. IU. Co.’s, Nat. Elec. Lt. Assoc., Public Service Commission Reports, Second 
District of New York and Connecticut. 
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DEPRECIATION. — Depreciation may be defined as a decrease of value 
due to deterioration, loss of useful association, obsolescence, inadequacy, and a 
general change in the level of prices. 


VALUE, — Value is a ratio qr number expressing the relative quantities 
of commodities or services which are considered equal in exchange. It is not 
an intrinsic quality of matter like mass or length, but an extrinsic quality or 
i relation like height or electric potential. In other words the value of a prop- 
erty must not be sought in the property itself but in its relations to other 
properties and services. Value is a function of demand and supply which 
E in turn depend upon utility, scarcity, beauty, cost of production, and many 
c Other circumstances. For a discussion of the nature and various elements 
z upon which value depends, see Science of Money, by Alex. Del Mar. 

" The value of public utility corporations often has to be estimated in order 
to furnish a basis for the determination of rates or charges for services, assess- 
P "id of taxes, limitation of security issues and fixing prices for purchase or 


FACTORS AFFECTING DEPRECIATION. — As already noted the 
factors affecting depreciation are deterioration, loss of useful association, obso- 
lescence, inadequacy and a general fall in prices. 


Deterioration may be defined as any change in a property due to wear and 
tear or the ravages of the elements, which tends to impair either its usefulness 
or its life, 


| „Loss of useful association may be defined as any change in the associa- 
'. tions of a property, which tends to impair its usefulness or life. 


Obsolescence may be defined as loss of commercial utility in any property, 
due to the advent of superior substitutes. 


Inadequacy is loss of commercial utility in a property due to its inability 
to meet increased business conditions. 

Deterioration can be approximately predetermined from the results of pre- 
vious experience, while loss of useful association, obsolescence and inadequacy 
are of a more speculative character and less amenable to computation. Varia- 
tions in the general level of prices are also impossible to predict. While, there- 
y fore, it is possible to estimate with some degree of accuracy how much it will 
f cost to overcome deterioration, it is possible only to bet or insure against obso- 
: lescence, loss of valuable association and the results of monetary instability. 
i 
i2 


METHODS OF APPRAISAL.— property in its entirety can have 
only one value at a given time and place, although of course different parts 
j have different values, and it may be that for some purposes for which valuations 
5 are made only part of the value has to be considered. Thus by omission of 
y! certain elements, figures may be obtained called tangible value, intangible 
i: value, fair value and so on. They are really partial values, and not different 
if kinds of values. The true value of a property appears only when it is bought 
p ot sold, although it exists at all times. There are, however, many occasions - 
y when it is necessary to know the value of a property without putting it on the 
market, and, for this purpose, estimates of value or appraisals have to be made. 
5 Considerable difference of opinion exists, however, as to the proper way to esti- 
mate value, some writers even referring to the different kinds of estimates as 
different kinds of values, which is obviously inaccurate. 
Market Value. — There are two different ways of estimating the value of a 
Property. One is by taking into account all the elements which would affect 
its salability, and estimating what a responsible bidder would offer for it, 
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This gives what is called the market value. It is not a value, but merely an 
estimate of value by a particular method. The other way of estimating value 
is by calculating the cost of reproduction of the property. This gives what is 
called the reproduction value. This again is not the value, but merely an 
estimate of value by another method. 


Reproduction Cost. — The market-value method of appraisal is useless as 
a basis for rates because the market value itself is determined by the rates. It 
is therefore usual to estimate value by the reproduction-cost method. Un- 
fortunately this method has been applied in two different ways. By some 


authorities, cost of reproduction is taken to mean the cost of a substantially : 


identical reproduction of the existing plant. They do not mean that apparatus 
of antiquated pattern will be exactly duplicated but assume it to be replaced 
by the nearest modern substitute. According to other authorities, cost of re- 
production may mean the cost of a substitute plant of the most modern approved ` 
design capable of performing the same service as the existing plant. lí the old 
plant were wiped out, what would it cost at present to construct a plant capable 
of performing the service now performed by the old plant? In the case of a 
water plant, perhaps an entirely new source of supply would be used and the 
distribution system radically changed. 

In either case, the present value of the old plant is measured by the cost of 
an equally efficient new plant less an allowance for the depreciated condition of 
the old plant. It is obvious that there is no definite distinction between the 
two interpretations, the difference arising principally in the different degree to 
which obsolescence is taken into account as an element of depreciation. 

Court and Commission decisions in relation to valuation have not yet become 
uniform and authoritative, showing that the subject of valuation is in a 
developmental stage. Perhaps the general tendency is toward estimating value 


by the reproduction-cost method, making the reproduction in the most modern 
manner. 


PRESENT VALUE. — The value of a property can appear only in a pur- 
chase or sale, but it exists at all times. Hence some means must be devised 
to estimate how depreciation affects the value of a property between the time 
of its purchase and its sale. 

In default of a true measure of value during this period, various arbitrary 
scales have been devised. This can best be C 
explained with the aid of a diagram, Fig. 1, : 
having for ordinates, value in dollars, and 
for abscisse, time in years. On this dia- 
gram, let the ordinate of the point A repre- p 
sent the replacement cost when the property £ | 
is in jts best physical condition, and the or- à 
dinate of the point B the net proceeds re- $ 
sulting from the sale of the property ata 3 
time OP years later. It is obvious, that 
any curve joining A and B, which is con- 
fined between the lines AC and DB and 
never turns back, may be arbitrarily adopt-^ 
ed as the curve of value during this in- 
terval. 

Various people have suggested different shapes of curves, but the most com- 
mon practice is to assume A and B to be joined by- a straight line. Curves 
other than straight lines, which have been suggested by various people, have 
often been curves of utility and misnamed curves of value. Such curves of 
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,; and second, because value is not necessarily proportional to utility. Utility is 
only one of many factors which affect the value of a property. 

m The shape of the curve of value being arbitrary, it is obviously most simple 
. to assume it to be a straight line, as shown in Fig. 1. The “ present value ” of 
the property at any given time is then the corresponding ordinate of this line. 
" While at any time the curve of value may be taken as a straight line, the 
^ same straight line will not necessarily serve throughout the life of the property, 
^: especially if obsolescence is allowed as a cause of depreciation in estimating 
the cost of reproduction. Suppose, for example, that a new invention enables 
the property to be replaced by one costing half as much. The present value 
^ of the old property will then fall from the amount represented by MT, Fig. 1, 
* to that represented by NT, the ordinate EO being the replacement cost (or 
^ cost of the new property) and T the time the new property was put on the 
market. The broken line 4M N B will then be the curve of value. 


SCRAP VALUES. — The scrap value of a property is its residual value at 
5; the end of its useful life after deducting the expense of removal to a market 
,. and the expense of selling. If in Fig. 1 the line OP is taken to represent the 
; Useful life of the property, the ordinate BP represents the scrap value. Scrap 
value, therefore, not only depends upon the nature of the property, but also 
upon the location and the time of the sale. For example, à machine which 
might have a large scrap value in New York would possibly have a zero or 
negative scrap value-at a mine in Nevada because the cost of removal to a 
market might cancel the profits from a sale. A property may depreciate ‘to 
scrap value without deterioration, merely by the loss of valuable association 
or obsolescence. For example, a miner’s stamp mill, in perfectly good condi- 
tion, might become valueless because of the exhaustion of the mine, its dis- 
tance from a market making its sale impracticable. It thus appears that data 
on scrap value should be carefully scrutinized before being adopted for any 
particular enterprise. 


MAINTENANCE AND DEPRECIATION CHARGES AND DEPRE- 
CIATION FUND. — On account of deterioration, it is necessary to make 
replacements and repairs. Those replacements and repairs which occur fre- 
quently, or which severally cost a small proportion of the replacement cost 
of the whole property, should be paid for out of the annual earnings and — * 
thus charged to direct operating expenses. Such charges are called main- 
tenance charges. Replacements, which occur infrequently and which cost an 
important proportion of the whole replacement cost, cannot be paid for out of 
the annual earnings without causing exaggerated operating charges in given 
years, unless a separate sum is set aside each year to provide in advance for 
the impending replacements. Such a sum is called a depreciation charge and 
, te accumulated fund, made up of these annual sums, and the interest thereon, 
N if invested, is called a depreciation fund or depreciation reserve. If the total - 
annual replacements of a property do not fluctuate to such an extent as to 
affect the financial stability of the enterprise to which it belongs, it is not 
advisable to create a depreciation fund, while if they do affect the financial 
, Stability, a depreciation fund is necessary to avoid disaster. 
Thus a large concern, owning property which requires replacements in small 
units, may dispense with a depreciation fund if care be taken to distribute 
replacements over several years. Another concern, having to face the re- 
placement of a large proportion of its property, might be seriously embarrassed 
and would probably have to resort to one of the following expedients: (a) to 
“ borrow money on the strength of future earning capacity, such loans being 
gradually liquidated from the future earnings; (b) to issue stocks or bonds to 
* purchase renewals of property that is already represented in capital, a pro- 
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cedure which is financially unsound and in many countries illegal; (c) to go 
into the hands of a receiver. Such a concern should obviously provide a de- 
preciation fund. When the total replacements of a property fluctuate to such 
an extent that it is advisable to establish a depreciation fund to obtain financial 
stability, some criterion is desirable wherewith to judge which replacements 
sbould be charged to the maintenance account and which to the depreciation 
account. It is difficult to devise a rational criterion because so many wi- 
known quantities enter into it. Hence it is usual to adopt an arbitrary rule, 
such as to charge to the depreciation fund the cost of entire renewals and to 
the maintenance account, partial renewals. Such a rule is obviously open to 
somewhat free interpretation. This practice is, however, far from being uni- 
versal, some companies fixing an arbitrary limit, such as $500, and all renewals 
or repairs less than this are charged against maintenance and ali greater than 


this against the depreciation fund. in several states the Public Service Com- 
missions issue rules on this subject. 


AMORTIZATION OR SINKING FUND. — When a property is put- 
chased with borrowed capital, e.g., bonds, it is customary to set aside each year 
a sum which, with the accumulated interest, will pay off at some stated future 
time the debt thus incurred. The fund thus accumulated is called an amorti- 
zation or sinking fund. The depreciation fund should be carefully distinguished 
from this amortization or sinking fund. "The former exists solely for the pur- 
pose of equalizing operating expenses from year to year; the latter for the 
purpose of discharging the debts incurred in purchasing the property. 


INVESTMENT OF DEPRECIATION FUND. — The question of what 
constitutes proper care of a depreciation fund is of considerable importance. 
Some maintain that such a fund should be invested only in securities with a 
regular market value and thus salable at any time. Another view is that this 
fund can be invested as well in the company's own business, provided it be kept 
in such a way as will render it readily available when needed. It may be urged 
against the first plan that the investment of these funds in such a manner that 
they can be turned into cash quickly involves either their deposit with a bank 
or trust company at a nominal rate of interest or their investment in low-interest- 


bearing securities: Thus, it appears inconsistent for the company to be bor- 


rowing money at high interest on the one hand and loaning it at low interest on 
the other hand, unless there is some excellent excuse for so doing. 

As a matter of fact, what actually occurs in the finances of many companies 
is something like this: The earnings are sufficient to provide an amount for a 


- depreciation fund. The need of increased capital to meet the growth of bus- 


ness is urgent. The amount which should rightly be put in a depreciati 
fund is actually invested in additional plant. Now, there does not appear to 
be a fundamental error about such a procedure, because, by investing this money 
in additional plant, the company has increased its assets by an amount which 
offsets the corresponding depreciation in value. The weakness of the plan is 
that it does not definitely provide money which can be used for replacement. 
Therefore, what occurs is that, after putting surplus net earnings into addi- 
tional plant for a number of years, the company effects a reorganization of some 
kind and issues additional securities equal to the additional value which has 
been put into the property from year to year. Part of these securities are then 
used to rehabilitate the property. The effect of this plan is that the cash 
which is necessary for renewals is secured by the sale of securities at the time of 
reorganization, instead of by the deposit of the surplus as a depreciation reserve 
from year to year and tbe sale of new bonds or stock to. pay for the additions to 
the plant. In the meantime the company has had the use of its own money. 
The chance of friction through this plan, especially under jasion regula 
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tion of the issue of securities, lies in the possibility that the amounts spent out 
of the depreciation fund for enlarging the plant will not be recognized as an 
increase in assets against which additional securities may be issued when the 
company desires. The Massachusetts Gas and Electric Light Commission has 
decided that in order to keep a company’s accounts properly it should pay for 
additions to plant by the sale of additional securities, rather than by taking the 
money out of net earnings. In cases where new securities are issued to pay for 
all increases in plant one course to pursue would be to invest the depreciation 
fund of the company in its own securities until such time as the cash may be 
needed for replacements caused by depreciation, when they should be taken 
from the company’s treasury and sold. If such securities can be sold promptly 
enough or used as collateral for a loan to provide against any embarrassment, 
such a plan should be sound. Whatever plan is followed, either voluntarily 
by the companies or by direction of the commissions controlling them, it is 
equally important that the amount set aside for depreciation and the amount 
expended in new plant should be distinguishable in the accounts. (Editorial 
Elec. W., 1912, Vol. 50, p. 126.) 

In the case of a property made up of a number of elements each having a 
different period of life, the disbursements from the depreciation fund after a 
certain number of years will, on the average, equal the accessions to this fund. 
The fund, however, should not be allowed to fall below an amount sufficient, 
without additional payments into it, to take care of the replacements for a 
reasonable period. Three years has been suggested as such a reasonable period, 
but this will depend largely upon the nature of the property. 


ANNUAL DEPRECIATION AND ANNUAL DEPRECIATION 
CHARGE. — If the depreciation fund is invested, each annual payment draws 
interest from the time it is made, and, therefore, the annual payments neces- 
sary to make the fund equal to the difference between the replacement cost 
and the scrap value of a given property at the end of the life of the property, 
ie, the depreciation charge, will be less than the annual depreciation, or de- 
crease in value. Where the value of the property is assumed to decrease 
uniformly the depreciation charge is calculated as follows. Let A be the re- 
placement cost of the property and B its scrap value at the end of n» years. 
Then the annual depreciation is 


pwt—8 


dollars. — 


If the annual payments into the depreciation fund are made at the end of each - 


year, and each payment draws compound interest at the rate of 100 r per cent 
per annum, then the annual depreciation charge to give A — B dollars at the 
end of ^ years is 


D. = (A = B) dollars. 


aa 
(r4-5)'—1 


If the annual payments into the depreciation fund are made at the beginning of 


` each year the annual depreciation charge must be 


f ; 
Des (4 — B) G4 Fret (+r) 


The percentage depreciation, referred to the replacement cost, is 100 p where 


A~B 
b= Py 


{a decimal fraction). 
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The value of the property m years from the time of purchase is 
V-A- T (4- B) dollars. 


Example. — A property costs $100 and its replacement value through- 
out its life of 8 years remains constant and equal to its first cost; the scrap 
value at the end of 8 years is $20, (1) what is the annual depreciation D, and 
(2) what must be the depreciation charge D. to replace the property at the 
end of its life if invested at 4 per cent at the end of each year? 


The following methods are also employed for determining the depreciation 
charge: | 

(1) Depreciation Charge a Fixed Percentage of the Value at the Be- 
ginning of Each Year. — The value of the property is assumed to decrease 
each year by a fixed percentage of its value at the beginning of that year, and 
the depreciation charge is taken equal to this decrease in value, no account 
being taken of interest on the annual payments into the depreciation fund. 
On these assumptions, using the same notation as in preceding paragraph, we 
have that the percentage annual decrease in value is roo p where 


"iB 
P21i- V4 (a decimal fraction). 


The depreciation charge at the end of the mth year is then 


m—i 


l BV 
Dc - pA @ dollars 


and the value at the end of the mth year is 


m 

BW 
V= = : 
4(2) dollars 


It is, therefore, evident that this scheme results in the annual appropriation of 
decreasing increments to the fund. "This scheme is inapplicable to a property 
having a definite life and no scrap value. While it is strongly recommended by 


some engineers, others go to the opposite extreme of recommending a system 
which makes the depreciation charge grow as the years pass by. 


(2 Depreciation Charge a Fixed Percentage of Gross Earnings. — 


The table on the following page, quoted from H. Floy, gives the practice of 
several companies. ; | 

(3) Depreciation Charge a Fixed Percentage of Net Earnings. — This 
scheme is financially unsound. 


(4) Depreciation Charge a Fixed Amount per Kilowatt-hour output, 


heat 


EN 
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Per cent of gross revenue 
expended or appropriated 


for 
Name of company 
e Mainte- Deprecia- 
ue nance tion 
an 
JE 
Milwaukee companies: 
Railway departments............. ceres l 11.3 9.9 
| Gas, electric-light and steam-heat departments.... 6.15 8.12 
United Railways Company of St. Louis............. 13.67 IO.O 
Union Electric Light and Power Co., St. Louis. ..... 4.95 16.0 
Suburban Electric Light and Power Company....... 7.10 10.85 
Detroit Edison Company and subsidiaries........... 6.45 ^ 10.23 
Omaha and Council Bluffs Street Railway Company ds 10.0 
| Chicago street rallwayS........sceecccececseeeeees 6.0 8.0. 
y | AE . 
y Companies. According to H. Floy “the New York Edison Company charges 
.; off monthly for renewals and replacements, etc., an amount equal to one cent 
. per kilowatt hour on current sold to general consumers in addition to wear 
..  andtear. In Cleveland, 5 cents per car mile is provided to cover both main- 


tenance and other deterioration. In Brooklyn, the subsidiaries of the Brooklyn 
Rapid Transit System allow amounts varying from 2.7 cents to 4.4 cents per 
cr mile for equipment of surface roads and from r.4 cents to 2 cents per car 
mile for equipment of either elevated or partly elevated railways; from 2.2 
cents to 2.4 cents per car mile for way and structures for surface roads; from 
1.1 cents to 1.8 cents for elevated or partly elevated railways, to cover not only 
obsolescence, inadequacy, renewals and replacements but also repairs and 
maintenance." 


LIFE OF PROPERTIES. — The expected life of electrical and othei 
machinery and equipment, according to various authorities, is given in the fol. 
lowing table. As many electrical machines, which are the first of their kind, are 
still in service, it is obvious that the lengths of life are really not known in many 
cases. Obsolescence and inadequacy. have moreover been more responsible than 
deterioration for the replacement of electrical apparatus. 

The New York First District Public Service Commission has assumed the 
life of electric lighting and gas properties as a whole to be about 20 years. 
The Wisconsin Commission has similarly decided that 18 years is a-fair life 
for electric railway properties and 17% years for electric lighting properties. 

» (L. R. Nash, Stone & Webster Journ., 1912.) 

( Data on depreciation is usually given in terms of the life of the property or as 

;  @ percentage depreciation. In the table below some authorities give the life 

; only, some per cent depreciation only, and others both life and per cent deprecia- 

_ tion. In all cases where life and per cent depreciation are both given by 
the same authority, the figures show that zero scrap value has been assumed; 


| ! 100 ; 
t — that is, the per cent depreciation p is taken equal to oa where n is the years 


. of life. The following abbreviations are used: 

A: Adopted by the Chicago Union Traction Co. 
B: Milwaukee Electric Railway and Light Co. 
C: J. W. Alvord. 
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: Chicago city railways. 
: Engineer of Valuation Staff, of Wisconsin Railroad Commission. 
W. Preece. 
R. Hammond. 
: P. Dawson. 
S. W. Greenland. 
Cardiff tramways. 
: Glasgow tramways. 
W. H. Bryan. 
: N.S. Hill. 
: J. Abbott. 
Third Avenue Railroad (New York City). 
T. C. Parsons. sath 
Iowa Electric Association. E 
: Heidelberg Railway. K 
Recommended by Stone & Webster for the Chicago Union Traction Co. a 
J. I. Beggs. : 
: Elberfeld Railway. 
: M. G. Starrett. ig. 
: Wisconsin R.R. Commission. "S 
: E. Matheson. l 
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Life in years Per cent depreciation 


Per cent | Authority 
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Cars, electric: 
— Cars complete.. 


“| 
| f 
Bodies and trucks. - 
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LIFE AND DEPRECIATION — Continued 


Electric equipment 


Fenders, lights, 
registers, etc.... 


— MÀ 


E? Trucks only (See 
Bodies, above)... 


Condensers, steam . . 


Conduit lines........ l 


a 
5 Convetters, rotary..... 
E Conveyors, coal and 
AB o cR 
f 
a . 
Cranes, traveling ... | 


Cross-arms, wooden... 


Engines, steam m 
rocating .......... | 


E Generators, electric . 


Heaters, economiz- 
ers and pumps .... ] 


Io to I$ 
12.5 
I5 


10 to 12.5 


H 
E 
A 
S 


I5 
20 
Io to 12.5 
I5 
15 to 20 E, 
I 


OVP; 


mu 


8 to Io 
Io to 12.5 
x2 
15 
20 
15 
20 
2 
21.3 


P»mMZP"PHOmOnB. np 


Ld 
o 
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Per cent depreciation 


Per cent Authority 
Io J 
8.5 = MP 
8:5 to 6.66 A,S 
8 D 
TS V B, K 
IO B, J 
20 D 
8 D 
7 to 1o M 
3.5 M 
3.06 K 
3 j. O 
B 
20 E 
6.6 A 
5 B, J, K, S 
6.66 A 
5 B,J, K,S 
Io to 5 H 
6.66 A 
6.66 to 5 E 
5 B,J,K,S 
4 O 
7 to 12 M 
6.66 A 
5 B, E. J.K.S 
3 D 
75 B 
6.66 A 
L| J, K,S 
6.66 A -— 
5 B, E. J, K, S i 
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LIFE AND DEPRECIATION — Concluded 


Life in years Per cent depreciation 


Per cent | Authority 


——— et d|———À 


ecc. f. 


Pumping engines....... B . "tA 


Im J. 
als, 
Switchboards, P. H. 2171 
and S. 8. ......... "T 
3 "y y 
Telephone system E Nn 
(railway)......... "uns 
; -Xi 
Tools and machinery 


8 
> 
Uu 
mJ 
n én 
Bp 
= 
o x 


e 9960 € 9 9 * V o 0 9 * * ? ae 


Track complete... 


meg]ou»pmaamoum 


7.75 
7.5 
7.2 
§.5 
a A 5 
Transformers, sta- Io x $106 
Sus PES G E 7 
Trolley line............ M in 5 D 
Turbines, steam....... 20 G qt09 H 
Turbines, watef ...... NM "s 3.33 W 
7 to Io A,S I4 to Io A, 
Wires, overhead..... 12 T IO B 
T 
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DERIVATIVES. — (See also Equations, Differential; Integrals; Maxima and | Parait 


Minima; Series, Matkematical). 


Differentials. — Let y be a function of x, ie, a quantity which varies 
continuously with variations of s. If x be increased or decreased by the smallest 
amount conceivable, y will change by a correspondingly small amount. Such 
small variations are called “differentials,” and are symbolized thus: dy and dz, 


where d is not a quantity but a symbol meaning "the smallest conceivable 
value of” y or x. 


. d 
Derivative or Differential Coefficient. — The ratio P is the rate of 


change of y with regard to x and is called the “derivative ” or “differential 
coefficient" of y with respect to x. 


Geometrical Meaning of a Derivative. — If a curve be plotted between 
x and y for any equation y= f(x), and a tangent drawn to the curve at any 
point, Fig. 1, then the tangent of the angle 0 between | 


this tangent and the axis of x is equal t 2. 


Differentiation. — Differentiation is the process of 
obtaining the derivative of a function. If y = f(x) 


dy _ afte) 
dx dz 
f(x dz) — f(x). 
dx 
Example. — If y= att 


dy a(x + dx)! — ax? 
dx dx 
HK a dx (2 x + dx) 
dx 
= a (2 x + dx). 


As dx is the smallest conceivable value of x, it is so small compared to + that it 
may, with the smallest conceivable error, be neglected. Hence, 

d 

Y 2 ax. 


dx 


Formulas for Differentiation. — (u, v, x and s are variables; a is a constant.) 


d du dv 
zu U0Ut?9Tutua 


A (au) = a di 
dx dx 


d du do 
Tx (uv) = ” t " 


* EN E. 


Derivatives 


When x is itself a function of some other variable z, 


Function 
f(x) 
x^ 

sin ax 
COS ax 
tan ax 
sinh ax 
cosh ax 
tanh ax 
sin! ax 


cos! ax 


du du di 
dx ds dx 
TABLE OF DERIVATIVES 
Derivative E 
d Function 
— f(x) fx) 
dx 
nx^—-l tan—! ax 
à Cos ax sinh ^! ax 
— à sin ax cosh ^! ax 
K tanh ^! ax 
cos? ax 
a cosh ax loga x 
a sinh ax | loge x 
: logie x 
cosh? ax "s 
a 
pom ae SE. a? 
'Y 1 — (ax)? 
a 
Zz 


Vi (ax) 
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d 
dj (x) 


a 


I + (ax)? 
G 


Vi + (ax)? 

NS. E 

V (ax)? — 1 

DOS, UT 

I — (ax)? 

z loga € 

2 Sa 

2 

x 

0.4342944819 
x 


a” loge a 


Fad 


Note: See also Table of Integrals in article on 7siegrals noting that the column 
there headed “ Function ” is the derivative of the column headed “ Integral.” 


Second Derivative. — The derivative of a derivative, i.e., 2. is usu- 


ally written Z2. 
a 


ja: and so on. 


— Similarly Al 


dx? 


z) is called the third derivative and is written 


[W. A. DEL Maz.] 
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DETECTORS, ELECTRIC WAVE. — (See also Waves, Electromagnetic; 
Wireless Telegraphy; Wireless Telephony.) Electric-wave detectors are devices 
for rendering audible or visible the effects of extremely minute oscillatory 
electric currents. The detector is usually employed in connection with some 
auxiliary indicating instrument, such as a sensitive relay, a telephone receiver 
or a galvanometer. 


APPLICATIONS. — The principal application of wave detectors is to wire- 
less telegraphy, either in the actual receipt of messages or in measurements of 
oscillatory currents of high frequency. However, the thermal detectors, the 
crystal detectors, the electrolytic detectors and the vacuum detectors are also 
applicable to the measurement of small alternating currents of commercial 
frequency. The crystal detectors and also Duddell’s thermogalvanometer 
have been used in measurement of the small alternating currents generated in a 
magneto telephone by sound waves and have thus served as instruments for 
the measurement of the distribution of sound in an auditorium. 


TYPES OF DETECTORS. — The more important detectors, together 
with their associated indicating instruments, are briefly described and classified 
in the following paragraphs. Six different types of detectors are in use; namely, 
coherers, magnetic detectors, thermal detectors, electrolytic detectors, crystal 
rectifiers and vacuum detectors. 


. Sensitiveness of the Various Types. — Coherers are too insensitive to be 
‘used except for very short distances. They are so troublesome to adjust that, 
except where it is required to trip a relay for setting machinery in motion or for 
operating a call, they cannot compete with the electrolytic, magnetic, crystal 
or vacuum detectors. The electrolytic detector, which has perhaps not been 
excelled in sensitiveness, is, however, somewhat more troublesome than some 
of the others. The crystal detectors are the easiest to construct, maintain and 
operate. Of these galena, iron pyrite, molybdenite, silicon, and the perikon 


combination are nearly equal in sensitiveness if made of carefully selected 
specimens. l 


Coherers. — Under this title will be included those detectors which employ 
one or more loose contacts between conducting bodies, and which require to 
be shaken or moved to restore the contact to its sensitive condition after the 
receipt of a signal. Under normal conditions the resistance of such a device 
is high, but upon the receipt of the electric waves, the resistance is lowered. 
The manner in which this is accomplished is not certain. Some writers have 
believed that the separating film was removed by the heat effect of the oscilla- 
tions; others have looked to the electrostatic attraction for a force to draw the 
particles nearer together and diminish the resistance of the film. It seems to 
the writer not improbable that the action of the oscillations, apart from the 
heat action or electrostatic attraction, may produce immediately a motion of 
electrons into the region of separation between the filings, and that these 
electrons serve ‘as carriers of the oscillatory currents and of the local battery 
current. 


Branly-Marconi Coherer (Figs. 1 and 2).—The Branly coherer, in the 
highly improved form devised by Marconi, consists of an insulating tube (Fig. 1) 
containing metallic filings (preferably 96 per cent nickel and ; 
4 per cent silver) between two plugs PP of silver slightly 
amalgamated. To prevent deterioration by the action of -> 1. Coherer 
atmospheric gases, the tube, which is usually of glass, is Pieci mh 
exhausted and sealed up. The plugs should fit accurátely-within the glass tube 
and should be within 3l inch of each other. The filings in this space, for high 
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silver, and should be of uniform size, between 80 and 100 mesh. They should - 
be dry and free from grease and dirt. In sealing up the containing tube after 
be" exhaustion, care should be taken not to heat the filings. In order that the 
WHF coherer may not be injured, not more than oyp ampere should ever be sent 
vt through it. 
HRE Fig, 2 shows a coherer Co of this form in series with an antenna and ground. 
ms! Under the action of the electric waves, the resistance of the coherer falls to a 
small value, and a current flows from the 
tmi? battery Bı through the coherer and through 
wz the field coils of a relay R. The core of the 
gt rely is thus magnetized and attracts its 
x: armature so as to close the gap A. The 
m closing of this gap, which is in a local circuit 
containing a battery B, a trembler T and - 
x: @ sounder S, causes the armature of the %< 
= sounder to strike downward and at the same : 
time starts the trembler T into activity. So. 
long as the electric oscillations in the antenna 
5; @rcuit are kept up by the incident electric 
‘waves the coherer is repeatedly cohered and 
*^ decohered and the sounder armature, which 
^" possesses considerable inertia, is held down. 
.. As soon, however, as the arrival of: the 
7' waves ceases, the coherer, under the action of the trembler, is restored to its 
? high resistance and the sounder armature flies up. The length of the time that 
Z^ the armature is down is determined by the length of the signal and enables the 
/ receiving operator to distinguish dots from dashes. The sounder may be re- 
A placed by a Morse tape recorder, sọ that the signals may be recorded. The 
2 zigzag dotted lines P, Pi, q, g’ and h of Fig. 2 indicate resistances shunted 
7 about each electromagnet and each contact.point of the local circuits, for the 
P purpose of preventing rise of potential due to the back kick of the several in- 
*  ductances of the local circuits. Such a rise of potential, if not prevented, would 
operate to cause a coherence of the detector at the time when a decoherence is 
5  fequired. 
^ . The relay used with the coherer should be a highly sensitive polarized relay 
* of several thousand ohms resistance. The magnet of the trembler and that of 
f the sounder should be wound to equal resistance with each other, and the pro- 
! tective resistances should be of about the same resistance as the coils about 
which they are placed. - 
Lodge-Muirhead-Robinson Coherer (Fig. 3).— 
Another form of coherer, due to Lodge, Muirhead and Robin- 
son and shown in Fig. 3, consists of a steel wheel A, rotated - 
by clockwork, in contact with a film of oil on the surface of 
mercury. A binding post connected to a brush E, making 
. contact with the axle of the wheel, is one terminal of the in- | 
 Strument, and a second binding post H connected with the 
mercury is the other terminal. If connected by these ter- 
minals to an antenna and ground, the oily contact between the 
steel disk and the mercury changes resistance under the action Fig, 3. Lodge- 
of electric oscillations, and this changing resistance is evi- Muirhead Co- 
denced by a siphon recorder shunted through : a battery tothe herer 
terminals of the detector. | 
The Magnetic Detector (Fig. 4). — Of this form of detector the most - 
prominent representative is the continuous magnetic band detector of Marconi. 


To Antenna 


'To Ground 


Fig. 2. Coherer Connections 
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This instrument, shown in Fig. 4, contains a belt of fine iron wires, insulated 
from one another, and carried over two wheels DD, one of which is slowly driven 


by a motor. This belt of iron wires passes through a transformer consisting of a 
primary coil bb surrounded by a secondary 


C. Placed near the transformer is a pair of 
permanent magnets SN NS arranged to in- 
duce consequent poles in the moving belt of 
iron. The primary coil bb of the trans- 
former is connected in the oscillating cir- 
cuit AE, while the secondary coil C of the 
transformer is connected to a sensitive tel- 
ephone receiver R. Each train of electric 
oscillations through bb modifies the mag- 
netic state of the magnetized band, by sup- 
pressing hysteresis, and thereby induces a 5 

current in the telephone. A series of trains Fig. 4. Magnetic Detector 

of waves arriving in uniform sequence gives 

a uniform sequence of pulls to the diaphragm and results in a musical note. 
The note continues as long as the transmitting key is pressed and constitutes 
a long or short note according as a dash or dot is made at the transmitting 
station. The pitch of the note is the pitch of the spark at the sending station. 


Thermal Detectors. — Two types of thermal detectors — used chiefly for 
measuring purposes — have been employed as detectors of electric oscillations. 
One of these types, of which the “ bolometer ” of Paalzow and Rubens and the 
‘“‘barretter’’ of Fessenden are examples, employs the heat-effect of the oscillations 
to change the resistance of a fine wire; the other type, exemplified in Klemencic's 
“thermal junction " and Duddell’s **thermogalvanometer," employs the heat 
effect concentrated at a thermal junction to produce thermoelectromotive force 
at the junction. 

Barretter (Fig. 5). — The barretter consists of a very fine 
platinum wire enclosed in a glass tube. This wire is connected 
in series with the antenna and is shunted by a local circuit con- 
taining a battery and telephone. The change in the resistance 
of the wire due to the heating effect of the oscillations passing 
through it to ground causes a variation of the current in the local 
circuit and thereby produces a click in the telephone. The 


platinum wire is obtained by dissolving off the silver from a short iie: 
length of Wollaston wire. 


Thermogalvanometer (Fig. 6). — The essential parts of Duddell's 
thermogalvanometer are shown in Fig. 6. A thermal junc- 


tion SbBi forms a part of a loop L of wire suspended between 
the poles of a magnet NS. A stationary heater of fine platinum 
wire is placed near the thermal junction, and this heater is 
traversed by the oscillatory currents to be measured. Heat R 
developed in the heater is radiated or convected to the ther- | 
mal junction and produces a thermoelectromotive force at 
the junction. This causes a small unidirectional current to 
dow in the loop, which is, in consequence, deflected by the 
magnetic field. The deflections are read by the mirror M 
with the aid of a telescope and scale. 


rti Figs. 7-9). — This detector in it 
Electrolytic Detector ( or in its .. 
best form, as described by Fessenden and shortly afterwards baci 
by Schloemilch, consists of a fine platinum wire dipping into * 
y 9" 4«nlvte contained in a small vessel, so that the fine wire just touches 
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555^ theelectrolyte. The fine wire is attached to one of the terminals. As a second 
5/5 terminal a larger wire entering the electrolyte or a metallic cup containing the 
LS electrolyte serves. The fine wire is adjustable as to depth in the liquid or 
else the fine wire is sealed into a glass tube so that only a very minute portion 
of the end of the wire protrudes, and this glass tube containing the sealed-in 
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*'* wire is dipped into the liquid. As electrolyte 20-per-cent nitric acid is about the 
7" most sensitive liquid, but salt solution, sulphuric acid or any good conducting 
" electrolyte may be used. Fig. 8 shows an electrolytic detector D in a position 
Z to be traversed by electric oscillations in the circuit MG. As indicating 
> instrument a telephone receiver in series with a source of e.m.f. is shunted 
" with the detector. 


i Theory of Electrolytic Detector. — The electrolytic detector, when 

used with a polarizing voltage of about 1.6 volts (i.e, when a direct-current 
' voltage of this value is impressed across the terminals of the detector), is a 
1 rectifier for alternating electric currents, and thís fact accounts for its action 

as a detector for electric oscillations. Fig. 9 shows a characteristic curve 
, obtained by plotting the direct current through an electrolytic detector against 
the direct-current voltage applied to produce the current. The curve of the 
: upper quadrant is obtained with the applied voltage in one direction, while 
> the curve of the lower quadrant is obtained with the voltage in the opposite 

direction. Suppose this polarizing voltage to be Vo (about x.6 volts). It is 
+ Seen from the curve that a steady current of about 0.15 milliampere will flow 
| through the detector. Now let us suppose that an alternating e.m.f. of ampli- 
. tude 0.5 volt be superposed upon the polarizing voltage. When the alternat- 
' ing voltage is in the direction of the polarizing voltage, we have a total voltage 
of 2.1 volts and a current of 1.2 milliamperes (from the curve). When the 
alternating e.m.f. is reversed, the total impressed voltage is 1.1, with a resultant 
current practically equal to zero (from the curve). Hence tbe polarized elec- 
trolytic cell acts as a rectifier of the oscillations passing through it to ground. 
The manner in which such a rectifier causes the oscillations to affect the tele- 
phone is the same as the action of the crystal rectifiers described below. 


Design of Electrolytic Detector. — The fine platinum wire should be 
0.0001 Or 0.0002 inch. It may be bought as Wollaston wire — platinum core 
With an exterior of silver — from dealers in platinum. The silver may be re- 
moved, after attaching a length of JÀ to % inch of the Wollaston wire to a larger 
wire for support, by dipping tbe wire a short way into the electrolyte E of 
20 per cent nitric acid (Fig. 7) and connecting the detector in series with the 
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receiving telephone and the adjustable source of voltage (potentiometer) that 
is to be employed as the polarizing voltage in the actual use of the detector. 
In this connection for clearing off the silver, the fine wire should be anode, and 
the action may be hastened by raising the polarizing voltage until bubbles 
begin to escape causing a hissing sound in the telephone. After the silver is 
removed, the polarizing voltage should be reduced to the value at which the 
hissing noise just begins; this is the most sensitive adjustment for receiving 
messages. As a suitable polarizing voltage with the electrolytic detector 
(platinum point anode), a potentiometer resistance of about 500 ohms should 
be connected in series with three dry cells, and the polarizing voltage taken as 
a drop off of this potentiometer wire. The receiving telephones (of the head 
type) should have a resistance of 2000 or more ohms for both ear-pieces. The - 
resistance of 500 ohms will be sufficient to protect the cells from too rapid use 
and will not be enough to introduce derogatory resistance in the telephone cir- 
cuit, as the detector has a high resistance and is also in series with the telephone. 


Crystal Rectifiers (Figs. 10-12). — The detectors of this class make use 
of the high-resistance contact between a crystalline conductor and a metallic 
electrode or between two crystalline bodies. The parts are all solid. A great 
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Fig. 10. Crystal Fig. 11. Current-voltage Curve for Fig. 12. Mounting of 
Detector Con- Carborundum Detector Silicon Detector 
nections 


variety of substances have been used in detectors of this type; for example, 
carbon, carborundum, tellurium, silicon, anastase, brookite, octahedrite, molyb- 
denite, chalcopyrite, zincite, iron pyrite, bornite, galena and many others. 
The contact of any of these substances against a metallic conductor serves as 4 
detector for electric oscillations. Also in some cases the substances enumerated 
may be used in pairs, one against another, with improvement in the sensitive- 
ness or constancy of action. i 

Fig. 10 shows diagrammatically the connection of the crystal contact detector 
into a simple oscillating circuit AG. A telephone T or galvanometer is used as 
indicating instrument. Some of the detectors are more sensitive when used 


with a local e.m.f. B in the telephone circuit, while some others are more sensitive 
without the local battery. 


Theory of Crystal Rectifiers. — The detectors making use of a con- 
tact with a crystalline substance are all unilaterally conductive; that is to say, 
they permit the passage of a greater current in one direction than in the opposite 
direction under the same applied voltage... In addition; these detectors all have 


a rising current-voltage characteristic. Fig. 11 shows a current-voltage curve 
^ ..-A nf *hacon detartnra Thie curve ie talban fenm aranne mannin an tha (in. 
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yeti táct of a brass rod against a carborundum crystal. Although the carborundum 
detector is not as sensitive as some of the other crystal detectors, this curve, 
except for magnitudes, is typical of all the crystal detectors. - 

The fact that the current in Fig. 11 is greater in one direction than in the 
other under the action of the same impressed voltage makes the detector a 
rectifier of alternating currents, without an auxiliary battery. Also the fact 
that the detector has a rising current-voltage characteristic makes it a rectifier 
when used with an auxiliary battery, as may be shown by a discussion similar 
to that employed in explaining the action of the electrolytic detector. Whether 
the detector is a better rectifier with or without the auxiliary battery depends 
upon the shape of the current-voltage curve. 

. The action of a rectifier in causing the motion of the telephone diaphragm 
when oscillations pass through the rectifier is as follows: Let us take the case 
of the simple form of receiving circuit shown in Fig. 10, with or without a 

" battery in the telephone circuit. 

n À train of incoming waves produces an alternating e.m.f. in the antenna cir- 

d cuit. This e.m.f., when in one direction, produces a large current through the 

^. detector D charging the antenna. When the e.m.f. reverses, the current 

‘from the antenna to the ground through the detector is smaller, thus leaving 

the antenna charged with a small quantity of electricity. The effect of the 

whole train of waves is additive, so that this charge on the antenna is cumulative. 

The accumulated charge on the antenna escapes through the telephone shunted 

| about the detector, causing the diaphragm to move. Each subsequent train 

i of waves causes a similar motion of the diaphragm, which is evidenced as a note 

_ in the telephone with the train frequency of the waves. 

4 It is immaterial whether the detector permits the larger current to flow up- 

| ward, charging the antenna positive, or permits the larger current in the down- . 

. ward direction, charging the antenna negative. The explanation is the same 

1 in both cases. 

With very slight change this explanation can be made to apply also to those 
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cases in which the detector is in a condenser circuit coupled inductively or 
directly with the antenna circuit* 
Design of Crystal Rectifiers. — A typical form of construction of the 
* crystal detectors, which, however, may be greatly varied, is shown in the 
mounting of Mr. Pickard's silicon detector (Fig. 12). 

A rod of brass A is pressed down by a spring S into contact with a mass of 
polished silicon B, embedded in an easily fusible solder of Wood's metal M. 
The solder in which the silicon is embedded is contained in a metallic cup P, 
which rests upon a metallic plate K. Connection to the rod A is made by 
means of the binding post E. Connection to the silicon is made by means of 
a binding post not shown, which connects with the plate K. The ability to 
move the cup containing the embedded silicon is an advantage, because not 
all parts of the surface of the silicon or other crystalline material of the de- 
tector are equally sensitive, and this motion permits the selection of a sensitive 
place on the material, as the point of contact. Mr. Pickard sometimes uses two 
of these.active materials in the same detector. For example, a contact of zincite 
with bornite (each held in a bed of Wood's metal) is a highly sensitive electric 
wave detector. l 

‘In the zincite-bornite detector, sold under the trade name of perikon, the 
crystalline bodies are not polished, but are used as rough fragments. 

Another form of highly sensitive detector makes use of galena as a sensitive 
material. By selection from the galena of various localities, specimens may be 


* Quoted from Pierce's “ Principles of Wireless Telegraphy," McGraw-Hill, N.Y., 
IQIO. E . 
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found that are highly sensitive when used with a very fine copper wire (No. 36 | 
or No. 40 B. & S.) as contacting element. In this case no spring is required, 35 
the stiffness of the fine wire is about sufficient to give the required pressure. 
Arrangement should, however, be made for displacing the galena so as to make 
the contact at a sensitive point. . 

For ruggedness as a detector of electric waves, though rather insensitive, a 
crystal of carborundum with a metallic rod in contact under a considerable 
pressure is recommended. Also selected specimens of molyhdenite with s 
metallic contact may be rugged and highly sensitive. Molybdenite is how- 
ever a soft material and is likely to be injured by unskillful adjustment. 

Vacuum Detectors (Figs. 13 and 14). — The wave valve of Fleming and the 
audion of DeForest make use of the rectifying property of a vacuous space 
containing electrons produced by an incandescent filament. In Fleming's 


valve, Fig. 13, a bulb pumped to a high degree of exhaustion contains a filament | itis: 


b of carbon, tungsten or tantalum, like that of a low-voltage incandescent lamp. 


Fig. 13. Flenhng'a Valve Fig. 14. DeForest's Audion 


This filament is heated to incandescence by the current from a local battery 4. 
The hot filament serves as one terminal of the detector. The other terminal is 
in the form of a metallic cylinder c surrounding the filament. These two termi- 
nals in the circuit shown in the figure are connected with a coil & and a galvanom- 
eter 4, The electric oscillations in the antenna circuit, flowing through the 
coil 5 in the antenna circuit, act inductively on the coil k in the detector cir- 
cuit, giving an alternating e.m.f. at the terminals of the detector. The vacuum 
valve permits the flow of current in only one direction, so that the alternating 
em Á. produces à direct current through the detector and galvanometer. i 
DeForest's arrangement, shown in Fig. 12, is a modification permitting the 

use of a telephone receiver P as indicating instrument. For greater sepsitive- 

ness a battery H is used in the local circuit with the telephone receiver. 


BIBLIOGRAPHY. — See references in article on Wireless Telegrapky, pat- - 
tícularly Principles of Wireless Telegraphy, by G. W. Pierce, N. Y., 1910. 


[G. W. Perce] 
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DISPATCHING OF TRAINS BY TELEPHONE. — (See also artides 
en Telephony.) Up to 1907 train dispatching was done almost entirely by the 
telegraph. In that year the telephone began to replace the telegraph for 
this purpose. At the beginning of 1912, about 60 railroads in the United 
States, operating over 30,000 miles of line, had abandoned telegraphic train 
dispatching in favor of the telephonic method. 

Telephone train dispatching has many advantages over the former method. 
The dispatcher's work consists in the main of gathering information and issuing 
orders for train movements. These operations are much quicker by the use of 
the telephone and are noless accurate. Special training in the use of the appara- 
tus is not as necessary as when telegraphy is employed. All the agencies are 
brought into closer personal relations, with the result that there is better co- 
operation and better discipline. The dispatcher can call and speak at the same 
time, which is impossible by telegraph. 

It nowis possible to operate dispatching linesas long and with as many stations 
as railway conditions may permit. The length of line and number of stations 
are not limited by the nature of the electrical equipment. Lines of 300 miles 
length are in operation, and 65 stations on one line are in successful use. More 
than 65 stations could be operated successfully if desired. 

Dispatching circuits are multi-station lines, like the telegraph-dispatching 
lines they displace. Broadly speaking, they are selective party lines, but are 

equipped with systems of apparatus which allow the placing of many more sta- 
tions on a line than is possible with any other party-line system so far developed. 

Several train-dispatching systems are on the market, the principal ones being 
known as the Gill System, the Western Electric System, the Cummings-Wray 
System, and the Kellogg System. ‘These are in general similar in that the dis- 
patcher has means of calling any station selectively. In some systems he can 
call several stations at once by setting keys for them in advance and operating 
à common calling key. 

Each way station is equipped with a device called a selector. These selectors 
can be operated only by the dispatcher. They work on the step-by-step principle 
and the whole object of the device is to close a contact at the station called and 
thus to ring a bell. No provision is made for cutting the way-station telephone 
set on and off the line, as secrecy is not aimed at. Any way station may com- 
municate with the dispatcher at will by lifting the telephone receiver. The 
dispatcher wears a head telephone constantly and so listens upon the line at all 
times 


Train orders are written as given and received and are read back to the dis- 
patcher by each station, the dispatcher underscoring each word once for each 
correct repetition from a way station. 


BIBLIOGRAPHY. — See Bibliography in article on Telephone Instruments 
and Circuits. 
[S. G. McMEEn,] © 
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DISTRIBUTION LINES. — (See also Conduits and Conduit Lines; Dis- 
tribution and Transmission Systems; Transmission Lines; Wires and Cables; 
Wiring of Buildings.) Two types of construction are employed, overhead and 
underground. Overhead construction has the following advantages (1) lower 
first cost, (2) easier to repair, (3) easier to change, (4) adaptability to higher 
voltages; while underground construction has the advantages (5) less unsightly, 
(6) less dangerous to the public, (7) less subject to damage by external agencies. 
The majority of circuits in use are overhead. Underground circuits are princi- 
pally used in the central portions of the larger cities. When underground 


circuits are used a large part of the construction consists of a composite of under- 
ground and overhead construction. 


MATERIALS FOR LINE CONSTRUCTION. — The principal elements 
for wood-pole construction are the conducting wires, insulation on the wires, 
insulators, tie wires, pins, cross arms, cross-arm braces, bolts, poles, guy wires, 


guy anchors. For underground construction, see Wires and Cables, Insulated, 
and Conduits and Conduit Lines. 


Wires for Overhead Construction.— The conducting wires are usually 
of copper, sometimes of aluminum. Iron is not used as it costs more than 
copper for equal conductivity. Aluminum is used to a much less extent than 
copper; see articles on Aluminum and on Copper. Soft-drawn copper is usu- 
ally employed for ordinary distribution work, as it has the greatest conductivity 
and is the easiest to work with. Medium-hard-drawn and hard-drawn wires 
are used in lines where great mechanical strength is necessary. 

For overhead city distribution copper wires ranging in size from No. 6 B. 
& S. (or A. W. G.) to 500,000 circular mils are used; see Wires and Cables. 
Sizes larger than No. oooo B. & S. are usually stranded. Conductors as small 


as No. 14 B. & S. have been used for overhead work but are too small as they 
are frequently broken by wind and sleet. 


Standard Sizes of Wire. — Of the gage numbers between No. 6 B. & S. 
and 500,000 circular mils (see Gages, Wire), some are but little used because 
(1) the difference between consecutive sizes is less than is found necessary in 
usual practice and (2) the difference is too small to be readily detected by the 
ordinary lineman or stock keeper. In practice the number of sizes to be 
used and carried in stock has usually been reduced by omitting certain sizes; 
No. 5, 3 and 1 are nearly always omitted; practice regarding the omission of 
larger sizes varies. The most commonly used are No. 6, 4, 2, o, 0000 B. & S. 
and 500,000 circular mils. 

Wires for Underground Lines. — See Wires and Cables, Insulated. 


Insulation on Overhead Wires. — Overhead conductors for city distribu- 
tion are insulated with weatherproof braid. Two thicknesses are recognized, 
“double braid” and "triple braid,” according to the number of coverings, 
though the actual thicknesses are not the same for different makes. Double 
braid is considered suitable insulation for use on voltages of 600 or less, and 
triple braid for voltages up to 2500 constant potential and on series-arc circuits 
of all voltages. To prevent the possibility of double-braid wire being used 
for voltages over 600 and to reduce the number of kinds of wire used, it is good 
practice to have all No. oooo wires and smaller covered with triple braid. 
Ordinarily cables larger than No. oooo are not used on voltages above 600 
and may therefore be double braided. 

Object of Insulation on Overhead Wires. — The insulation on over- 


head conductors is solely for the purpose of limiting the short-circuit current 
due to an accidental cross or grounding. The normal insulation of the line i3 
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maintained by the insulators alone (see below); any reinforcement obtained 
^' from the insulation on the conductors is neglected in practice. While weather- 
^ proof braid is an imperfect insulator, it serves to eliminate the greater propor- 
C^ tion of the short-circuits and arcs which would occur, due to momentary contact, 
5 — were bare wires used. Rubber and other more perfect insulators are not used 
^' — because of expense and the impossibility of maintaining perfect insulation, 
^ due to weakness, against mechanical injury and deterioration. 
2d Bare wire is usually used on circuits operating at 10,000 volts and over to 
^  &void giving a false sense of security. For voltages between 2500 and 10,000 
^' insulated wire is often used, though the protection afforded is doubtful. 


Extra Cost and Weight due to Weatherproof Braids.— In estimating 

the cost of a distribution line, the additional weight and cost of the weather- 

2 proof braids should be taken into account. The following is a rough com- 

3^ parison of bare, double-braided and triple-braided copper wire, the cost being 
* based on copper at 15 cents per pound. 


COMPARISON OF BARE AND WEATHERPROOF COPPER WIRES 


Relative Costs 


Relative weights 


Conductor 


«f Triple 
Braid 

y 

" MIRO a me Oe ee le 

«’ | No.6 B. & S., solid| 100 123 141 

x” | 500,000 cir. mil cable| 100 112 121 


/& The cost and weight of weatherproof insulation for aluminum wires are greater 
s. than for copper of the same conductance on account of the larger cross-section 
Of conductor required. 


,  Insulators for Overhead Lines. — City distribution circuits are ordinarily 
^" carried on double-petticoat deep-groove glass (D.P.D.G.) insulators; see article 
ei on Insulators for Overhead Lines. 


Tie Wire. — The conductor is attached to the insulator by a tie wire of 
, the same material as the conductor, though soft wire is usually employed even 
+ for hard-drawn conductors; the tie wire is either bare or insulated to corre- 
19 spond to the conductor. The size of tie wire is often the same as that of the 
w conductor; for small wires it is merely a piece of conductor. With large 
$9 conductors it may be as much as three sizes smaller. See also the section on 
W Installation in the article on Wires and Cables, Bare. 
6 Pins. —See article on Insulator Pins. 


av Cross Arms. — See article on Cross Arms. 
3! Poles. — See article on Poles for Overhead Lines. 


" DESIGN OF CITY DISTRIBUTION LINES. — City distributing SyS- 
P tems should be designed so that service may be given to any building in the 

aty and ultimately to every building present and future. On certain streets 
7 pole lines may be omitted without defeating this object. The arrangement of 
j lines which will serve scattered customers with the least number of poles will 
j usually contain many poles which should not be used if the ultiraate arrange- 
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ment were immediately constructed. Preliminary studies and designs should be 
made, first, of arrangements suitable for servicing the initial expected custom- . 
ers, second, of arrangements for ultimately servicing customers on every lot in 
the city, third, of a plan of extension by which the initial arrangement can be 


extended to the ultimate with the minimum expense in changing lines and 
services. 


The Pole Line. — The pole lines perform two functions: (1) of carrying 
feeders from the station to the mains and (2) of carrying the mains supplying 
services to buildings immediately adjacent. In the old cities of the eastern 
part of the United States where the streets are crooked general rules for sys- 
tematic line work cannot be followed far. In the newer cities of the West and 
South the streets are laid out at regular intervals and at right angles, dividing 


the city into rectangular blocks of equal size. In such cases the following 
rules should be followed: 


(1) A pole line should continue on the same side of the street throughout 
its entire length and disconnected lines built in the same street should be on 
the same side, so that they may be connected when desired without crossing 
the street. 

(2) The spacing between poles should be an exact divisor of the length of a 
block (including cross street), giving a uniform number of poles per block. 

(3) Whenever the line crosses a street where there is, or may be, an inter- 


secting line there should be a corner pole on the proper side of the intersecting 
street for making a junction. 


'These rules logically lead to the use of corresponding sides of all parallel 
streets. 

When each block contains lots fronting on all four surrounding streets the 
servicing of every lot in the city would require poles on all streets, though on 
the streets in at least one direction the lines may be discontinuous. Often the 
lots all front on the streets in one direction, which are laid out to be principal 


streets, in which case no service lines are necessary in cross streets, though at 
intervals connecting lines are necessary. 


Trunk Lines. — Where the location of power house or substation 
is fixed, trunk lines must be laid out from such point, but often a study of pos- 
sible trunk-line arrangements made before the location of the power house 
is fixed will show that other locations are more advantageous. If distributing 
station (power house or substation) is centrally located, there should be at 
least four main trunk lines (of poles) from it, say north, east, south and west. 
A short distance from the station they should be divided into branches, then 
subdivided into smaller branches and finally merge into the service lines. 
The trunk lines should be laid out: (1) on back streets where the large poles, 
numerous and heavy wires and heavy guying will not be conspicuous, (2) on 
side streets or streets little built up so that interruption to service due to fire 
in adjacent buildings will be infrequent, (3) on streets where there are few 
trees, (4) on streets where there are no jogs or offsets to weaken the line and 
require heavy guys, (5) on streets which lead directly to the section supplied, 
penetrate its center and intersect the maximum number of service lines. Even 


when the station location is excellently chosen these desirable conditions will 
have to be compromised to a serious degree. 


Street and Alley Service Lines. —With the symmetrical arrange- 
ment of lots described above there is often an alley through each block parallel 
with the principal streets. Under these, conditions there is therefore a choice 
of two methods of laying out the lines: (1) run the lines on the principal streets 
ee tha hances fram the front and (03 rin the Enae in the alleve cervicil? 
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the houses from the rear. The disadvantages of the first are unsightliness 
of the poles and wires, difficulty of avoiding or of trimming shade trees; the 
disadvantages of the second are discontinuity of alleys, proximity of buildings 
(inflammable barns and out buildings in residence districts and of windows and 
fire escapes in business districts) and lack of established grade. 


Where it is necessary to remove poles 
ad wires from private property the pole 
nd mains only. 


ers, secondary mains and services. Some- 
€ servicing is done from a single centrally located pole and at others 
there may be a pole line of several spans length running longitudinally through 
the block. The most serious disadvantage of this method is that the poles and 


— Where a distributing 
| navigable waterway the connection is usually made 


ing usually used for alternating currents to avoid 
Two conductor cables may conveniently 
give a true circular exterior. In laying cables it is 
Pproximately parallel. Where one crosses under an- 


the masts of ships, 


Calculation of Size of Wires. — The size to be used depends upon the 


ted, considering the probable growth of 


€ load. The following table of per cent voltage drop in the various lines is 
Teptesentative of ordinary practice. bd 
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Secondary mains 
Transformers 
Primary mains 
Primary feeders 


The drop in the feeders is usually compensated for by raising the voltage at 
the substation or power station or by using voltage regulators; see Distribution 
and Transmisston Systems. 


Formulas for calculating the size of wire for a given length of line, given 
load and given distribution of load are given in the articles on Transmission 
Lines and Wiring of Buildings. Due to the uncertainty regarding the probable 
increase of load, a close calculation of the size of wire is seldom made, the en- 
gineer relying largely on his experience and judgment, making only a rough 
calculation as a check. For overhead lines 500,000 circular mils is usually 
the largest size used on account of the difficulty of supporting a larger wire; 
greater conductance is obtained by installing parallel circuits. For under- 
ground lines No. oooo B. & S. three-conductor cable is the largest size that 


can be conveniently drawn into the ducts; 1,000,000 c.m. is the usual maximum 
size of single-conductor cable used. 


Effect-of Diversity Factor. — It should be noted that in a distribution 
circuit the maximum load on a feeder is less than the sum of the maximum 
loads on the mains which it feeds, these in turn are less than the sum of the 
maximum loads on the transformers connected to these mains, and so on. 
Therefore, whenever a circuit divides or subdivides, the aggregate sectional 
areas should ordinarily be greater after division than before. The total drop 


in voltage from power house or feeding point to a customer’s lamp or motor 


is also usually less than the sum of the maximum drops in the parts of the 
circuit which are in series (such as house wiring, services, secondary mians, etc.) 
bccause these component drops do not have their maximum value simulta- 
neously. 


Stresses on Poles. — An overhead line is a framed structure. The poles 
are struts resisting the weight of wires, including sleet on the conductors, etc., 
insulators, cross arms and transformers and the downward pull of the guy 
wires. The horizontal pull of the line wires is balanced by the horizontal 
component of the pull of the guy wires, which transmit it to the ground. In 
addition to being struts the poles resist certain bending stresses, but these 
should be but a small part of the normal horizontal tension of the wires. 
The principal normal bending stresses are of two classes: (1) constant stresses, 
due to the unbalanced pull of service and other wires which do not exert 
sufficient force to require guys, and (2) variable stresses, due to the force of 
the wind at right angles to the line on both the poles and the wires. Poles 
also resist a twisting force where the tension on one side of an arm is greater 
than on the other, due to a difference in the number or weight of wires 


ending on the two sides. The poles, wires and guys should be so disposed 
that the bending and twisting forces on the poles are insi 


gnificant. The 
calculation of the strains produced in a pole is given in shesaaiiale.dii Bale 
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Arrangement of Wires on Poles.— The arra 


by mechanical, electrical and practical considerati 
it is desirable that: 


1. The largest wires be on the lowest cross arm 
ing stress on the pole to a minimum. 

2. The largest wires be on the pins nearest the 
bending stress on the cross arm to a minimum. 

3. The wires be arranged symmetrically 
cially those which end at the pole, in ord 
the pole to a minimum 


For electrical reasons (which, however, 
sirable that: 


4. The wires of any one circuit be as close together as practicable (on adja- 
cent pins), in order to reduce the self-inductance of the circuit. 
5. The wires of a three-phase 


circuit be arranged to form the edges of an 
equilateral prism and the wires of i 


ngement of wires is governed 
ons. For mechanical reasons 


, in order to reduce the bend- 
pole, in order to reduce the 


on the two sides of the pole, espe- 
er to reduce the twisting stress on 


are of minor importance) it is de- 


placed as far apart as practicable, in 


or practical reasons it is desirable that: 
7. The highest voltage wires be on 


8. The mains, which h 


9. The arrangement be systematic throughout; this is absolutely essential 
for safe and economical operation. l i 


portance, resulting, for example, 
that the three wires of a three- 


currents in a parallel circuit, even 
no metallic connection between the two circuits. It is possible, 
Owever, by Properly transposing equal alternate 


a > wires forming the two sides of each of 2&7 7X >—~— 
x parallel Circuits, to neutralize these effects. F ig. 1 


whereby a two-wi 


9 
at the neutral point. See also Transmission Lines. . 
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Methods of calculating the induced voltage and induced currents in one 


line due to currents and voltage in a neighboring line are indicated in the 
articles on Inductance and Capacity. 


Disturbances in Telephone Circuits due to neighboring power circuits. 


are the most common results of electromagnetic and electrostatic induction. 
When the power circuit is grounded and carries either (1) fluctuating direct 
currents (e.g., a d-c. railway) or (2) alternating currents it may produce a 
noise in the telephone receiver, even though both the power circuit and tele- 
phone line are transposed. See also Telephone Lines. 


Trees. — Trees constitute the most serious obstacle to the proper planning, 
construction and operation of overhead lines. The principal methods of meet- 
ing this difficulty are (1) avoiding them, (2) going over them, (3) going under 
them, (4) going through them. In most cases a combination of these methods 
is used. Where trees are a serious factor it is necessary to examine the route 
of every line in detail and the size and location of the trees may become the 
determining feature of the whole design. In such cases nearly all rules of 
good construction and systematic arrangements are violated in the interests 
of expediency. 

'The methods by which trees may be avoided are: using alleys instead of 
streets, or vice versa, choosing streets without trees for important lines, taking 
side of street with fewest trees, and finally the very bad arrangement of crossing 
the street back and forth to avoid the trees either individually or in groups. 

The plan of going over the trees is the proper one in the case of all small 
trees and is perfectly satisfactory until the trees grow up and touch the wires. 
It is therefore only a temporary method, especially where the trees are of tall, 
quick growing varieties. In. going over small trees it is well to have poles 
tall enough to allow for wires clearing after several years growth. It is usually 
impracticable to go over large full-grown trees because of cost of poles, un- 
sightliness of very tall poles, and the difficulty of properly guying them.to 


resist wind and the unbalanced pull of wires, which is magnified by the great 
leverage. 


the tops of tall trees. 


In the case of very large trees it is sometimes practicable to take the wires 
under the trees on short poles. Where the wires pass the trunks it may be 
necessary to spread them or necessary to’ pass between large branches, with 
insulators fastened to the trees to maintain clearance. While such a line may 
be kept fairly clear under normal conditions, there is apt to be trouble during 
storms from branches falling on the wires or from limbs bent by wind or snow 
touching them. 

With trees of moderate size it is usually necessary to take the wires through 
the trees among the leaves and small branches. Such wires are a constant 
source of trouble and expense. The branches and leaves should be trimmed 
from around the wires as much as possible, including not only those in contact 
with the wires but such as will be brought into contact by wind or which will 
grow into contact during the season. In addition it is usual to protect the 


wires in the worse places by tree insulation consisting of split tubes of wood 
or bamboo. 


Pole Transformers. — The primary (1100- or 2200-volt) mains are usually 
run to transformers mounted on poles and the voltage there stepped down to 
the lamp or motor voltage (110 or 220 volts), and secondary mains run from 
the transformer to the buildings in the immediate vicinity. These transformers 
usually range in size from % to 50 kw., but transformers of % kw. were form- 
erly common and transformers larger than 5o kw. are sometimes used in factory 
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together) does not have to be considered. Very small transformers are ob- 
jectionable because of their poor regulation, lower reliability and the cost of 
frequently changing them as the load increases. 


Use of Single and Polyphase Transformers. — Transformers are 
usually of the single-phase type, two being used for motors on two-phase cir- 
cuits and two for small motors and three for large motors on three-phase circuits. 
Three-phase transformers are also used for motors on three-phase circuits, and 
have the advantage of reducing the amount of wiring on the poles. Single- 
phase transformers have the advantage of being interchangeable between the 
single-phase lighting and polyphase power circuits where the same voltage is 
used 


. 


Voltage Ratios of Pole Transformers. — Lighting transformers were 
early standardized with voltage ratios based on multiples or submultiples of 
10:1, that is, 1000 and 2000 volts primary to 50, 100 or 200 volts secondary, 


windings based on a ratio of 9 
secondary voltage of approximately 115439. 


changeable. Of the two ratios 
more extensively used, gives a 
agrees better with the 
been Standardized. 


Service Wires. — The service wires are those which connect the house 
Winng with the main on the Street. Usually these wires extend in a single 
Span from the nearest pole to the house. At the house th 


the ro: r ratio is preferable, because it is the 
higher voltage for primary distribution and 
general principles according to which voltages have 


iring of Buildings. 

e pole the service wires are sometimes attached directly to the mains 
tari o eM while this is the easiest method it has the disadvantage 
injured hee in the service wire will come on the mains, which may also be 
Injured by the attaching and detaching of numerous service wires. When the 
Service wires d 
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Front and Rear Servicing. — When houses are serviced from & pole 
line on the street the service wires usually enter the front of the house while 
if serviced from alley they enter the rear. Service wires can be run around 
detached houses from front to rear on brackets on the wall, but this is unsightly, 
expensive and increases the service wire drop. Service entrances can be changed 
by changing the inside wiring, but the expense is usually heavy and the damage 
to decoration of rooms sometimes makes it prohibitive. In the wiring of a 


building the error is frequently made of bringing out services without regard 
to location of supply lines. 


Attic and Basement Servicing. — The service-wire entrance and the 
center of distribution in the house is generally in the attic for houses serviced 
overhead and in basement for those serviced underground. Buildings ar- 
ranged for underground service are sometimes supplied from overhead lines 
by taking service wires down poles and under sidewalks in iron pipes. 

In changing an existing system from a street to an alley distribution, or 
from overhead to underground service, the center of distribution in the house 
must be correspondingly changed, or a connection run from the new service 
entrance to old center of distribution large enough to carry the current without 
unduly increasing the drop. 

Sectionalizing of Distribution Circuits, Fuses and Cut-Outs. — An over- 
head alternating-current system supplied from a single bus is sectionalized: 
(1) at the switchboard in power station or substation into circuits having no 
external interconnection by knife switches or oil switches with fuses ‘or auto- 
matic trip; (2) at the poles where long branches leave, by transformer cut- 
outs, either fused or solid, or by pole-type oil switches; (3) at transformer 
primaries by fused cut-outs, Switches and fuses are used but sparingly in 
the primary mains, and in a small compact circuit none are necessary. No 
switches or fuses are ordinarily used on the secondary side of transformers 
or on secondary mains. Occasionally transformers have been provided with 
switches in secondary side so that part of the transformers on a network could 
be cut out during times of light load to save core-loss. Such sectionalizing 
has been little used, as the small savings have not justified the complication, 
care and hazard to service due to mistakes. 

When several transformers feed the same secondary main, the opening of 
& primary cut-out, either by blowing of fuse or by hand, does not make the 
transformer primary dead, as it is still alive from the secondary side. In case 
the fuse of one transformer on a secondary network blows the additional load 
thrown on an adjacent transformer may cause the fuse of that to blow, and all 
transformers to go out in succession. Under these conditions the fuses cannot 
be replaced in one transformer at a time. To avoid the interruption to service 
involved in leaving the fuses out until a time of day when one transformer 
can carry the whole load temporarily, or in having the whole primary circuit 
out while the fuses are replaced, it is sometimes possible to have all the trans- 
formers on a single secondary network on the same branch of the primary 


main, this branch being sectionalized from the rest of the primary circuit by 
a switch. 


Lightning Protection. — (See also article on Lightning Protectors.) Prac- 
tically all disturbances from lightning enter a system through the overhead 
distributing circuits. The most serious effects are not to the distributing 
circuit itself but to the switchboard and machinery in the station. The effects 
on the circuit consist of splitting of poles, puncturing of insulators, puncturing 
oí transformers, blowing of transformer) fuses, There may also be damage 
to meters or appliances on the premises of consumers. The protection prim 
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cipally to protect station apparatus), (2) lightning arresters at intervals on 


the lines, (3) ground wires over the lines, (4) lightning rods on poles and (5) 
grounding of the circuit. 


Use of Lightning Arresters. — On alternating circuits lightning arres- 
ters are used at intervals on the primary but not on the secondary circuits. 
The amount of line which a lightning arrester will protect is less the more 
severe the lightning discharge. It is impracticable, and probably impossible, 
to space the arresters close enough together to absolutely protect a circuit. 
Theoretically the number of arresters used should be such that the sum of 
the loss due to the damage by lightning and the expense of providing and 
maintaining arresters to avoid damage is a minimum. The effects of lightning 
are too variable and the money loss due to interruption of service is too in- 
determinate to admit of correct distribution of arresters being determined by 
calculation. In practice it has been found that when no arresters are used 
many lightning discharges of considerable intensity do no great amount of 
damage, also that where the arresters are used much of the damage done is 
to the arresters themselves, and that their failure is a cause of a considerable 
number of interruptions to service. It is usually well to begin by using arres- 
ters sparingly on the lines and putting additional arresters on if found neces- 
sary. The maximum number of arresters would be reached when one was 
provided for each transformer bank. 

The importance of lightning protection is greatest in a composite system, 
and in most cases underground or submarine cables should be protected by 
lightning arresters wherever they connect to exposed overhead circuits. 

Ground wires are principally used over transmission lines but may be used 
to advantage over city distribution wires in exposed places. Where adjoin- 
ing buildings and trees are higher than the pole line, these foreign objects 


answer the same purpose and little additional screening effect will be obtained 
from a special ground wire. 


RECORDS OF CIRCUITS. — Overhead line construction is constantly 
changing due to erection, moving and removal of poles, extension of mains, 
connection and disconnection of service, erection and changing of location 
and size of transformers. The ease with which changes may be made in the 
lines necessitates a system of records in such form that any details can be 
changed at frequent intervals without making a completely new record. The 
great amount of complicated detail subject to frequent change makes it imprac- 
ticable to record every feature. In compiling a system of records it is therefore 
important to determine: (1) what features should be recorded and what omitted, 


2) a method of recording information which will be easily corrected. Written 
records and maps are both used, though for most purposes the latter gives 
a clearer, more comprehensive and useful record. 


Maps of circuits have usually become useless, soon after they have been pre- 
pared either because obsolete from lack of correction or unintelligible because 
Ot successive erasures and interlineations. The following method of keeping 
map records has been found to give good results: (1) a map of the circuits 
( Prepared on tracing cloth, giving the circuits on the date of preparation; 
a, blue print is taken from this tracing and all changes marked in pencil 
reek on this print, the print and not the tracing being used for correcting 

d reference; the tracing is not subject to wear or tear; (3) before the blue 
viens becomes illegible from correction or wear the accumulated corrections are 
s den the tracing and a new up-to-date blue print substituted, and the process 
Su. The corrections on the blue print can be made by line foremen 

A i unskillful persons, at the time that the line changes are made, while 

se on the tracing should be made by a draftsman who will make them neatly 
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and with minimum damage to the cloth. If no colored inks are used on 
parts subject to change, such a tracing will last a long time and will only have 
to be redrawn when changes have become so numerous or radical as to amount 
to a rebuilding of the circuits. 


COST OF DISTRIBUTION CIRCUITS. — So many varying items enter 
into the cost of a complete distribution system that it is impossible to give 
comprehensive figures of general application. A cost of from $100 to $200 per 
kilowatt of maximum load at the distributing switchboard may be taken as 
an indication of the magnitude of the total cost of an overhead distribution 
system for both light and power, including all outside construction from the 
power station or the substation to the customer’s service inlet, including 
meters. 


BIBLIOGRAPHY. — Gear, H. B., and Williams, P. F., Electric Central 
Station Distributing Sysiems, N. Y, 1912; Reports of Committee on Overhead 
Line Construction, Trans. N.E.L.A., 1910, 1911, 1912 and 1913; Spencer, P., 
Line Construction for Overhead Light and Power Service, Trans. N.E.L.A., 1906; 
Macdonald, J. E., Practical Joint Pole Construction, Trans. AIEE, 1912, Vol. 
31; Way, S. B., Departure from Standard Practice in Distribution Methods, Trans. 
N.E.L.A., 1910; Report of the Committee on Distribution Lines, Trans. NELA, 
1913; Roper, D. W., Experiences with Line Transformers, Trans. A.I.E.E., 1914, 
Vol. 33. 
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DISTRIBUTION AND TRANSMISSION SYSTEMS. — (See 
also Aliernating Currents; Conduits and Conduit Lines; Distribution Lines; Elec- 
tricity and Magnetism, Principles of; Ground Connections; Grounding of Electric 
Circuits; Insulators for Overhead Lines; Insulator Pins; Poles for Overhead Lines; 
Power Stations; Substations; Transmission Lines; Trolley Systems; Wiring of 
Buildings; Wires and Cables.) 

This article treats of the following subjects: 


Constant Current or Series Systems...............cccececececceceeuecs p. 363 
Thury Systèmes i recorte doa oc teinecibus ique wees 364 
Constant Potential or Multiple Systems................ccccececececece 364 
Combination of Light and Power. ....................... r— " 365 
Tree Systém RM" 365 
Feeder and Main System...............cccevcccaccceccccccecuces 366 
Two- and Three-wite Systems. ............cccccecececccccecucece 366 
Alternating-current Systems......... ET E Sul s de reed 307 
Polyphase Systems............ccccncceccesevcuccusccececteucecses 367 
Frequency 4025s oraes ce mivetd s orsus ubetddakeuaiue toons eases 368 
Relative Voltages and Weights of Copper.............cecceceecceccees 369 
Voltages for D-c. and A-c. Systems.. s... os 00 ccc cece ccc scececceueeeeess 370 
Circuits for Typical City Distribution..............0...cccce eee eee. 371 
Efficiency of Distribution........ Vowssa hes E dL LEE e de a A HAE 371 
1/0) Sere teren uxncedefas TORRE Quod uxa ie Lci LET LEE os 372 
Voltage Control. ci e004 sce occa ewnaialviesss ri rn pas e case hoe: 373 
Balancing of Load... ves ooo Se Yos d EE datacna bok 375 


The design and construction of pole lines and underground circuits are treated 
in detail in the articles on Distribution Lines, Conduils and Conduit Lines, Trans- 
mission Lines, and Wiring of Buildings. Requirements regarding the grounding 
of circuits and methods of making ground connections are treated in the articles 
on Grounding of Eleciric Circuits and Ground Connections. . 

Circuits designed for transmitting relatively large amounts of power from 
one fixed point to another are called transmission lines, while those for deliver- 
ing small amounts at numerous points are called distribution circuits. Trans- 
mission lines usually have no or few branches, while it is characteristic of 
distribution circuits to have many branches. The various systems of transmit- 
ting and distributing electric energy for light and power may be classified under 
two general heads, viz., constant current or series and constant potential or 
multiple systems, and each of these may be subdivided into direct-current sys- 
tems and alternating-current systems. mE 

CONSTANT CURRENT OR SERIES SYSTEM. — The lamps or other 
devices are connected in series and the current through them is kept constant, 
the voltages varying automatically to increase or decrease the energy delivered. 
It is the principal system used in the United States for street lighting, but is 
now little used for any other purpose. At one time such circuits were exten- 
sively used for commercial arc lighting in stores, but the series arc became 
obsolete for commercial use when the arc lamp was perfected for use in multiple 
circuits, The value of the current used for street lighting ranges from 1.75 to 


` 9.6 amp., depending upon the type of lamp used. 


Source of Current. — Direct current for series circuits is usually ob- 
tained’ from d-c. series generators (see Generators, Direct-Current) or from an 
a-c. circuit by rectifying the alternating current from a constant-current trans- 
former (see Rectifiers); adjustable resistance in series in a constant potential d-c. 
circuit is sometimes used. Alternating currentis usually obtained froma constant- 
current transformer on a constant potential a-c. circuit; other methods some- 
times used are an adjustable resistance or reactance in series on constant poten- 
tial a-c. circuits and by automatic regulating reactance coil on a constant 


potential a-c, circuit, 
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Cut-Outs, By-Passes and Transformers. — Switching out of lamps on 
series circuits is accomplished by short-circuiting them; this leaves the lamps 
charged to the potential of that point in the circuit. To make them safe to 
handle “absolute cut-outs” are used which also disconnect both conductors to 
the lamp, leaving the circuit closed. 

To avoid the excessively high voltage which would occur when the circuit 
opened, due to series incandescent lamps burning out, an automatic by-pass 
is provided in multiple with the lamps, sometimes consisting of a piece of paper 
which punctures on a moderate rise of voltage, or of a choke coil which takes 
but little current at normal lamp voltage. Sockets for series incandescent 


lamps are arranged to automatically close the circuit when the lamp is with- 
drawn. 


Transformers, one at each lamp, are sometimes used to insulate the secondary 
circuit containing the lamp from the primary or for reducing the current for 
low-current lamps used in series with lamps taking higher current. 

Advantages and Disadvantages of Series Lighting. — Constant current 
or series systems have the advantage that low-voltage lamps may be used on 
high-voltage circuits without the expense, losses or complication of transforma- 
tion. They have the disadvantage that the lamps are dangerous to handle, 
the efficiency is low at light loads and it is impracticable to distribute any large 
amount of power on a single circuit. In the series system the current and 
consequently the loss in the conductor is the same irrespective of the load, 


while in the multiple system, the current is proportional to the load, and the- 


watts lost in the line therefore vary as the square of the load and the per cent 
loss directly as the load. For this reason the series system is not an economical 
one where the load varies and averages much below full load, which is the case 
with most commercial loads. For street lighting where all the lamps are turned 
on and off at once the efficiency at partial loads is of no importance. In constant- 
current systems the resistance of the circuit does not affect the uniformity of 
the voltage on the lamps at different parts of the circuit, while with constant- 
potential systems it does. For a scattering load of lamps, such as street lamps, 
a uniform light can therefore be obtained from the several lamps, with a much 


smaller weight of copper and fewer wires by using the series than by using the 
multiple system. 


Thury System. — In Europe the constant-current or series system, with 
direct current of extra high voltage, has been used for long-distance power 
transmission under the name “Thury System." The current is obtained by 
connecting several generators in series, and is utilized by a number of motors also 
in series. The advantages are simple switchboards, no transformers and mini- 
mum strain on line insulators, the latter due first to the fact that in direct 
current the effective voltage is as high as the maximum voltage, and second, 
that in a constant-current system the working voltage only remains at its max- 
imum value during the short period when the load is also a maximum. Among 
the disadvantages are the necessity for insulating frames of generators and 
motors, need of speed governors on motors, necessity of converting the current 
by moving machinery in every case where it is used for lighting and in most 
cases for power. The Thury System is not used in the United States. 

CONSTANT-POTENTIAL OR MULTIPLE SYSTEM. — In this system, 
which is the one principally used for electrical distribution, the voltage between 
conductors is kept as constant as practicable and the current varies as the load 
changes. The degree to which the voltage approximates constancy through- 
out the system is called the “regulation” of the system, 


Use of Direct or Alternating Current. — Either direct or alternating current 
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heating effect of the current is used, including the lighting of carbon and tung- 
sten incandescent lamps, cooking and heating. For certain purposes, where 
the current effects chemical or physical changes, such as charging storage bat- 
teries and electroplating, direct current is essential; for other purposes, such 
as operating arc lamps and tantalum incandescent lamps, it is better; whereas 
for other purposes, such as for Nernst lamps, the alternating current is better. 
For motive power, the direct current is most favorable where acceleration, 
variable speed and adjustable speed are desirable, whereas alternating current 
gives best results where uniform unvarying speed is desired. While the fields 
of the two kinds overlap to such a large extent that either kind can be used for 
general distribution, it is found that it is often more advantageous to use both. 
For low-voltage, underground distribution, direct current is advantageous 
because the heavy currents can best be carried on single conductor cables; no 
subway transformers and no small, high tension fuses are required. 

Alternating current may be supplied either directly from the generators 
in the power station or from the secondaries of transformers in substations. 
Direct current may be supplied either directly from direct-current generators 
or from converter substations (see Substations, Railway) supplied with high- 
voltage alternating current. 


Light and Power Circuits. — For a load consisting of both electric lamps 
and electric motors the same circuit may be used throughout for both classes 


`of service or entirely or partially independent circuits may be employed. The 


use of the same circuit throughout for light and power service has the advan- 
tages of reduced number of wires, transformers and meters, reduced weight of 
wire, and reduced capacity of transformers and meters, whereas the use of sepa- 
rate circuits for light and.power has the advantage of requiring less capacity of 
feeder regulators and, sometimes, of less weight of wire for the same perfection 
of regulation on the lighting circuits and also simplifies the problem of bal- 
ancing the phases in polyphase distribution (see below). In the business dis- 
tricts of many cities the Edison three-wire direct-current system is used, in which 
case light and power are usually supplied from the same circuit, the motors as 
a rule being connected to the outside wires. In business districts where the 
lighting is done by alternating current the lighting is frequently on single-phase 
circuits and the power on separate polyphase circuits or on soo-volt direct- 
current circuits. In residential districts, where the lighting is done by single- 
phase alternating current, small motors are usually put on same services as the 
lights; whereas larger motors (from 1 to 5 and in some instances as large as 15 
horse-power) are put on separate meters, services and transformers, but the same 
primaries are used for both services. In factory districts when the power is the 
predominating load and is supplied by polyphase circuits the incidental lighting 
is sometimes taken off the same services, but usually there are separate meters 
and transformers. There are a large number of cases where the same polyphase 
primaries are used for power and light with separate transformers and second- 
aries; in these cases the lighting transformers are usually distributed as equally 
as convenient between the several phases, in order to balance the load, though 
occasionally they are all connected to a single phase. In a few cases the same 
secondaries have been used for power and light usually on the four-wire three- 
phase plan. 

Circuits with Branches. — There are two methods of providing proper dis- 
tribution circuits for an extensive area, known respectively as the “tree system" 
and the feeder and main system. The former is the most extensively used but 
is not susceptible of providing as good voltage regulation as the latter. 


Tree System; Interconnected Networks.— The simplest method of 
constant-potential distribution is to run one set of wires through the middle of 
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D 
the district to be served, running branch wires from them wherever convenient | 
for reaching loads at the sides. At the beginning, the single set of wires is | "tere 
large enough to carry the whole current, but the size is diminished as the current . | "eeu 
branches off. In this system adjacent branches will often have widely different Tt [disce 
voltages, due to unequal drop because of varying loads. If wires are run con- Ue itis 
necting the out-lying ends, currents will flow and partially equalize the differ- Wirt 
ences in voltage. This plan, if carried out systematically, develops into a e dierent 


network, usually composed of two sets of parallel mains crossing at right angles 2 prer he 
and connected at each point of crossing. l 


Feeder and Main System. — It is practicable to keep the voltage on Ta 
the customers’ electric lamps within 2 to 5 per cent of being constant, even oe 
when it is necessary to raise the voltage of the generators from 10 to 20 per cent, lies 1 
from no load to full load, by arranging the distribution circuits on the feeder Wiis 
and main plan. The area to be served is first divided into compact sections; ee 
each small enough to be fed from a central point with a voltage drop within He 
the desired percentage. A system of wires called “mains” are run from this E lie 
central point, called the “feeding point," or "distribution center," to the d É 
customers. The mains form a little circuit originating at the feeding point à 
instead of at the power house; they may be arranged on either the tree or inter- UTER? 
connected network plan. A set of wires called “feeders” is run from the power 
house to the feeding point. As no current is taken off at intermediate points, : 
these wires are not tapered and any desired drop of voltage may occur in the ' | ™ aj 


feeders without affecting the lamps, provided the power-house voltage is raised — | sq, 
proportionally. 


Two-wire System. — The simplest multiple system is the two-wire system, me 
where all devices are connected directly in multiple. This system is used very : 
extensively for direct-current light and power, from isolated plants, for power Lr 
circuits (usually 500 volts) and railway circuits from central stations. Itis | "x: 
also used for single-phase alternating-current distribution for both primary | =% 


and secondary circuits. den 

Edison Three-wire System. — The three-wire system, Fig. 1, isobtainedby [|  ! 
replacing the out-going wire of one two-wire system and the retum wire ofa | ?*: 
second two-wire system by. a ike Ha h 
single wire, called the “neu- x] 
tral.” The voltage between . iis 
the outside wires is then double Neutral = i 
the voltage between the neu- M 
tral and either outside wire. Outside _ ic 
For example, 110-volt lamps ~~ is 


may be connected between Fig. 1, Three-wire System 


the neutral and either outside wire, and 220-volt motors may be connected | : 
between the two outside wires, and both the lamps and motors be supplied f % 
with their rated voltage. The neutral wire carries a current which depends | & 
. only upon the difference in the loads on the two sides of the system and their | t 
distribution. Asa rule the neutral of a three-wire main is made equal in cross- 
section to each outside wire. With perfectly balanced load the three-wire sys- | $ 
tem with all three wires of the same size results in à saving in copper of 62.5 


per cent as compared with a two-wire system supplying the same load at the | 3s 
same regulation. 


Fa 

The three-wire system is used very extensively for direct-current light and 
power distribution from central stations, also for large isolated plants and for $ 
alternating current for lighting on the secondary circüit; "Three-wire systems | y 


are usually xro volts on each side of neutral, or 220 volts between outsides, 
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though there are several systems using 220 volts on each side and 440 volts 
between outsides. 

The Edison three-wire distribution system, as used in the business sections 
of large cities, consists of a set of interconnected three-wire mains supplied by 
two-wire or three-wire feeders from one or more power houses or substations. 
The different feeders feed into the same set of mains at different points. At 
the power house or substation end the feeders are often all supplied from a 
common bus, though where there is a great difference in the length of the feeders 
there are sometimes two busses which are run in multiple when the load is light 
but separated when it is heavy, the short feeders on one called the ‘‘low bus,” 
and the long feeders on the other called the “high bus," because of the relative 
voltages. As the feeders from the several substations connect to intercon- 
nected mains, the bus voltage in each is raised or lowered in accordance with the 
drop in its own feeders. All mains which connect feeding points supplied from 
& given bus are made large enough to allow large equalizing currents to flow 
through them, without requiring any great drop in the mains, in order to equalize 
the voltages at these points. 


ALTERNATING-CURRENT SYSTEMS. — The simplest form of alter- 
nating-current system is the single-phase system, for which the connections are 
exactly the same as for the direct-current systems. Both two-wire and three- 
wire circuits are used, the former for primary circuits and small secondary 
circuits and branches, and the latter for large secondary circuits. The princi- 
pal use of single-phase circuits is for electric lighting and auxiliary uses, such as 
heating or cooking, and fan motors. For delivering large amounts of power 
a two-phase or three-phase system is generally used. 


Two-phase Systems. — In this system there are two single-phase currents 
having a difference in phase of go°, or a quarter of a cycle. These currents 
may be distributed on the three-wire, four-wire or five-wire system; see also 
under Transformer Connections in the article on Transformers. 


Three-wire Two-phase Systems. — Each single-phase current has a 
separate outgoing wire but unites in a common return wire. Each two-phase 
motor has two circuits, each connected between an outside wire and the return 
wire. The voltage between the two outside wires is 41 per cent greater than 
between outside wire and return wire and the current in the return wire is 41 
per cent greater than in each outside wire. This is an unsymmetrical system 
and has the disadvantage that even a balanced load will cause a distortion and 
unbalancing of the delivered voltage of the two phases because of the unsym- 
metrical drop in the common return wire. 

,  Four-wire Two-phase System. — Each of the two single-phase circuits 
has a complete, independent two-wire circuit. There are two variations, first 
where the circuits are insulated from each other, in which case a cross between 
either wire of one circuit with either wire of the other will change the voltage 
Stress to ground, but will not affect the delivered voltage or cause a short circuit; 


second, when the neutrals of the two circuits are connected. In the latter case, : 


Írom each wire of one circuit to either wire of the other circuit, the voltage is 
71 per cent of the voltage between wires of the same phase. The four-wire 
System with insulated phases is probably the most extensively used of the two- 
phase systems. 

Five-wire Two-phase System. — This is à modification of the four- 
wire system, with interconnected neutral in which the common neutral is ex- 
tended as a fifth wire, Lamps may be connected from each of the four wires 
to the neutral. The five-wire system may be considered as two three-wire 
single-phase systems, one for each phase, with a common neutral wire. — - 
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Three-phase Systems. — In this system there are three single-phase alter- 
nating currents with a phase difference of 120°, or of one-third of a cycle. These 
currents may be distributed on the three-, four- or six-wire systems. 


Three-wire Three-phase System. — Each single-phase current has a 
separate outgoing wire; the three return currents neutralize so that no return wire 
is required. The three wires are necessarily interconnected, the voltages are 
usually the same between any two and the currents equal in each of the three 
conductors, provided the loads on the three phases are equal, i.e., provided the 
load is balanced. When equally loaded the voltage drops in the three conductors 


are equal and symmetrical. This is the most extensively used of the three- 
phase systems. 


Four-wire Three-phase System. — This is a modification of the three- 
wire system in which a neutral wire is extended as a fourth wire. Lamps or 
transformers may be connected from each of the three wires to the neutral, which 
carries only the unbalanced current, due to the differences in loading of the 


three phases. The voltage between the three outside wires is 73 per cent greater 
than from each outside wire to neutral. 


Six-wire Three-phase System. — If to a three-wire, three-phase sys- 
tem, three wires are added, one with voltage midway between that of each pair 
of outside wires, lamps may be divided into six groups, between the three out- 
side wires and the three adjacent middle wires. The result is the same as 
though there were three single-phase three-wire circuits, one for each phase, 
with the six outside wires combined in pairs giving three common outside wires 
in place of the three pairs. When connected in this way, the three middle wires 


cease to be neutrals, as between the three there is a three-phase voltage equal to 
one-half of that between the three outside wires. 


'Six-phase System. — This is used for circuits in the interior of substations 


(q.v.), such as from transformers to rotary converters, but is not used for dis- 
tribution. 


Monocyclic System.— This is a variety of unsymmetrical polyphase system 
now obsolete. It may be regarded as a species of two-phase system with voltage 
on one phase one-fourth of that on the other and with the two wires of the larger 
phase acting as a common return for the small phase. 


Star or Y, and Mesh or A Connections. — See article on Alternating 
Currents. 


Transformer Connections and Phase Transformations. — See article on 
Transformers. 


Transformations of Systems. — Any electric system can be transformed 
to any other electric system by the use of rotating machinery; see Motor- 
Generators and Converters, Synchronous. This method is used chiefly for 
changing from alternating to direct current and for changing the frequency of 
alternating current. Conversion from alternating to direct current is also 
accomplished by means of mercury arc rectifiers, particularly for series d-c. 
arc lighting and for charging storage batteries; see Rectifiers. Conversion from 
any alternating voltage to any other alternating voltage at the same frequency 
is accomplished by means of transformers (q.v.). ` 

Frequencies in Use in the United States. — At present the two frequen- 
cies in most general use and adopted as standards in most new work are: 

60 cycles per second or 7200 alternations per minute, used by the majority 
of companies operating alternating-current lighting systems. 


25 cycles per second or 3000 alternations, generally used for alternating- 
‘current railway or power work or where the alternating current is to be converted 
‘nto direct current before final use. 
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In addition to the above other frequencies ranging from 140 to 25 cycles per 
second are in use as follows: 

140 cycles or 16,800 alternations. Formerly standard frequency of Ft. 
Wayne electrical works, now obsolete for new apparatus but still used in many 
small towns. 

133% cycles or 16,000 alternations. Formerly a standard frequency of West- 
inghouse E. & M. Co., and Stanley Co., now obsolete for new apparatus but 
still used in many small towns. 

125 cycles or 15,000 alternations. Formerly a standard frequency of General 
Electric Co., now obsolete for new apparatus but still used in many small towns. 

50 cycles or 6000 alternations. Used extensively in several large systems 
in Southern California. 

40 cycles or 4800 alternations. A compromise frequency at one time standard 
with the General Electric Co. used on several large systems in that part of New 
York state around Albany and including the General Electric Co.’s system at 
Schenectady. Also used by certain mills in New England and elsewhere. 

35 cycles or 4200 alternations. Used on the large system of the T.C.R.T. 
Co., in Minneapolis and St. Paul. 

33% cycles or 4000 alternations. Used by the P.G.E. Co., in Portland, Oregon. 

1638 cycles or 2000 alternations and 15 cycles or 1800 alternations have been 
proposed for use on single-phase electric railway work and it has even been 
suggested that they be standardized for that purpose but at the present time 
practically no progress has been made toward their introduction. 


Choice of Frequency. — For new light and power systems, the choice 


of frequency depends on (1) the frequency of existing systems in same or ad- 


joining territory, and (2) the proportion of load which will be direct current. 
It is generally advantageous to have a new system of the same frequency as that 
of existing systems in the same or adjoining territory, so that a physical con- 
nection can be made between them or load transferred from one to the other 
without the use of frequency changers. The choice of frequency now (1914) is 
in most cases confined to the two standard frequencies, 60 and 25 cycles. Aside 
from the question of matching adjacent systems, the choice depends principally 
on the proportion of current to be converted into direct current. Where all 
load is direct current, 25 cycles has the advantage; where all load is alternating- 
current lighting, 60 cycles is best. 

Use of Two Frequencies. — When the bulk of the load is direct current, 
but a small though important part is alternating-current lighting, two fre- 
quencies, 25 and 60 cycles, are sometimes used. Sometimes the two frequencies 
are generated by separate prime movers, though sometimes all current is gen- 
erated at 25 cycles and the 6o-cycle current obtained from frequency changers 
(see Motor Generators). 


RELATIVE VOLTAGES AND WEIGHTS OF COPPER REQUIRED 
FOR VARIOUS SYSTEMS. — The comparison of the various systems 
with respect to the weight of copper required, as tabulated below, is based 
upon the assumptions (1) that the energy delivered, (2) that the energy loss 
and (3) that the maximum voltage strain on insulation between any wire and 
ground are respectively the same for all systems. 

When the neutral or middle point of the system is grounded, then the maxi- 
mum voltage strain on the insulation to ground is the maximum instantaneous 
value of the voltage between any outside wire and neutral. In the case of an 
alternating sine wave of voltage the maximum instantaneous value is equal to 
V2 times the effective value determined by a voltmeter. When the neutral is 
not grounded then an accidental ground on any leg will throw full line voltage 
across the insulation between any other leg and ground. 
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On this basis of comparison, assuming a sine wave of voltage and 100 per cent 


power factor for the alternating-current systems, the relative voltages betweea 
outside wires and the relative weights of copper are as follows: 


RELATIVE VOLTAGES AND RELATIVE WEIGHTS OF COPPER 


Relative voltages 
between outers 


Relative weights 
of copper* 


Grounded 
neutral 


Insulated | Grounded | Insulated 
neutral neutral neutral 


Per cent Per cent 
Direct-current (2-wire) ........ 100 50 


Single-phase (2-wire) .......... 71 35.5 
Two-phase (4-wire),........... 71 35.5 
Three-phase (3-wire) .......... 61 35.5 


Per cent Per cent 
100 400 

200 
200 
200 


* Neutral wire not included; when neutral is added increase the figures given in the 
ratio of weight of neutral to combined weight of the outside wires for the system in 
question. For example, the addition of a neutral wire equal in size to either outside 
wire to a d-c. 2-wire system with grounded neutral gives a relative weight of copper of 
100 X 1.5 = 150 per cent. 

Effect of Power Factor. — To correct the above tabulation for alternating- 
current systems in cases where the power factor is less than unity divide the 
relative weight of copper given by the square of the power factor (i.e., for a 
single-phase two-wire system with insulated neutral and 7o per cent power 
factor the weight of copper will be 8000.70? = 1630). 


VOLTAGES FOR D-C. AND A-C. SYSTEMS. — Unless otherwise sped- 
fied the “voltage” of a polyphase system refers to the potential difference be- 
tween adjacent outside wires; see Alternating Currents for the relations between 
the various voltages. 

A considerable number of voltages are standard or semi-standard. In general 
they may be considered as derived from a lamp voltage of 50 or 100 multiplied 
by the factors 2, 3, 5 and ro, and increased by 4, 5, 10, 15 and 20 per cent for 
various reasons, principally to allow for line loss. In addition to this system 
of voltages there is another system which arises from the use of Y and A com 
nections on the three-phase system; these voltages are related to the above by 


the factor V 3 = 1.73, either as a multiplier or a divisor. For example, the 
voltage between the outside wires of a four-wire three-phase system supplying 


iis-volt lamps connected between each outside wire and neutral is V3 X u$ 
= 198 volts. 
Voltages Commonly Used. — The voltages most used are: 
Direct current: 
zoo to 120 volts Lighting, small power and field excitation. 
200 to 240 volts Power, lighting and field excitation. 
soo to 600 volts Power, electric railways. 
Alternating current, secondary distribution: 
100 to 120 volts Lighting, small power; 
200 to 240 volts Power. 
Ace to ago volts Power. 
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Alternating current, primary distribution: 
1000 to 1200 volts Lighting (obsolete). 
2000 to 2400 volts Lighting and power. 


Alternating current, intermediate distribution: 
$000 to 6000 volts Generating station to substation. 
6000 to 7200 volts Generating station to substation. 
10000 to 12000 volts Generating station to substation. 
12000 to 13200 volts Generating station to substation. 


Alternating current, high tension transmission: 


20000 to 24000 volts Generating station to substation. 
30000 to 36000 volts Generating station to substation. 
40000 to 48000 volts Generating station to substation. 
50000 to 60000 volts Generating station to substation. 
60000 to 72000 volts Generating station to substation. 
100000 to 110000 volts Generating station to substation. 


CIRCUITS FOR TYPICAL CITY DISTRIBUTION SYSTEM. — For 
a city covering a space ten miles square, with current generated at one point, 
a typical distribution would consist of the following lines: — 


(1) From generating station to substations; alternating current, 60 cycles, 
three-phase, 11,000 volts. 

(2) From lighting substations in business center; direct current, 110-220 
volts, three-wire. 

(3) From lighting substations in residence district; alternating current, 
60 cycles, one-phase, 2200 volts for house lighting, and alternating cur- 
rent, 60 cycles, one-phase, 6.6 amperes series circuits for street lighting. 

(4) From power substation in factory district; alternating current, 60 
cycles, three-phase, 2200 volts. 

(s) From railway substation; direct current, 550 volts. 

(6) From secondaries of lighting transformers; alternating current, 110-220 
volts, three-wire for large transformers and alternating current, 110 
volts, two-wire for small transformers. _ i 

(7) From secondaries of power transformer; alternating current, 220 volts, 
three-phase. 


EFFICIENCY OF DISTRIBUTION. — The ratio of the energy registered 
by the customers’ meters, or which would be so registered if all customers had 
meters, to the energy supplied by the generator to the bus-bar in the generating 
station, may be called the over-all efficiency of distribution. The losses may be 
divided into several kinds: line loss, transformer loss, converter loss, meter 
loss and error, leakage and unaccounted for. For some purposes it is useful to 
consider each loss from two points of view: (1) as a loss of energy, and (2) as 
a loss of power at full load; the first may be called the energy loss and the second 
the capacity loss. The corresponding efficiencies are usually designated aa 
all-day or energy efficiency and the full-load or capacity efficiency respectively. 

Fixed and Variable Losses. — The total energy loss consists of two com- 
ponents, (1) a fixed loss independent of load, including the core-loss of trans- 
formers, the core-loss, excitation, friction and windage of rotating converting 
apparatus, the loss in the shunt coils of meters, the copper loss in constant 
current circuits, and the loss in the arc of mercury arc rectifiers for constant 
current circuits; (2) a variable loss proportional to the square of the current, 
including the copper loss of constant potential circuits and of transformers, and 
the armature copper loss of rotating converting apparatus. The effect of the 
fixed loss on the per cent efficiency depends on the load factor of the load, while 
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that of the variable loss depends both on the load factor and the shape of the 
load curve. 


Representative Losses. — For a lighting system, the full-load losses in pri- 
mary feeders, primary mains, transformers, secondary mains, services and meters 
may be expected to be as much as 17.5 per cent of the power generated and the 
daily energy loss 33.3 per cent of the energy generated, giving 82.5 per cent 
capacity efficiency and 66.7 per cent energy efficiency respectively. 


Effect of Nature of Load. — In making estimates of the efficiencies of 
particular systems, the effect of the following items should be considered: 
(1) relation of transformer capacity to maximum loads, (2) load factor, 
(3) shape of load curve, (4) power factor, (5) diversity factor. 


REGULATION. — An ideal constant potential distribution would have 
one uniform, unvarying voltage, and would be said to have perfect regulation. 
The greater the variation from such constancy the poorer the regulation. 
The regulation is usually specified in per cent variation, either “above or below" 


a standard mentioned. The standard is usually either the nominal voltage 
desired or the actual average voltage obtained. 


Evil Effects of Poor Regulation. — The evil effects of high voltage are 
short life of electric lamps, excessive speed of direct-current motors, excessive 
exciting current of induction motors and burning out of motors and other devices; 
on the other hand, low voltage greatly diminishes both the candle-power and 
efficiency of electric lamps, decreases the maximum power of motors and in- 
creases the current which a motor will take for a fixed horse-power output. 
As electric lamps are much more sensitive to change of voltage than motors, 
separate circuits are often used for lighting and power, the former having devices 
for regulation which are omitted from the latter. 


The following figures give roughly the quantitative effect of voltage variation 
between 5 per cent below and 5 per cent above normal: 


Each per cent decrease in voltage decreases candle-power 
of carbon incandescent lamps 


ER e QN sque Met eo t 5 Per Cent 

decreases torque of induction motor........ Pur dapes <... 2 Per Cent 
Each per cent increase in voltage decreases the life of carbon 

incandescent lamps*.............. 0 ccc eeccuccceceeecs 13 Per Cent 


increases the magnetizing current of induction motors....... 2 Per Cent 


Ordinary Limits of Regulation. — Roughly, the maximum voltage varia- 
tion at the lamps on a lighting system should never exceed 5 per cent, i.e., the 
regulation above or below normal should never be greater than 2.5 per cent, 
and should be as much less as is economically feasible; the voltage variation 
on power systems is usually ro per cent (s per cent above or below normal) and 
is sometimes considerably more. 

Calculation of Regulation. — In order to calculate the variation in voltage 
at any receiving device or group of such devices from no load to full load, the 
voltage at the generating or substation or feeding point being assumed constant, 
the impedance drops in all parts of the distribution system must be calculated 
and properly combined. The various parts of the system to be considered are 
the house wiring, service wires (or leads from street mains to the house), second- 
ary mains, transformers, primary mains, primary feeders. See Distribution 
Lines; Transmission Lines; Wiring of Buildings. 

In making such calculations account should be taken of the fact that the 
loads or currents in the several parts of the system seldom have their maximum 


* Average for 5 per cent increase in voltage; the first per cent increase in voltage 
Aecreases the life 18 per cent, the fifth per cent 8 per cent. 


| Distribution and Transmission Systems 373 


x! values at the same time. The maximum drop in house wiring will not occur 
simultaneously in all houses nor will the maximum service drop occur together 
on all services, etc. Furthermore, the maximum house wiring drop for a given 
house may not occur at the same time as the maximum drop on the secondary 
... ains, transformer or primary mains to which it is connected. 


we Effect of Line Reactance. — The regulation of an alternating-current 
; System of unity power- factor will be poorer than that of a direct-current 
zy, System of the same copper efficiency (see tabulation above) because of addi- 
,; tional drop due to line reactance. 


»  — Effect of Lagging Power Factor. — A lagging power factor usually makes 
the regulation of an alternating-current system worse than it would be for 
unity power factor and therefore much worse than for a direct-current system 
of the same copper efficiency. 


ve Effect of Leading Power Factor. — A leading power factor usually makes 

zo the regulation better than it would be for unity power factor and may give 

co» even better regulation than can be obtained from a direct-current system of 
the same copper efficiency. 


a> Effect of Currents in Neutral. — Any current in the neutral wire of a bal- i 
ane anced system produces a drop which tends to unbalance the voltage of the two | 
zi Sides. In the case of a three-wire direct-current or single-phase system one per 
int Cent drop in neutral produces two per cent difference in the voltages on the two sides. 
“ihe Voltage drop in the neutral therefore affects more seriously the regulation than 
x n equal amount in the outside wires. If the currents in the neutral all have 
P the same direction, say toward the station, the voltage drops in the various 
Parts of it will be cumulative, and though the drop in each section may be small 
and no current may actually reach the station, the aggregate effect may be 
yt Serious. The individual loads on the two sides of the neutral should be con- 
. nected so that the unavoidable neutral currents flow alternately in each 
direction, thus causing drops in alternate directions thereby neutralizing each 

E other over the total length of the circuit. 


"y Feeder Neutral in Three-wire Systems. — When the “feeder and main” 

^ System is used with a three-wire system, two-wire feeders should be used only 
, on the outside wires, and only a single “feeder” neutral be used. That is, with 
"oy Tespect to the neutral, the “tree” system gives better regulation for the same 
P weight of copper than the “feeder and main” system, but with respect to the 
xa” outside wires the latter system gives the better results. This is a point which 
u^ has not always been recognized in laying out three-wire systems. 


VOLTAGE CONTROL. — (See also Controllers.) The more common 
methods of controlling the voltage at feeding points when the feeder and main 
system of distribution is used (see above) are the single bus system, the high and 
low bus system, and feeder regulators. 


$ 
i Single Bus System. — (See also article on Bus-Bars.) All the feeders may 
i 5 be connected to a single bus and the bus voltage be raised as load increases so 
a. as to compensate for average drop of all the feeders on it. This method gives 
p , excessive voltage on such feeders as are comparatively short and low voltage 
y Qn those that are long. Usually maximum voltage is carried in the evening 

j during the lighting peak and lower voltage during day giving very poor regu- 
fe lation on power circuits having maximum load during the day and low load 


as at night. This method is used on most small direct- and alternating-current 
distribution systems. 


, _ High and Low Bus System. — The bus may consist of two parts which 
* may be separated, and operated at different voltages, feeders of greater average 
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drop connected to the “high” (voltage) bus and the others to the “low” 
(voltage) bus. The voltage of each bus is raised or lowered in accordance with 
average drop of feeders on it as in the single bus system. This method is used 
extensively on the Edison three-wire direct-current systems, as noted above. 
The unequal drop of the several feeders on same bus are equalized by heavy 
interconnection through mains. 

Feeder Regulators. — A feeder may have a separate regulator adjustable 
to compensate for its own drop. This method is sometimes used on direct- 
current railway feeders and very extensively on alternating-current lighting 
feeders. See article on Regulators. <A feeder or other distribution circuit which 
contains a voltage regulator is frequently referred to as a “boosted circuit.” 
Boosted circuits are not usually interconnected but may be if the boosting is 
of the same nature in each. 

Control of Polyphase Systems. — In a polyphase system the load may 
be as equally divided among the phases as possible and the voltage regulated 
with respect to any one phase taken as representing the average of all; or the 
lighting load may be connected on a single phase and the voltage regulated for 
this phase alone. 


put of all the phases of the generator being used and gives a more equal voltage 
on the several phases of polyphase motors. 


Transformers as Outside Boosters. — An auto-transformer or an ordinary 
transformer may be connected to a feeder at any point and used as a "booster" 
to raise or lower the voltage. In the case of an ordinary transformer the primary 
and secondary are connected in series thus converting the transformer into an 
auto-transformer; see article on Aulo-Transformers. Such boosters are not 
adjustable and have a bad effect on the regulation as they give excessive voltage 
on the boosted part of line at light load. 

To cut such a booster out of service without taking it off the circuit the primary 
coil must be open circuited and the secondary short circuited. Caution: the 
main circuit must be opened before cutting out booster, because if the primary 
is opened while current is flowing in the secondary the booster becomes a step- 
up transformer and may give a dangerously high voltage on the primary. If 
on the other hand the secondary is short circuited first, a destructive short- 


circuit current may flow through it and the primary, and when the primary is 
opened a dangerous arc will form. 


Use of Lamps of Different Voltage. —- Attempts have been made to com- 
pensate for the difference in voltage at the various points of a network by using 
lamps of different rated voltage, high-voltage lamps being used near the point of 
supply and low-voltage lamps at the ends of line. This plan has not been suc- 
cessful because the difference in voltage between any two points is not constant. 
Frequently some of the high-voltage lamps are used by mistake where low- 
voltage lamps are intended; the results are then poorer than when no difference 
is made in lamp voltage. While lamps of two or more voltages may be used 
temporarily as an expedient when regulation is very bad, it is better practice 
to have all lamps on a system of a single uniform voltage. 

Use of Transformers of Different Ratio. — Transformers are also made 
with taps so that a uniform secondary voltage can be obtained with a varying 
primary voltage. The plan is not a good one, because if the difference in ratio 
is cotrect for uniform voltage at full load it gives unequal voltages at light 
load. It also has the very serious disadvantage that the haphazard changing 
of transformer ratios by ignorant linemen to compensate for dim light, due 
perhaps to lamps already blackened by excessive: voltage, makes it impossible 
to carry out amy systematic plan for securing the best average regulation for 
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BALANCING OF LOAD. — In three-wire direct-current or single-phase 
systems and in all polyphase systems supplying single-phase load it is necessary 
to approximately balance the load between the two sides or the several phases 
as the case may be. Unbalanced load has two bad effects: (x) it loads the 
two sides or phases of the system unequally, making it impossible to get full 
output out of the lightly loaded side or phase without overloading the other; 
(2) it makes the regulation of the system worse by causing high voltage on the 
lightly loaded side or phase and low voltage on the other. 

The first difficulty is not serious, because through the conduction of heat from 
the loaded to the unloaded coils of transformers and generators the machine 
capacity is not reduced in proportion to the unbalance; for moderate unbalanc- 
ing, say up to ro per cent greater load on one side or phase than on the other, 
it is doubtful if any appreciable effect could be discovered. As the total load 
usually consists of a great number of small parts, a very little foresight in dividing 
the load in the first place between the sides or phases, and in suitably distributing 
subsequently connected load, will give a balance good enough for all practical 
purposes. When polyphase alternators were first installed for supplving existing 
single-phase lighting circuits, it was supposed to be important to have a close 
balance of load between the phases, and early switchboards were therefore 
provided with transfer switches for throwing single-phase feeders from phase 
tophase. It was later found that instead of being necessary to transfer the load 
from phase to phase, following the diurnal or annual variations of load, that 
the circuits could stay on the same phase indefinitely and that transfer switches 
Were unnecessary and undesirable. The time when rebalancing of this kind 
is necessary is usually when new circuits are established, at which time the 
changes of connections are best made by changing the taps to the bus-bars. 


-Moter-generator Balancer. — On direct-current three-wire systems the 
difference in current on the two sides may be balanced without taking the neutral 
current to the generator by a batancer consisting of two similar machines 
mechanically coupled and electrically connected in series. Each machine is 
wound for the voltage of one side 
of the system (110 volts for a 
11%29-valt system); the common 
connection between the machines 
is connected to the neutral and 
_the other two terminals to the 
two outsides, see Fig. 2 (the field 
windings are omitted for clear- 
ness), The unit acts as a motor 
cele an bs api tight Fig. 2. Motor-generator Balancer 
side being the motor for the time being and the other the generator. By 
Strengthening the field of the one on the side where the voltage is low and 
weakening that of the other, so as to keep the same total voltage, the voltages 
on the two sides as well as the currents may be balanced if necessary. 

The output of the balancer generator and the input of the balancer motor 
are practically equal to each other, neglecting the losses in the machines, and 
each is equal to 


Pi- P: Pa 
2 
where P; is the load on the heavily loaded side of the system and P» the load on 


the lightly loaded side. For example, if the load on one side is 110 kw. and on 
the other side 9o kw., the load on each unit of the balancer is 10 kw. 


—— -— 
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It would, however, be unsafe to use a balancer as small as such calculations 
for the normal unbalancing would indicate as correct, because in case of a short- 
circuit on one side of the system, or of loss of a large amount of load on one side, 
due say to the blowing of fuses, the balancer would be dangerously overloaded. 
This may not only destroy the balancer, but may burn out many lamps and 
motors on one side due to excessive voltage. In small systems, say up to 100- 
kw. total capacity, the balancer should be able to operate momentarily with 
any loading up to the capacity of the main generator, and in large systems 
should have capacity sufficient to burn off a short-circuit on one side of the system 
without creating an unduly high voltage on the lightly loaded side. 


Dynamotor as a Balancer. — A smaller and cheaper balancer is obtained 
by using a dynamotor (q.v.), which is a single machine with two windings on 
one armature and two commutators. The armatures are connected in series and 


balance the currents, but as there is only one field the voltages cannot be 
balanced. 


Alternating-current Balancing Coil. — On alternating-current single-phase 
three-wire systems it is usual to obtain the neutral from the middle point 
of the coil of the transformer supplying the current. It can, however, be ob- 
tained at any point of the two-wire circuit without going back to the trans- 
former by using a balance coil. A balance coil is a transformer with two similar 
windings connected in series across the circuit and with the neutral wire con- 
nected to the common point between the windings. Whichever coil is on the 
lightly loaded side acts as the primary and the other as the secondary, thereby 
balancing the circuit by transferring one-half of the difference in load from the 
heavily loaded side to the lightly loaded side. Such coils, which are essentially 
auto-transformers with a 2:1 ratio, may be used in various ways: to obtain 
the neutral for an unbalanced three-wire circuit from a two-wire circuit; to 
supply a 110-volt load from a 220-volt circuit; to supply a large 110-volt load 
from a 11%20-volt circuit without connecting to the neutral. In practice 


balance coils are not much used as the neutral can more cheaply be obtained 
from the transformer. 


BIBLIOGRAPHY. — Gear, H. B., Diversity Factor, Trans. A.LE.E., 1910, 
Vol. 29; Werth, J. R., Direct-current Systems of Distribution for Lighting Service, 


G. E. Review, 1912, Vol. 15; Summerhayer, H. R., A Review of Systems of 


Transmission and Distribution for Lighting Service, G. E. Review, 1914, Vol. 17; 


Report of Subcommittee on Distribution, Trans. A.LE.E., 1914, Vol. 33. 
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DRAFT, MECHANICAL. — (See also Blowers and Compressors; Chimneys; 
Fans; Pipes and Piping.) Any system producing draft either by steam jets or 
by blowers is called a mechanical draft system. The relative advantages of 
mechanical draft as compared with chimney draft are: (1) The supply of air 
may be more readily controlled; (2) a fan permits a lower temperature of flue 
gases, which increases the boiler efficiency; (3) the boiler may be forced to 
high overloads in case of emergency; (4) the draft is uninfluenced by climatic 
conditions; (5) the system is low in first cost. The disadvantages of mechan- 
ical draft are: (1) danger of breakdown; (2) cost of maintenance and opera- 
tion; (3) a stack or other means must be provided to carry off the flue gases 
wherever their discharge at low levels constitutes a public nuisance. Many 
plants with tall stacks are provided with mechanical-draft apparatus as a 
means of forcing the boilers in case of heavy overloads. Mechanical draft is 
also frequently used in connection with fuel economizers. 


Steam Jets for producing artificial draft are simple, inexpensive and easily 
applied, but are very uneconomical, since they require from 6 to 11 per cent 
of the total steam generated (A. J. Whitham, Trans. A.S.M.E., Vol. 17). 


Forced Draft. — A blower system creating an excess of pressure beneath the 
fire is known as a forced-draft system. A single fan is commonly employed to 
supply a number of boilers through a system of ducts beneath the floor. The 
air is sometimes taken from a chamber built around the breeching, thus utiliz- 
ing a part of the heat energy in the exhaust gases. 


Induced Draft. — In the induced-draft system the fan is placed between the 
breeching and the stack. All leakage of air is inward, avoiding inconvenience 
when the doors are opened. This system is frequently used in plants which 
have high peak loads, being ordinarily installed in connection with fuel econo- 
mizers. A by-pass directly from breeching to stack is usually provided for use 
when mechanical draft is not required or in case of accident. A double system 
of fans is also sometimes provided as a further insurance against accidental 
interruption. 


POWER REQUIRED — SIZE OF FANS. — The power and size of fans 
required to operate either a forced-draft or induced-draft system may be roughly 
calculated by the method given in the article on fans. The static pressure may 
be roughly approximated from the data given in the article on chimneys, the 
figures there given for loss of draft being taken as the static pressure to be over- 
come. The quantity of air required per boiler horse power depends upon the 
quality of the coal, upon the care taken in firing and upon the efficiency of the 
boiler and grate (see Boilers). ) 

Let R be the number of pounds of coal required per boiler-horse-power hour, 
W the pounds of air required per pound of coal, P the boiler horse power and 

1.33 B 
460 - $ 
the barometric pressure in inches of mercury and / the temperature of the gas 
in degrees Fahrenheit; then the. volume of gas passing through the fan per 


minute is Q = T 
ow 


= pounds per cubic foot of gas passing through the fan, where B is 


This formula and the formula for w are strictly applicable 


only to the case of a forced-draft fan, but the two formulas may also be used 
with but a small error for an induced-draft fan, taking for ¢ in the latter case 
the temperature of the discharged products of combustion (about soo? F., when 
no economizer is used and about 300° F. with an economizer). The size of 
fan and the power required to operate it will be greater for induced draft than 
for forced draft, since in the former case the volume of gas passing through 
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the fan is greater. According to Gebhardt the power required to operate a 
forced-draft system for a plant of 1000 boiler horse power or more, will range 
from 1 to 5 per cent of the plant capacity. ` 


COSTS. — According to Gebhardt the cost of a forced-draft fan, engine and 
stub stack for a plant of 1000 boiler horse power or more will approximate 
20 to 30 per cent of the cost of an equivalent brick chimney. The cost of a 
single induced fan, engine, stack, etc., will approximate 40 to 50 per cent of the 
cost of an equivalent brick chimney, and the double-fan outfit will be 50 to 
6o per cent of that of an equivalent brick chimney. Two per cent is a liberal 
allowance for maintenance and depreciation of a brick or concrete chimney, 
while for a mechanical-draft system an allowance of from 4 to 1o per cent should 
be made. It costs nothing to operate a chimney, while from 1 to 5 per cent of 
the cost of operation of a boiler plant is chargeable to a mechanical-draft system. 


BIBLIOGRAPHY. — Gebhardt, Steam Power Plant Engineering, NY., 
1909; Mechanical Draft, published by B. F. Sturtevant Co., Boston. 
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DREDGES, ELECTRICALLY OPERATED. — (See also M olors, In- 
dustrial Applications of.) Electrically operated dredges are now used very gen- 
erally, especially in connection with gold mining. This drive has indisputably 
proved its advantages over steam drive from the standpoint of both operation 
and economy, as individual motors can be applied to the various units of the 
dredging machinery, and a larger percentage of the power input can thereby be 
directly applied in useful work. 

The standard form of dredge is of the continuous-chain, close-connected 
bucket type, ranging in capacity from 3 to 16 cubic feet and witha digging depth 
of from 40 to Go feet. As the power is mostly obtained by transmission from 
some hydroelectric power system or central generating station, alternating’ 
current, is generally used for driving the dredge machinery. For a modern 
gold-mining dredge this consists of the digger or bucket line, the winch, 


the high- and low-pressure pumps, the priming pump, the screen and the 
stacker. 


Bucket Line. — The bucket line is supported on a sheet-steel or girder struc- 
ture of massive construction, so as to resist the heavy strains while in operation, 
especially when striking rock. The speed varies from 50 feet (with from 16 to 25 
buckets) to 75 feet (with from 35 to 50 buckets) per minute, depending upon 
the condition of the ground. 

For operation and control of the digger a variable-speed induction motor is 
used. This is located on the lower deck and belted to the driving pulley, which 
is generally situated in the rear of the pilot house on the upper deck. The duty 


. imposed upon this motor is severe, as it must operate under conditions calling 


for power varying from 75 per cent overload down to 25 per cent of its rated 
capacity. A drum-type controller for forward and reverse operation is pro- 
vided, including the necessary resistance for continuous operation on any notch 
of the controller from one-half to full speed. The maximum starting torque is 
required and obtained at about the fourth point of the controller, thus leaving 
three points on which to bring the motor up to half speed, at which time nearly 
full rated torque is required. Asa result of these conditions the ordinary motor 
designed for intermittent service cannot be successfully applied. f 

The raising and lowering of the bucket-line ladder is generally accomplished 
Y a friction clutch which can be connected to the digger motor. For the larger: 


ni dredges, however, a separate motor is often provided to perform this 
uty. 


Winch. — To keep the dredge in place and to move it about or hold it against. 
the bank when digging, head lines are used, which are controlled from the for- 
Ward end and operated by a six- or eight-drum winch driven by a variable-speed 
motor. The winch motor, though of smaller capacity, is of the same staunch 
construction as the digger motor and is equipped with a suitable controller and 
resistance to permit its continuous operation from one-half to full speed. It 
has been found advisable to equip the motors for this service with solenoid brakes, 
by means of which the motor can be brought to a standstill almost instantly. 
It is then ready for the Ieverse operation without the usual reversing of the motor 
through the controller, which is not only bad practice but may result in a burn- 
out due to the heavy strain on the windings. mE 


Pumps.—The high- and low-pressure pumps for supplying water to the screens 
and sluices are generally connected to individual motors.  Constant-speed 
squirrel-cage motors of compact construction and large overload capacity, with 
& speed of from 600 to 900 r.p.m., are usually installed for this work. 

_To prevent the filling up of the basin, in which the dredge floats, when dig- 
ging in shallow water, it is sometimes found necessary to install a sand pump, 
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which carries the fine tailings from the sluice boxes to the top of the rock pile by 
way of the stacker. 


Priming Pump. — A priming pump is required for priming the large pumps, 
or for supplying water on the tables during the “clean-up.” It generally con- 
sists of a small centrifugal pump driven by a high-speed direct-connected squirrel- 
cage induction motor. 

Screen. — Either a shaking or revolving screen is used to separate the gravel 
from the clay and permit the fine particles containing the gold to pass through 
on to the gold tables and sluices below. For this service a constant-speed motor 


is recommended, which can be placed on the upper deck and belted down to the 
driving pulley of the screen. 


Stacker. — After screening the large rocks are carried on a belt conveyor to 
the end of the stacker and deposited on the spoil in the rear of the dredge. For 


operating this conveyor a constant speed motor is installed at the extreme end 
of the stacker, where it can be readily housed. 


Monitor. — When a dredge is working in a high bank of hard material actual 
experience has demonstrated that it is advisable to lower the water level in the 
pit and cut the bank down with a “Giant,” water being furnished by a three- or 
four-stage, high-pressure centrifugal pump driven by a phase-wound induction 
motor. The Giant is mounted on the bow of the boat, and as the dredge swings 
from one side of the cut to the other, the stream of water is thrown against the 
bank about two feet above the water level. 'This undermines the bank, causing 
the material to cave into the pond where it is brought up by the bucket line. 
The Giant is also used in localities where the water in the pond cannot be raised 


high enough to bring the bucket line near the top when the dredge is stepping 
ahead. 


Power Required. — The sizes of motors required for driving the machinety 


of some dredges of different capacities are given in the following table. The. 


proper speeds will depend on whether the motors are to be belted or direct con- 
nected to the machines which they are to drive. 


SIZES OF MOTORS FOR DREDGES 
3 cu. ft. 5 cu. ft. y cu. ft. 13/5 cu. 


ft. dredge 16 cu. ft. 
dredge, 40- | dredge, 40- | dredge, 40- |" " ' | dredge, $5- 
Machinery ft. digging | ft. digging | ft. digging 40-50 It. 


Sf ft. digging 
to be depth depth depth digging depth 
driven depth 
ilsalialilsi 
TRO peer! eae: 
Bucket line 75 720 |1oo 720 |150 600 | 300 | S14 | 400 | 39 
Winch IS 720 | 25 720 | 25 730 | 35 600 | 50 | 60 
High-pressure 
pump 40 900 | 50 goo | 50 900 | 150 | 720 | 150 | 6% 
Low-pressure 
pump 25 600 | 25 600 | 25 75 | 600 | 100 | 60 
Priming pump | 7% | 1200 | 71a | 1200 | 7⁄2 | 1200] as | 1200 | 35 | 129 
Screen 25 900 | 25 9oo | 25 600 |^ 75 | 600 ].150 | 60 
Stacker 20 goo | 20 goo | 25 600 | so | 600] so | 6 
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Voltage of Motors. — The power for operating a dredge is generally trans- 


‘mitted from some existing power system, and the connection between the line 


and the dredge is, as a rule, made by means of armored cable carried on floats. 
When this transmission can be economically carried out at a voltage of 2200, 
it is customary to provide the motors for this voltage, thus eliminating the ex- 
pense of installing step-down transformers. When the transmission voltage is 


above 2200 volts, it is desirable to step it down to 440 volts and use motors for 


this voltage. When step-down transformers are required, their capacity is 
usually taken as two-thirds of the total horse-power load, allowing one kilowatt 
for each horse-power. 


BIBLIOGRAPHY. — Rogers, H. W., Electrical Operation of Dredges, Int. 
Mar. Eng., 1912, Vol. 17, p. 189; Cranston, R. E., The Design and Mechanical 
Features of a California Gold Dredge, A.S.M.E., 1912, Vol. 34, p. 171; Eddy, 
L. H., Dredge Building in California, Eng. and Min. Jour., 1911, Vol. 92, p. 636. 


[D. B. Rusumore, assisted by E. A. Lor.] 
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DYNAMOTORS. — (See also Converters, Synchronous; Motor Generators: 
Transformers.) A dynamotor is a direct-current device combining both motor and 
generator action in one magnetic field. It has an armature having two separate 
windings and two separate commutators, one at each end of the armature. 
Either winding may be used as the motor winding, and the other as the gener- 


.ator winding. Such a machine performs the same function in a direct-current 


circuit that a power transformer does in an alternating-current circuit, i.e., 
serves as a means of transforming high-voltage direct current into low-voltage 
direct current, or vice versa. 

Performance Characteristics. — The device corresponds to two machines in 
which there is only one core-loss, one friction loss, one excitation loss, but two 
losses due to RJ? in the two armature circuits. It is therefore more efficient 
than a motor-generator set, but less efficient than one machine. Since the 
currents in the two windings flow in opposite directions their resultant mag- 
netic effect is zero. The machine has therefore no armature reaction (except 
for the slight amount due to the current to overcome the losses in the machine). 


It is not subject to the troubles of field distortion and bad commutation that . 


occur in either motors or generators. It is impossible to compound a dyna- 
motor, since any increase in field strength intended to increase the voltage of 
the generator would decrease the speed of the motor by the same amount and 
no change would result. The ratio of the two voltages is therefore fixed by the 
number of P dins only varies from this by the loss due to RI drop in both 

AL. dfóps are additive, and therefore the regulation of such 
a machine M very good. 

Applications. — Dynamotors are used largely to give large currents to start 
other motors, or to give low voltages or a fractional voltage in a multi-voltage 
system for speed control. The motor of the combination may be wound for 
the line voltage and the generator for any fraction of the line voltage. Thus 


the combination supplies a large current at a low voltage, which will give a 


good starting torque in motors connected to it with a reasonable consumption 
of power. They are used as equalizers or “balancers” in three or multi-wire 
circuits, but are not as desirable for this work as motor-generator sets with 
compound-wound machines, on account of their poor regulation. They are 
also used to supply a low voltage for such purposes as telephone and telegraph 
systems and the low voltage and large currents for electrolytic work. 


BIBLIOGRAPHY. — Arnold, E., Gleichsiromtechnik, Vol. I & II, Berlin; 
Sheldon, S., Dynamo Electric Machines, N. Y. 
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ELECTRICITY AND MAGNETISM, PRINCIPLES OF. — In 
this article are given definitions of the various electric and magnetic quantities, 
together with a brief statement of the fundamental principles in accord with 
which all electric and magnetic phenomena take place. 

The following is a brief table of contents of this article: 
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UNITS AND QUANTITATIVE LAWS. — Three different systems of 
units are in use in terms of which electric and magnetic quantities are expressed. 
These systems are known as the c.g.s. electrostatic system, the c.g.s. electro- 
magnetic system and the practical system (see also Units, Practical Electric). 
The various units in the practical system have been given short names which 
are in common use, e.g., ampere, volt, coulomb, etc. For the sake of brevity 
the corresponding units of the electrostatic system will be designated by these 
same names with the prefix "stat," and the corresponding units in the c.g.s. 
electromagnetic system will be designated by these same names with the prefix 
“ab,” the latter prefix arising from the term “absolute” sometimes applied to 
this system. 

The use of the electrostatic and electromagnetic systems of units arises from 
the manner in which certain of the fundamental quantitative relations, or 
"laws" were originally formulated. The practical system is related to the 
electromagnetic system, by even multiples of ten times the units in the latter, 
€g., 1 volt = ro? abvolts, 1 ampere = 107! abamperes, 1 ohm = 10? abohms. 

The quantitative ‘relations given below between electric quantities are in- 
dependent of the system of units employed provided all the quantities involved 
are expressed in the same system of units. (See Units and Conversion Factors.) 
For some of the magnetic quantities, certain additional practical units have 
been introduced which are not related to the c.g.s. electromagnetic units by 
multiples of 10; consequently, to avoid confusion it is best to reduce all quanti- 
ties to electromagnetic units before applying any of the formulas given. 


WORKING HYPOTHESIS REGARDING THE NATURE OF 
ELECTRICITY. — The various facts of experience described as electric and 
magnetic phenomena can best be coérdinated by assuming at the outset the 
existence of electricity às an actual entity, possessing the following properties: 


I. Electricity exists in two forms, which for convenience may be called 
“positive” and “negative” electricity. These names arise from the fact that 
the two kinds of electricity produce certain effects which are just the opposite ` 
of each other, and, therefore, under certain conditions the external effect of one 
kind of electricity may completely neutralize the effect of the other kind. 

A given quantity of electricity is called an “electric charge.” 

2. All matter contains electricity of both kinds, even when in the neutral or 
"uncharged" state. An uncharged body contains in every elementary portion 
(or molecule) equal quantities of positive and negative electricity, so thoroughly 
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“ mixed” that no external effects are produced, unless the two kinds of electric- 
ity are constrained to take up a definite position or to move in a definite manner. 

3. A body or portion of a body can be charged with electricity of either kind 
either by adding to it electricity of that kind or by taking away from it electric- 
ity of the other kind. In general only the surface of a body can be charged, i.e., 
the excess or deficit of charge exists only at the surface of separation between this 
body and some other body, the interior elements of the body containing, as in 
the neutral state, equal amounts of electricity of opposite kinds. 

4. It is impossible to charge a body with electricity of one sign without pro- 
ducing on the same or on some other body an equal charge of the opposite 
sign. 

5. Forces can be produced on the electricity in a body by various external 
agents, without necessarily producing a force on the body as a whole. When 
such forces are produced the two kinds of electricity are either displaced rela-. 
tively to each other or are constrained to move through the body in opposite 
directions. This displacement or motion is always opposed by forces set up 
within the body itself. The opposing forces are of two kinds, (1) a force 
analogous to the opposing force set up in an elastic body when it is stretched or 
compressed, and (2) a force analogous to the resisting force due to mechanical 
friction produced when one body moves over another. 

6. When the electricity in a body is acted upon by an external force, but 
cannot escape from that body to another, this force is transmitted to the body 
itself. 

7. Electricity possesses inertia, just as ordinary matter possesses inertia; i.e., a 
force is required to change the motion of a charge of electricity just as a force is 
required to change the motion of a portion of matter. The “effective” inertia 
of a given quantity of electricity depends upon the path over which it is 


caused to move and upon the nature of the surrounding bodies (see Electron 
Theory). 


Unit of Charge or Quantity of Electricity. — The unit of electric 
charge or quantity of electricity in the practical system of units is called the 
coulomb. For the relation between the coulomb, statcoulomb, abcoulomb, 
and other units of quantity see Units and Conversion Factors. 


ELECTRIC FIELDS OF FORCE. — In any portion of a substance in 
which the electricity is acted upon by a force tending to move it, there is said 
to be an "electric field of force,” or briefly an "electric field.” An electric field 
is also said to exist in any region of free space where a charge, if placed there, 
would have a force exerted upon it tending to move it. 

Intensity of an Electric Field (F). — The “intensity” of an electric field 
at any point is defined as the force per unit positive charge exerted on a charge 
at this point by the agent or agents producing the field i.e., by the agent or 
agents tending to move the charge. The direction of the field intensity, or the 
direction of the field, is defined as the direction of the force acting on a positive 
charge at this point. A positive charge then moves or tends to move in the 
direction of the field and a negative charge moves or tends to move in the 
opposite direction. 

Units of Electric Field Intensity.— The unit of electric field intensity 
has not been given any special name, but since it is of the same nature as 
electromotive force per unit distance the intensity at any point may be con- 
veniently expressed as so many volts, abvolts or statvolts per centimeler ot 
per inch; see Units and Conversion Factors. Hence electric field intensity 35 
frequently called the potential or voltage“ gradierit." 


Lines of Electric Force. — Lines of Electric Intensity. — A line drawn 
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with the direction of the field at that point is called a 
A line of force is usually a curved line, though in certa 
be straight. Any number of such lines may be drawn in an electric field, but 


“line of electric force.” 
in special cases it may 


no two of these lines can intersect. The density of these lines, ie. the num- 
ber drawn through unit area perpendicular to their direction, may be chosen 
arbitrarily to represent the value of the field intensity at this area, and when 
so drawn are preferably called “lines of electric intensity," as distinguished 
from flux lines and stream lines defined below. The term “lines of force,” 
however, is frequently used to designate any one of these three sets of lines, but 
this loose use of the term is liable at times to lead to much confusion. The 
term “line of electric force” will be used in this article to designate merely the 
direction of the field at any point; in any statement involving the density of 
these lines the proper one of the other terms will be employed. ; 
Electric Equipotential Surfaces. — A surface drawn in an electric field in 
such a manner that it is perpendicular at each point to the line of force through 
that point is called an “electric equipotential surface.” The electric in- 
tensity has no component along such a surface, and therefore no work is re- 


quired to move a charge from one point to another over any path in such a 
Surface. 


ELECTROMOTIVE FORCE (E). — The work done by the field intensity 
F in moving unit positive charge around any closed path or circuit (Fig. 1) in 
an electric field is defined as the ‘electromotive force," 
abbreviated “e.m.f.,” acting around this path. Elec- 
tromotive force is not a force in the mechanical sense 
but is work per unit charge. The relation between elec- 
tromotive force E and field intensity F is analogous to 
that between work and mechanical force viz., 


E- f (E cos 0) dl, (1) Fig. L 


where d] represents an elementary length of the path, (F cos 0) the component 
of the field intensity along d] and f represents the integral around this closed 


path. When the field intensity has the same value F at every point of a path 


and coincides in direction with the path at every point, the electromotive force 
acting around the closed loop is 


EzFl (za) 
where J is the total length of the path. | 


Units of Electromotive Force. — The practical unit of electromotive 
force is the volt; see Units, Practical Electrical. See also Units and Con- 
wersion Factors for the other units and their interrelations, 


Sources of Electromotive Force. — The primary sources of e.m.f. are 
(1) two dissimilar bodies in contact (see Balferies; Electrochemisiry, Principles 
of) and (2) a varying magnetic flux linking the circuit (see the articles on 

ators; Transformers, eic). The emf. is said to be “located” at the 
surface of contact in the case of a “ contact " e.m.f., or in that portion of the 
circuit which is linked by the varying magnetic flux in the case of an “ induced ^ 
emf, for experience shows that the value of the work integral, equation (1), 
around any circuit passing through a given surface of contact or linking a given 
varying flux js always the same, irrespective of the shape of the circuit and of 

e nature of substance through which the path passes, provided there are no 
other sources of e.m.f. in this path. Contact e.m.f.’s are usually extremely 
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small (of the order of o.oor volt) except in the case of metallic substances in 
contact with electrolytes, in which case they may amount to several volts, see 
Batteries; Electrochemisiry, Principles of. ¥E.m.£.’s of 500,000 volts or more can 
be produced by a varying magnetic flux. l 


Direction of an Electromotive Force. — The direction of the e.m.f. in any 
portion of a circuit is taken as the direction in which a positive charge would 
be forced around a circuit containing only this one source of emf. A closed 
circuit may contain several sources of e.m1.; in this case the resultant emf. 
acting around in the circuit is the algebraic ‘um of all these e.m.f's, the e.m.f.’s 
acting around the circuit in one direction being taken as positive and those act- 
ing around the circuit in the opposite direction being taken as negative. Those 
e.m.f.’s which act in the opposite direction to the resultant emf. are called 
“back” or “counter” e.m.f's. 

A convenient symbol for a source of constant e.m.f. is shown in Fig. 2; the 
long light line represents the positive terminal and the short heavy line the 


| Ei | | 1 | 
| ee OK : . 
Fig. 2. Fig. 3. Fig. 4. 


negative terminal. Fig. 3 shows two e.m.f.s acting around a circuit in the same 


direction, and Fig. 4 shows two e.m.f.'s acting around the circuit in opposite 
directions. In the first case the resultant e.m.f. is Æ + E» and the two ems 
are said to be "in series," and in the second case the resultant e.m.f. acting in the 
right-handed direction around the circuit is Ej— E» and the two e.m.I.'s are 


said to be “in opposition." When E» is less than FE; then E» is a back or 
counter e.m.f. | 


DIFFERENCE OF ELECTRIC POTENTIAL (V). -— Consider a por- 
tion of a path A between any two points 1 and 2 in an electric field (Fig. 1). 
The total work done on unit charge, by the e.m.f.s external to this portion of the 
path when unit charge moves from 1 to 2, is called the “drop of electric poten- 
tial" from x to 2. The term “difference” of electric potential is also commonly 
used to designate this quantity; the term “drop” is preferable since it signifies 
the direction of the difference. Electric potential drop is of the same nature as 
electromotive force and is expressed in the same units. It is frequently abbre- 
viated “p.d.” Potential drop may be due either (1) to a back ” electromotive 
force, analogous to the back pressure of a pump, or (2) to an opposing force 
analogous to that due to the resistance of a pipe to the flow of water. 

Let the path from 1 to 2 be in the direction of the line of force from 1 to 2, 
let Ei» be an e.m.f. whose source is between x and 2 and whose direction is from 
x to 2, then the general expression for the potential drop from 1 to 2 is 


" 
Viz = f F dl — Ey. g^ cx (2) 
1 


The first term represents the “ resistance ” drop and — Eis = En represents the 
“ back ” pressure. If the field intensity along the páth ftom 1 to 2 is negligible 
then Vis  — En; hence an e.m.f. in a given direction is equivalent to a negative 
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(2) with equation (r) it is evident that the total drop of potential around a closed 
circuit is always zero. This relation is conveniently expressed by the formula 


ZV-o (3) 


which holds for every closed path or circuit. This is one way of stating Kirch- 
hoff’s second “law.” 

Voltage and Voltage Gradient. — The term * voltage" is commonly used 
for either an e.m.f. or a potential difference, particularly when these quantities 
are expressed in volts. Since from equation (2) the field intensity F is equal in 
volts to the drop in voltage per unit length the electric field intensity is also 
frequently called the voltage “gradient,” 

Positive and Negative Terminais. — That terminal of a device which is at 
the higher potential is called the positive terminal, the other terminal being 
called the negative terminal. The drop of potential is always from the positive 


to the negative terminal, irrespective of the direction of flow of electricity 
through the device. 


FLOW OF ELECTRICITY. — Whenever an electric field is set up in a 
substance by any means whatever a displacement of the electricity in that 


substance always takes place, the nature of the displacement depending upon 
the nature of the substance. In every case the positive electricity within the 


Substance is displaced in the direction of the field intensity and the negative 


electricity in the opposite direction, until an opposing force of some kind is set 
up which just balances the forces due to the impressed field. 


Conductors and Insulators or Dielectrics. — A substance in which a 
constant electric field is always accompanied by a continuous displacement or 
flow of electricity through the substance is called an “ electric conductor;” 
when there is no flow of electricity through a conductor the field within the con- 
ductor is always zero. Every substance is a conductor of electricity, at least to 
a slight extent, but some substances are far better conductors than others. A 
substance in which a constant electric field produces only a relatively small 
continuous flow of electricity is called an “electric insulator” or * dielectric." 
A perfect dielectric may be defined as a substance through which it is impossible 
to set up a continuous flow of electricity; no such substance exists but very poor 
conductors are approximately such. Free space may be considered a perfect 
dielectric, but free space differs from a substance in that it does not contain 

y 


Metals are the best conductors, carbon and most moist substances are fair 
conductors; dry non-metallic bodies such as air and other gases (at normal 
Pressure), porcelain, glass, rubber, and dry paper are very good insulators. 

A wire covered with an insulating substance or supported on insulating sub- 


Stances is said to bg “insulated,” even though its ends are connected to a source 
of e.m.f. 


Electric Current (I). — The displacement of the electricity within a sub- 
stance cannot be measured directly, but only in terms of some effect produced 
thereby. Two effects which always occur when a displacement of electricity 
is produced áre (1) a magnetic field is established around the path along 
Which the displacement takes place (but disappears when the electricity 
comes to rest) and (2) heat is developed in the path of the displacement. The 
magnetic field produced by a displacement or flow of electricity is usually taken 
as the measure of the rate of flow, i.e., of the quantity of electricity displaced per 
unit time through a surface perpendicular to the direction of the displacement. 
This rate of flow is called the “intensity” of the electric current, or simply the 


; "electric current,” and is usually represented by the symbol 7; 


ee ee 
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Direction of the Electric Current. — A flow of positive electricity in 
one direction is equivalent magnetically to a flow of an equal amount of negative 
electricity in the opposite direction; hence the total flow along a given path is 
the sum of the positive electricity displaced per unit time in one direction past a 
point in this path plus the negative electricity displaced per unit time past this 
point in the opposite direction. The “direction” of the electric current is taken 


as the direction in which the positive electricity is displaced, and is, therefore, 
the same as the direction of the field intensity. 


Current due to Varying Electric Field. — When the electric field in 
any substance is varying, the total magnetic effect produced is found to depend 
. not only upon the rate of displacement of the electricity within the substance, 
but also upon the ra£e of change of the electric field. In fact, a magnetic field 
is produced around a path in free space along which the intensity of the electric 
field is varying, see Waves, Electromagnetic. In dealing with varying electric 
fields it is found convenient to consider the variation of the field intensity as 
equivalent to an actual flow of electricity, and to take as the total equivalent 
electric current the flow of electricity which would produce the same magnetic 
field as that actually observed; the actual flow of electricity is then in general 


less than this equivalent current, but the difference is negligible except in sub- 
stances which are good insulators. 


Units of Electric Current. — The practical unit of electric current is the 
ampere; see Units, Practical Electrical. For the relation between this unit and 
the statampere and abampere see Units and. Conversion Factors. 


Continuity of an Electric Current. — When a varying electric field is 
considered as equivalent to an electric current, it is found that the total equiva- 
lent current coming up to any point or surface in any 
network of circuits, no matter how complicated, is 
always equal to the total current leaving that point 
or suríace, irrespective of the nature of the substances 
through which the currents are established and irre- 
spective of whether the currents are constant or are 
varying. For example, in Fig. 5, 


fH I2 h+ I+ I. = (4) Fig. 5. 


Or, calling the currents coming up to any point positive, and the currents leaving 
that point negative, the algebraic sum of all the currents at any point in a net- 


work of circuits is always zero. This fundamental principle is conveniently 
expressed by the formula 


ZI-2o (5) 


which holds at every junction point both for variable and for continuous currents. 
This is Kirchhoff's first "law." 


Stream Lines of Electric Current. — Current Density (c). — As 4 
consequence of the continuity of an electric current, the total current in any 
substance of any size or shape may be looked upon as made up of a number o 
small streams of electricity flowing side by side, the strength (quantity ol 
electricity per second) of. each stream being constant throughout its length. If 
the cross-section of each stream at any point is so chosen that each stream 
represents unit current (unit quantity per second), then the number of these 


streams crossing unit area of a surface perpendicular to their direction will be 
equal to the current per unit area of this surface, or to the “current density” at 
this surface. Each such stream may be represented graphically by a line com- 
ciding with its axis; such lines are called “stream lines.” When the stream 
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, the current at this point and the number of these lines per unit area perpendicu- 
» lar to their direction is equal to the current density at this point. 

r In the case of an insulated wire the stream lines are parallel to the axis of the 
" wire, except in the immediate vicinity of its ends; this non-uniformity at the 
A ends in the case of a long wire is negligible. The stream lines in an ordinary 
p wire may also, in most practical cases, be considered as all coinciding, and the . 
se wire may, therefore, be treated as a geometrical line as regards external effects. 
However, in the case of a short rod or strip (such as an ammeter shunt) con- 
nected in the circuit by wires attached to its ends, the stream lines are not in 
general parallel but diverge from one terminal and converge toward the other. 


[E 
X 


T Continuous, Direct, Pulsating, Alternating and Oscillatory Currents.— 
“A “continuous” electric current is defined as a current which does not vary 
un with time. A “direct” current is a current which is always in the same direc- 
‘* tion but may vary or pulsate in value. The term “direct current” is ordi- 
d narily used to designate either a continuous current or a current which varies 
id or pulsates only by an inappreciable amount, such as the current from a battery 
#7 or direct-current generator (q.v.). A “pulsating” current is a direct current 
P Which pulsates by an appreciable amount, such as the current from a rectifier 
ei (q.v.). An “alternating” current is a current which reverses in direction, being 
a first positive and then negative, but alternates between constent maximum 

, Positive and negative values; see article on Alternating Currents. An “‘oscilla- 
Uf tory” current is a current which reverses in direction, oscillating between positive 
zz" and negative values which either decrease or increase with time. 


. Conduction Current and Displacement Current. — Experience shows 
, that when an electric field is established in any substance, the total equivalent 
+ — electric current set up depends (1) upon the value of the field intensity, (2) upon 
the rate of change of the field intensity, and (3) upon the nature of the substance 
in which the field is established. The current density o at any point at any 
| Instant may in general be expressed by the relation 


/N a= yF +5 B) (6) 


| pak F is the field intensity, y and & are coefficients depending upon the chemi- 
fe : nature and physical condition of the substance at the point in question, and 
P d; means the rate of change with respect to time, the factor 47 arising from the 


eu definition of the quantity k, see below. The total current may then 


NIS considered as the sum of two components having respectively the densities 
d | 
ci-yF and o= —— (kP). (6a) 
e 47 at | 
nian” 


os first. of these components (c1) is called the “conduction” current, and 

2 NS € second (ss) is commonly called the “ displacement" current. The term 
W J splacement ” current, however, is somewhat a misnomer, for both com- 
Me j Ponents of the total current are probably due, in part at least, to a displace- 
p 


5 a electricity ; whereas a displacement current is set up by a varying 
$ if ectric field in a free space, although there is probably no electricity in free 
1r if * 
y^ Ponent in substances usually classed as conductors, and the displacement cur- 


^, Tent is appreciable only in substances ordinarily classed as dielectrics. The 
jo conduction current in a dielectric is usually small, though measurable; it is 
oa s D called the “leakage” current. When the electric field in a dielectric 
y Y acc varying the displacement current may be many times greater than 


ction or leakage current through the dielectric. 


i 
, Space to be displaced. The conduction current is the only appreciable com- | 
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Conductivity (y) and Resistivity (p). — The quotient of the density e of 
the conduction current by the field intensity P, i.e., the coefficient y in the 
expression gı = yF is called the “conductivity” of the substance at the point 
in question. Since in an ordinary conductor the displacement current is in- 
appreciable, the conductivity of an ordinary conductor is also equal to the 
density of the total current divided by the field intensity, i.e., for a conductor 


o= yF, (7) 


where g represents the density of the total current. Experience shows that for 
a given conductor at constant temperature (and also at constant pressure in 
case of a gas) this coefficient ^y is a constant irrespective of the strength, dis- 
tribution or time variation of the current. The value of y for a dielectric, 
however, is not in general a constant but depends upon the time variation of 
the field intensity; see below under Capacity and Condensers. 


The above relation between o and F may also be written 
d 


F = po, (7a) 


where p is the reciprocal of the conductivity y. The constant p is called the 
“resistivity” or "specific resistance” of the substance. Values of y and p for 
various conductors are given in the article on Resistance and Conductance, and 
also the methods of measuring these quantities. The values of y and p for 
some of the more common insulating materials are given in the article on In- 
sulating Materials, Properties of. For the units of conductivity and resistivity 
see Units and Conversion Factors and also the next two paragraphs. 
Conductance (g) and Resistance (r). — To cause a continuous current I to 
flow through a given conductor in which there is no source of e.m.f. a difference 
of potential must be established by some external agent between the ends of the 


conductor, 
from any point 1 to any other point 2, then the quotient 
I 
= — 8 
£y (8) 
is defined as the “conductance*” from 1 to 2, and the quotient 
V 
ta (8a) 


is defined as the "resistance'*" from x to 2. Conductance is the reciprocal of 
resistance and vice versa. The practical unit of resistance is called the ohm, 
and the practical unit of conductance is called the mho; see Units and Con- 
verston Factors. 

It should be carefully noted that the definitions expressed by equations (8) 
and (8a) hold only when there is no e.m.f, in the portion of the circuit under 
consideration; this condition is realized only when the current remains con- 
stant in value (i.e, a continuous current) and the conductor is of uniform 
material and at constant temperature throughout. Also, the definition is mean- 
ingless unless the same current flows through each cross-section of the conductor 


and the drop of potential is the same between all points in the two end surfaces; 
i.e., the end surfaces must be equipotential surfaces, 


Factors Upon Which Conductance. and Resistance Depend, — The re 
sistance or conductance of a given portion of a conductor included between 
e Frequently called the " ohmic ” or “ d.c." conductarice and resistance respectively 


to distinguish these quantities from the ' effective ” or “ g-c." conductance and resist- 
^ an article an Resistance aeu Conductnace | : 
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two equipotential surfaces and bounded laterally by a surface through which 
no stream line passes, depends upon (a) the conductivity of the conductor 
(b) the dimensions of this portion of the. conductor, and (c) the distribution 
of the stream lines over each cross-section perpendicular to them. Consider 


pits resistivity. Then from equation (2) the drop of potential along the length 
lis V = Fl; from equation (7a) F = pa; therefore V = pol. The total current 
I= 04; whence the resistance and conductance are 


e 
A 
r=p = and gay (9) 


ubstance when the 
current through this cube is parallel to four edges of the cube and is uniformly 


distributed over the section at right angles to these four edges. Hence conduc- 
tivity is frequently expressed as mhos per centimeter cube or inch cube; see 
esistance and Conductance; Units and Conversion Factors. 
Equation (9) is applicable only to a conductor in which the stream lines are 
uniformly distributed and parallel to each other, such as in insulated wires carry- 
ing continuous or comparatively slowly varying currents. When the stream . 
li other, let d] represent an elementary length along 
any stream line and o the current density at dl; then taking the integral along 
e stream line from one end surface to the other, the resistance is 


pfo dl 


T= 


Where 7 is the total current. The calculation of the value of v at each point 
along the line from one surface to the other is difficult except in certain special 
Cases of symmetry; see howeve 

Ohm’s Law and Resistance Drop. — From the relations noted above it is 
evident that, j i i 
which there i 


liage by the current ts a constant. This 
s only when the three conditions specified 


lon may also be written V = p7 which is merely another form 

of equation (2); Le. if r is the resistance between any two points 1 and 2 

* oe ies circuit in which the current js I, then the integral of the electric 
Intens 1 H 


* resistance drop” 
the current. When there is an 
distribution of current remains 
l drop from x to 2, from equation (2), is 


Vi = rly — Ep, (10) 
the su 
is som 


rious quantities. Equation (1o) 


bscripts indicating the directions of the va 
erred to as the " modified " Ohm’s law. 


etimes ref 


s P à | i ariati ! 
In general, the distribution of current depends upon the time v. ation of the volt- 
*; see article on Skin Effect, | | 


; (93) | 
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Terminal and Impressed Voltages. — The application of this equation is 
best shown by considering a simple circuit containing a generator and a motor 


or other receiving device, Fig. 6. Let I be the. current in this circuit, let Ry be 
the internal resistance of the generator, Rm the 


internal resistance of the motor and R; the 
total resistance of the “line” or connecting 
wires, let Eg be the e.m.f. developed by the 
generator and Em the back e.m.f. developed 
by the motor, and let V, be the terminal volt- 
age of the generator and Vm the terminal volt- YR, 
age of the motor. Through fhe generator the Fig. 6. 
current flows from the — to the + terminal, 


the e.m.f. is from the— to the+ terminal, and the drop of potential is from 
the + to the — terminal. Hence 


Vg = Eg- Rg, (102) 
i.e., the terminal voltage is less than the generator e.m.f. by an amount equal 
to the resistance drop in the armature. Through the motor the current flows 
from the+ to the — terminal, the e.m.f. is from the— to the + terminal, and 
the drop of potential is from the + to the — terminal. Hence 


Vin= Ent Rul, (10b) 


ie., the terminal voltage is greater than the back e.m.f. of the motor by an 
amount equal to the resistance drop through the motor. 


The terminal voltage of the motor is less than that of the generator by an 
amount equal to the resistance drop in the line, i.e., 


Vm= Vg Ee Ryu . (oc) 


_ The expression “impressed” electromotive force is also used to designate the 
rise of potential from the negative to the positive terminal of any receiving 
device, whether it be a motor, bank of lamps, or any “straight” resistance, 1e, à 
resistance containing no source of electromotive force. 


Series Circuits. — When several conductors are connected end to end so 
that the same current flows through each of 


them (Fig. 7), they are said to be connected T E^ 
“in series.” Let Iz be the current in each " 


mS 
12 Em c : 
conductor in the direction from 1 to 2, let TAWH pwya 
R', R”, R”, etc., be the resistances of the 

various conductors and E’p, E”, E's, [e ——— SE 
etc., be the e.m.f.’s in the circuit between 


1 and 2 in the direction from x to 2. Then Fig. 7. 
the potential drop from 1 to 2 is 


Vie = R'In — E's + RI ~ E" + R'' Tig — E"n, etc. 


Therefore, the resistances between the points 1 and 2 are equivalent to a single 
resistance 


R= R'+R"+R"7, ete, —— © o (un) 


and the e.m.f.’s between the points 1 and 2 are équivalent to a single e.m4. 


Eg = Et E'".- EUH atc (113) 
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i55 The equivalent conductance of several conductances G”, G”, G"", etc., in series 
cU when there are no e.m.f.’s in the path, is G where 


Ale 


et — — — pn: «ee rib) 
n G^ at Git gat 
ped 
N Parallel Circuits. — When several conductors are connected to two common 


Junction points so that the same potential drop 
pS is established through each (Fig. 8), they are 


n said to be “in parallel" Let the currents, e.m.f.'s 
A i and resistances be as designated in the figure. 


en from equation (5) 


4 Inz t4 Int I", + etc. 
and from equation (10a) 
we! Vie = R'I'à — E'g = R"T "m Eg = Rp, — E” = etc., 
n yl $ i 
x= from which relations the currents in the individual branches may be calculated. 
Hc there are no e.m.f.’s in the various branches, the combined resistance of 
the several branches from z to 2 is R where 
l i I I I I 
Ro Rt gt gut. e) 
he meu A " 
| and the combined conductance is 
ge G=G'+ G" 4 G'" 4. Eas | (12a) 
where Gi, Gs, Gs, etc., are the individual conductances. 
Two Parallel Circuits, — In the special case of two conductors in parallel, 
" and no emf. in either, the combined resistance is ! 
LL RiR: É 
m Rz . s -.. (xab 
is Rit Re | E 


gli Series-parallel Circuits. — When a circuit is made up of several conductors 
Some of which are in series : 


and some in parallel, it is called a ‘“series-parallel”’ 

2 i CICuit. The total resistance or i ’ 

Sa fog me € constants of the several branches by applying successively the formulas 

dm eries and for parallel. circuits. | 
Kirchhoff’s Network Laws. — 


The relations given above for conductors in ; 
—~ Sentes and in parallel are special case 


s of two general laws already stated, namely: 


f the currents coming up to any junction in a network 
9! conductors is al Red TE E 


Wok sum of the potential drops around any closed loop in a net- 
ork of conductors is always zero (equation 3). 
Hen De two laws are known as Kirchhofi's Laws, from the name of the scien- : 


19" ciated them. By making use of them one can always 


Ü . 
k It should be carefully borne in mind in applying these laws that a current 
4 Point is equivalent to a negative current entering that point, and that 


894 
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an e.m.f. in any chosen direction is equivalent to a ríse of potential in that 
direction. In working out any problem concerning a network of circuits it is 
convenient to make a diagram of the network and to place on each branch in 
this diagram a number or symbol to represent the value of the current in this 
branch and an arrow or subscripts to indicate the direction of the current repre- 
sented by this number or symbol, and wherever there is an e.m.f. to place a 
number or symbol to represent the value of this e.m.f. and an arrow or subscripts 
to indicate its direction. Then at any junction point those currents represented 
by arrows pointing toward the point are to be considered positive (say) and those 
represented by arrows pointing away from the point are to be considered nega 
tive; and for any closed loop those currents and e.m.f.'s represented by arrows 
pointing around the loop in the clockwise direction (say) are to be considered 
positive and those pointing around the Joop in the counter-clockwise direction 


are to be considered negative. With this understanding, these laws may be 
written 
ZI = oat every point, (13a) 
BE = Zr for every closed loop, (13b) 


where 7, r and E represent the current, the resistance and the e.m.f. respectively 
Ín each branch of the loop, and the symbol Z indicates the algebraic sum of the 
quantities following it. 

These equations enable one to write down a set of simultaneous equations for 
the given network, but it will be found that at least one of the current equations 
may be derived directly from the other current equations, and that at least one 
of the potential equations may be derived from the other potential equations. 
That is, the number of independent equations of each form will be one less than 
the number which it is possible to write down, It should also be noted that it 
is frequently unnecessary to write down formally all the possible independent 
equations; many of the simpler problems can be solved by writing down two 


independent expressions for the potential drop between each 


pair of points and 
equating these two expressions.* x 


_ When the currents and e.m.f.'s are varying, the first law applies to the total 
current (conduction and displacement current), but the second law in the form 
given in (13b) applies only to closed loops of conduction current; in both cases 


the instantaneous values of the currents and e.m-f.’s must be taken when the 
quantities are varying. 


ELECTRIC ENERGY AND POWER. — From the definition of potential 
drop it follows that the total work done by the external agents in forcing Q units 
of electricity from any point 1 in a circuit to any point 2 is W = VQ. From 
the definition of electric current the quantity of electricity carried from 1 to? 
when the current I is established from x to 2 is Q = Jt, where 4 is the time during 
which the current exists. Hence when a current J is established through any 
device for a time ¢ by an impressed voltage V, the energy input to this device's 


W = Vit (14) 
and the pawer input, i.e., energy input per unit time, is 
P= VI. |. «9 


Wben V and I are expressed in volts and amperes respectively the powar inpit 
is in watts; itt isin seconds, the energy input isin joules or watt-seconds, When 
V and J are in statvolts and statamperes respectively; or in abvolts and abau 

* The application of these laws to the solution of complicated network problems i 
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peres respectively, the power input is in ergs per second, if ¢ is in seconds the 
energy input is in ergs. See Units and Conversion Factors. E 
Applying the above relations to the simple circuit shown in F ig. 6 containing 


a generator and a motor (armature windings only are considered), the power 
input to the motor armature is 


the power output of the generator armature is 
Po= El — Ry (15b) 


and the power lost in the line is 
P= RI. 


The term RI? represents the power lost in heating the armature winding of the 
generator due to its resistance, and the term RI? represents the power dis- 


and Motors. 

Joule’s Law. — That po 
to the Product of the resistance of the conduc 
device by the square of the current through this 


neat. That is, when a current 7 flows through a resistance r heat is alwaya 
dissipated” in this resistance, and the rate of dissipation is 


Py - rr. 


This experimenta] fact is known as “ Joule's Law." This law applies directly 
only to continuous or non-varying currents. The relation P} = 77? is, however, 


used as the basis for defining the “effective” resistance of a conductor to an 
alternating current (q.v. 


p ELECTRIC FLUX (V) AND DIELECTRIC FLUX DENSITY 


displacement current through a dielectric at any 
Polat depends upon the rate of change of the electric field intensity and upon the 


; the density of this displacement current at any point 
may be expressed by. the relation 


(15c) 


I d 
92 = 47 d; Ws ^. (16) 


where F is the field intensity and $ a coefficient depending upon the nature of 
the dielectric. 


fa > The coefficient & in this expression is the so-called dielectric co- 
eliiclent or dielectric constant. 


dis € quantity kE, whose rate of change ise 


qual to 47 times the density of the 
cement Current, is called the * dielectri 
Sented Then 


c flux density," and may be repre- 
by the symbol D, | | RET. bd 
D = kF. (17) 
e direction of the dielectric flux density is arbitrarily chosen to be the same 
Gul t of the electric field intensity F, Through any surface of area A at each 

C - of which the dielectric flux density has a constant value D and is perpen- 
UR to that surface, there is said to exist a “dielectric flux" equal to DA. 
otal dielectric flux through a surface may be represented by the symbol y. 


"em 
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In general, the total dielectric flux through any surface perpendicular at each 
point to the direction of the field intensity at that point (i.e., through an equi- 


potential surface) is 
y= IL ds, (18) 


where ds represents any elementary area of this surface and D the flux density 


per unit area at ds, and J represents the sum of all the products D ds for that 
surface. The total displacement current through this surface is then 


nu (19) 


Lines of Dielectric Flux. — The electrostatic flux through any surface may 
be represented by lines drawn in the same direction as the lines of electric inten- 
sity, but of such a density that their number per unit area perpendicular to their 
direction at any point zs equal to the dielectric flux density at this point. The 
number of these lines cutting any surface is then equal to the total dielectric 
flux through thissurface. The ratio of the number of flux lines through any 
surface to the number of lines of electric intensity through that surface is equal 
to the dielectric coefficient of the substance in which the field exists. 


ELECTRIC CHARGE (Q) AND DIELECTRIC FLUX (y). — Within 
any substance of uniform structure throughout the dielectric flux lines are con- 
tinuous lines, i.e., the number of these lines coming up to one side of a surface 
within such a substance is equal to the number of these lines leaving the other 
side of that surface. Experience shows that it is impossible to produce an 
appreciable dielectric flux in those substances ordinarily classed as conductors; 
hence dielectric flux lines cannot pass through a good conductor, but terminate at 
its surface. Every dielectric is a conductor to at least a slight extent, and 
on account of this fact the dielectric flux lines coming up through one dielec- 
tric to the surface of contact between this dielectric and another do not all 
pass through the second dielectric, but some of them terminate at this surface. 

Experience shows that to establish an electric field in the dielectric around a 
conductor, electricity must be conducted through the conductor to the surface of 
contact between the conductor and the dielectric. For example, consider a 
good conductor in contact with a perfect dielectric, 
Fig. 9; a momentary conduction current must flow 
through the conductor along the stream lines of the 2221- 
conduction current, represented by the dotted lines, 45:9 9$ Delek 
While the field is being established (and therefore 
varying) a displacement current is set up in the 
dielectric requiring an equal conduction current in Fig. 9. 


I . . ; 
the conductor, and consequently pp times the rate of change of the dielectric 


flux (V) established in the dielectric must be equal to the conduction current () 
flowing up to this surface through the conductor, i.e., 


or 


wean (idt-4x0, (a) 
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where Q is the quantity of electricity (current multiplied by time) conducted 
through the conductor to this surface. 

This relation is a general one, viz., the total dielectric flux from any area A 
in the surface of a conductor is equal to 4m times the total charge on this area. 
Hence every flux line originates at a positively charged conducting surface and 
terminates at a negatively charged conducting surface, 47r of these lines con- 
necting each unit positive charge to each unit negative charge. 

The quantity of electricity conducted through a conductor when a momen- 
tary current is established through it can be readily measured by means of a 
ballistic galvanometer (see Galvanometers) and consequently the dielectric flux 
(equal to 4 TQ) may be readily determined. 


Units of Dielectric Flux. — Dielectric flux may be expressed in the same 
unit as electric charge, viz., coulombs, statcoulcombs or abcoulombs; see Units 
and Conversion Factors. 


Surface Density of Charge (cc) and Dielectric Flux Density (D). — When 
there is no current in a conductor there can be no electric field within it, see 
equation (7), and therefore the surface of a conductor in which no current is flow- 
ing is always an equipotential surface. Hence the lines of electrostatic intensity, 
in the surrounding dielectric, and therefore the dielectric flux lines also, must 
leave or enter this surface in a direction perpendicular to it. The dielectric 
flux density in the dielectric just outside a conducting surface in which there is 
no electric current is perpendicular to this surface and is 


D=476¢, (202) 


where c, is the charge per unit area of the surface at this point, or the “surface 
density” of the charge. 


Dielectric Flux Density Due to a Number of Charged Conductors. — 
It can be shown that when any number of charged conductors are surrounded 
by a uniform dielectric, the dielectric flux density at any point in the field may 
be expressed by considering each elementary surface having a charge q as pro- 
ducing at any point P at a distance r from q a flux density equal to q/r?, in 
the direction of the line from q to P when q is positive and in the direction of 
the line from P to q when q is negative. The total flux density at P due to 
all the charges is then the vector summation 


D= > A 3 (20b) 


Dielectric Flux Density at any Point due to a Uniformly Charged 
Wire of Circular Cross Section and Infinite Length. — Let q be the charge 
per unit length, K the dielectric coefficient of the surrounding dielectric, as- 
sumed uniform, and r the perpendicular distance from the center of the wire 
to any point P, then the dielectric flux density at P due to this wire is 


D= -s (20c) 


The resultant dielectric flux density at any point due to any number of uni- 
Jormly charged wires is the vector sum of the flux densities due to each sepa- 
rately. However, when two or more wires are close together the distribution 
of charge on them is not uniform,* but when the wires are more than ro 


* The distribution can be calculated readily in the case of two parallel wires; see 
Pender and Osborne, Elec, World, 19010, Vol. 56, p. 667. | 


| 
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diameters apart the error introduced by the assumption of uniform charge is 
practically negligible. 


ELECTROSTATIC CAPACITY (C) AND CONDENSERS. — To estab- 
lish a given dielectric flux y through a given dielectric a certain difference of 
electric potential is always required. Consider any portion 
of an electric ficld (Fig. 10) between the two equipotential 
surfaces S and S1 bounded laterally by a surface tangent at 
each point to the flux line through that point. Let V be 
the drop of potential from S to Si, and let y be the dielectric S 
flux through this region. When there is no source of e.m.f. 
between S and Sı the quotient 


oof. 


4nV (21) Fig. 10. 


is defined as the "electrostatic capacity” of this portion of the field. Com- 
pare with the definition of conductance, equation (8). 

When the equipotential surfaces S and Si are the surfaces of two conductors, 
the two conductors and the dielectric between them are said to form an “elec- 
tric condenser.” Practical forms of condensers are described in the article on 
Condensers, Electric. When all the flux lines from one conductor end on the 
second conductor (e.g., when they are given equal and opposite charges by con- 
necting them respectively to the two terminals of a source of e.m.f.), then the 
flux from one to the other is equal to 4#Q where Q is the numerical value of the 


total charge on either conductor. The capacity of the condenser may then be 
written 


Q 
C= p: (21a) 


When there are several charged conductors in the field the total flux from 
one conductor does not in general all end on another single conductor, but, 
some of the flux lines from No. 1, say, may run to No. 2, some to No. 3, etc. 
Let Wn be that portion of the flux from any conductor r which ends on any 


other conductor 2, and let Via be the drop of potential from 1 to 2, then the 
capacity between conductor No. 1 and conductor No. 2 is 


4T Vis | a) 


Or, calling Qi» that portion of the charge on No. 1 which is balanced by an equal 
and opposite charge on No. 2, the capacity between x and 2 is 


Cn = Qu . 


Va (21c) 


Units of Capacity. — The unit of capacity in the practical system of units 
is the farad (see Units, Practical Electric), but as this is a very large unit, a 
unit equal to one-millionth of a farad, called the microfarad, is usually em- 
ployed. The c.g.s. electrostatic unit may be called the statfarad and tbe 
c.g.s. electromagnetic unit the abfarad. See Units and Conversion Factors. 

Factors Upon Which Capacity Depends. — The capacity of a given por- 
tion of a dielectric depends upon (a) the dielectric coefficient k of the die 
lectric, (5) the length of the dielectric flux lines through: it; (c) the cross-section 
of the dielectric at right angles to the flux lines, and (d) upon the distribution of 
v" 5... Brac aver this cross-section. Compare with electric cnnductance. 


. 1 
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general, the capacity of any portion of a dielectric bounded laterally by flux lines 
and at the ends by equipotential surfaces (Fig. 10) can be expressed by the 
formula 


Gees, (21d) 
4 r{D dl 


where & is the dielectric coefficient, V the total dielectric flux through the given 
portion of dielectric, d? any elementary length along one of the flux lines and D 
the dielectric flux density at this point, the integral being taken along the flux 
line from one end surface to the other. When the end surfaces are conductors 
charged with -+ Q and — Q units respectively, then 


E CM 
fpa 


-— 
= 


(21e) 


By the application of this formula the capacity of various practical forms of 
condensers may be calculated; see the article on Capacity and Charging Cur- 
rent, Calculation of. It should be noted that the capacity of a condenser depends 
upon the distribution of the dielectric flux (& being assumed constant), but not 
upon the absolute value of the flux; i.e, for a given dielectric and given dis- 
tribution of flux the capacity is a constant. In general, when any conductor 
or dielectric of a different specific inductive capacity is placed in the electric 
field set up by the charged plates of a condenser, the distribution of the flux, 
and therefore the capacity of the condenser, is altered. 


Relation Between Conductance and Capacity. — Comparing equations 
(ya) and (21d), it is apparent that when the dielectric flux lines and the cur- 


rent stream lines have the same distribution in any given region, the ratio 


of the conductance of this region is 4 ry/k where k is the dielectric coefficient 
and y the conductivity of the material in this region. Hence the formulas 


for the capacity and conductance of the dielectric between the plates of any 


shape or size of condenser differ only by a constant coefficient. That is, if C 
is the capacity of any condenser, then l 


g- 4 +c (22) 


is the conductance of the dielectric between its plates. Values of C for various 
cases are given in the article on Capacity and Charging Current. l 


Charge and Discharge of a Condenser. — To charge a condenser a dif- 
ference of electric potential must be established between its plates. This may 
be dane, as noted above, by connecting the two plates of the condenser respec- 
tively to the two terminals of any source of e.m.f., see Fig. 11. If the dielectric 
has a very high resistance and the source of c.m.f. 
has a constant value E, the current set up in this x i l 
circuit will continue only until a difference of po- Battery = Bis Diss 
tential equal to E has been established across the 
two plates of the condenser, or until a charge equal Fig. 11 
to CE has been transferred from the “negative” to ii 
the "positive" plate of the condenser. The establishment of the electric flux 
through the dielectric of the condenser may be looked upon as setting up in the 
dielectric itself an opposing force analogous to the opposing force set up in a 
Spring when.it is compressed. When the opposing force just balances the im- 
pressed force a steady state is attained, just as the compressing of a spring ceases 


MEME 
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when the force producing the compression is just balanced by the opposing 
force due to the elasticity of the spring. 

When a condenser has thus been charged, the wires connecting it to the source 
of e.m.f. may be removed and the condenser remains charged for a length of time 
depending upon the resistance of the dielectric separating the plates; the higher 
this resistance the longer the time that the condenser remains charged. The 
plates may also be moved apart and they still retain their charges, one plate 


a positive charge and the other a negative charge, but the distribution of these ` 


charges on the plates will in general become altered. Experience shows that a 
mechanical force is required to separate the charged plates irrespective of 
whether or not they are connected to the source of e.m.f. 

When the two charged plates are “short-circuited” by a wire, as shown in 
Fig. 12, a momentary current is established through the wire and the electric 
field between the plates and the charges disappear. The quantity of electricity 
discharged through the wires is equal to the quantity of charge originally on 
either plate. A charged condenser, therefore, acts like a 
source of e.m.f., the direction of this e.m.f. around the circuit A 
containing the condenser being in the direction through the | d 
condenser from its negative to its positive plate. A condenser 
when it is being charged may also be looked upon as produc- Fig. 12. 
ing a back e.m.f., that is, an e.m.f. opposing the e.m.f. which 
charges it. When a condenser is considered from this point of view only the 
conducting portion of the circuit is to be considered in applying Kirchhoff’s Laws. 


When the condenser has an appreciable leakage its resistance must be considered 
to be in parallel with its e.m.f. 


Charging or Capacity Current and Leakage Current. — The displace- 
ment current through the dielectric of a condenser is frequently called the 


“charging” or “capacity” current. The conduction current through the di-. 


electric is called the “leakage” current. Let C be the capacity of the condenser, 


g the conductance of the dielectric, and v the voltage across the condenser, then 
the total current through the condenser is 


dv 


i= got+C dr | (23) 


where E represents the rate of change of v with time. The component gv of 


, dv, : 
this current is the leakage current and the component C di is the charging or 
capacity current. | 

Capacities in Series. — When several capacities* are connected end to end 


so that the same dielectric flux passes through each of them, they are said to be 


“in series.” The total capacity of any number of individual capacities Ci, Cs, 
Cs, etc., connected in series is C where 


Ca a 6G see | (24) 


Compare with conductances in series, equation (xrb). - 

Capacities in Parallel. — When several capacities* are connected between 
the samie pair of equipotential surfaces so that the same potential drop is estab- 
lished through each, they are said to be “in parallel.” When there are no ems 


oani enrfaces. 


* Either condensers, or dielectrics of different kinds, sizes or shapes in contact along 
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WERS in any of the circuits between the two equipotential surfaces the total equivalent 


" capacity of any number of capacities Ci, C2, C3, etc., connected in parallel is 
ri 5 ZEN 


sept C= Cit Ct.’ (25) 


ane Compare with conductances in parallel, equation (12a). 
um E SPECIFIC INDUCTIVE CAPACITY (K) AND DIELECTRIC 
duisi COEFFICIENT (4). — From equation (21d) it is evident that when the capa- 
UE ART city of a given condenser is measured (1) when a dielectric A is between the plates 
; im and (2) when some other dielectric B is between these plates, then the ratio of 
. the two capacities is the same as the ratio of the dielectric coefficients of the 
je 8 two dielectrics. The “specific inductive” capacity of any dielectric is defined 
Ef as the ratio of the capacity of a condenser having this substance as its dielectric 
tid: i to the capacity of the same condenser when air forms the dielectric between 
"m the plates. The specific inductive capacity is, therefore, independent of the 
| system of units employed. 
| The c.g.s. electrostatic system of units is based on the arbitrary choice of unity 
| E as the dielectric coefficient of air; hence, in the c.g.s. electrostatic system of units - 
i2 the specific inductive capacity and the dielectric coefficient are numerically equal. 
pi Inthe cg.s. ee system of units the dielectric coefficient of air is not 


 ,,. = unity but TIE 5 e., the reciprocal of the square of the velocity of light in air). 


il In the practical system of units, when the centimeter is taken as the unit of 


length, the dielectric coefficient of air is EET Hence, calling K the specific 


rol: 
PF inductive capacity of any dielectric referred to air as unity, and & its dielectric 
ay coefficient, then in the 


wat 

Ls 

ee c.g.s. electrostatic system k=K, 

f E K 

mod c.g.s. electromagnetic system k= m x 

K 
Practical syst . as unit of length) ` k = ————- 
actical system (cm ngth) 9X rod 


p! : Values of the specific inductive capacity of various insulating materials are 
qn given in the article on Insulating Materials, Properties of. 


" Electric Absorption and Residual Charge. — The value of the dielectric 
the coefficient k of a given dielectric is not strictly a constant unless the dielectric 
Is perfectly homogeneous. In the case of such nonhomogeneous substances as 
ot glass, mica, rubber, paper, cloth, etc., the dielectric coefficient is found to depend 
j Upon the time of electrification, i i.e. upon the length of time that the voltage is 
qi. applied, its value increasing with the time of electrification (see Insulating 
au M alerials, Testing of). This phenomenon is sometimes described as “electric 
absorption," the idea being that the charge from the plates of the condenser 
, Soaks into the dielectric, for an increase in the dielectric coefficient for a given 
impressed voltage means a greater quantity of electricity conducted to the plates. 
This idea is also in accord with the experimental fact that when such a condenser 
is discharged by short-circuiting it with a wire, Fig. 12, the wire then being re- 
moved, a “residual” charge appears on the plates after a lapse of a few seconds. 
um Dielectric Hysteresis. — A phenomenon closely associated with electric 
d a absorption is the fact that when the electric field in a heterogeneous dielectric is 
gil caused to vary rapidly an amount of heat is dissipated in the dielectric greatly 
oi! in excess of that which can be accounted for in terms of its leakage resistance as a 
sit determined by continuous-current measurements. This may be due in part to 
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an actual increase in the resistance of the dielectric with the speed of variation 
of the field, or may be due to a phenomenon analogous to magnetic hysteresis, 
i.e., to a lag of the dielectric flux density behind the electric field intensity (see 
Magnetic Materials, Properties of). Whatever may be the cause of this extra 
loss of power for rapidly varying fields, it is generally described as the loss due 
to "dielectric hysteresis." The heat developed is in many cases quite appred- 
able. See also the article on Condensers, Electric. 

DIELECTRIC STRENGTH. — ELECTRIC SPARK AND ELECTRIC 


CORONA. — Experience shows that when an electric field is established in 
a dielectric and the intensity of this field is increased, a point is reached at which 


the dielectric loses its insulating property and becomes a conductor. This — 


condition of affairs is usually accompanied by a spark which burns a hole through 
the dielectric, i.e., the dielectric is “punctured.” Under other conditions the 
breakdown may not be permanent, but may result in the acquisition of a high 
conductivity by the dielectric only while the voltage gradient is maintained 
above the critical value, the dielectric regaining its insulating property when the 
field is reduced below this critical value. This latter condition is usually de- 
scribed as the formation of an electric “corona ” in the dielectric; in the case of 
air the formation of corona manifests itself by a bluish light in the air around 
the conductors between which the field is established. Whether the breakdown 
produced by a given voltage is of the nature of a puncture or results in the for- 
mation of a corona depends chiefly upon the distribution of the dielectric flux 
produced in the dielectric (see Corona, Electric). 

The critical field intensity or voltage gradient at which breakdown occurs is 
called the “dielectric strength" of the dielectric. The dielectric strength 
depends upon the nature of the dielectric, its value for the various dielectrics 
ordinarily employed in practice depending decidedly upon their chemical and 
physical nature (see Insulating Materials, Properties of). It is also found that 
for a given dielectric the critical voltage gradtent at which breakdown occurs 
depends in general upon (a) the distribution of the dielectric flux just prior to 
breakdown and (6) upon the thickness of the dielectric. It is naturally to be 
expected that the vollage (total potential difference) required to produce a break- 
down would depend upon the distribution of the dielectric flux and the thickness 
of the dielectric, for the voltage gradient at all voltages depends upon these 
factors (see above under Capacity), but there js as yet no satisfactory explanation 
of the dependence of the critical gradtent upon these factors. 

In fact, but little is known regarding the nature of an electric breakdown, and 
even the values of the diclectric strength are known only approximately in most 
instances, for in many of the tests made to determine its value the distribution 
of the electric flux was not known. The values of the dielectric strength given 
in the article on [stating Materials, Properties of, must, therefore, be considered 
only as rough approximations except for conditions identical with those under 
which the tests were made. - 


ELECTROSTATIC ENERGY. — From the general relations expressed 
by equations (15) and (23) it is evident that when the potential difference 
between the plates of a condenser is Increased from o-to.V the energy input 


is 
f eas. flo Co do. 


The energy represented by the first term on the right-hand side of this equation - 


is dissipated as heat in. the dielectric, but the energy represented by the second 
term, which, when C is constant, may be written 


d o We RCH 9 0 0 (26) 
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does not represent a dissipation of heat; this is a fact of experience. More- 
over, when the condenser is discharged, by short-circuiting its plates with a 
wire, this same amount of energy 42 CV? is transferred to the wire. Hence, 
the energy represented by 15 CV? is said to be stored in the condenser, or pref- 
erably in the dielectric of the condenser, for the electric force F exists only in 
the dielectric. . This stored energy is called the "electrostatic" energy. It is 
analogous to the energy stored in a spring when the latter is compressed or 
stretched. Equation (26) may also be written 


IQ? x I 
We o OV aN (26a) 
The electrostatic energy per unit volume of an electric field may be written 
D F3 D? 
PTS ILE LINEA AM (26b) 


Em 8T 8m&k 


where $ is the dielectric coefficient, F the electric field intensity or potential drop 
per unit distance, and D the dielectric flux density or flux per unit area perpen- 


dicular to the direction of the drop. 
It should be noted that equations (26) to (26b) are based on the assumption 
that k is a constant, independent of the value of F. When this condition does 


not hold, the energy required to establish the field is f d Cv d», the evaluation of 


which depends upon the relation between C and v. 


MECHANICAL FORCES IN AN ELECTROSTATIC FIEED. — 
Experience shows that all bodies (conductors or insulators) in an electric field 
exert in general mutual mechanical forces upon one another tending to produce 
such a relative motion as will decrease the energy of the field. Let f be the 
component of the force tending to move any body in the field in a given direc- 
tion and let dW be the increase in the energy of the field due to displacing the 
body a distance dx in this direction, then 


f=- a _ 0 (7) 


provided this displacement does not cause a change in the existing electric charges 
inthefield. Asa consequence of this general relation it can be shown that every 
charged surface exerts a force of repulsion on every other surface charged with 
electricity of the same sign, and a force of attraction on every surface charged 
with electricity of the opposite sign. 

In the special case of the two conductors forming a condenser the force of 
attraction exerted by one conductor on the other is 


[2-—— | (27a) 


where V is the p.d. across the condenser, C the capacity of the condenser, and 
dC represents the increase in the capacity of the condenser when one conductor 
moves a distance dx away from the other. ‘This relation results from the sub- 
stitution of (26a) in (27). For example, the capacity of a parallel plate condenser 
is approximately, . 

kA ` i 
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where & is the dielectric coefficient, A the area of the smaller plate, and x the 
distance between the plates. Hence the force of attraction is 

V:kA 

8 xx? 


Principle of the Electrometer. — This relation suggests a method of measur- 
ing potential difference, for, by transposing, 


Brf 
Very tA 


If the force acting on the upper plate is measured by means of a balance, and if A 
and x are also measured, and the dielectric between them is air (& = 1 in the 
electrostatic system, by definition), then all the data necessary for the calcula- 
tion of V is at hand. The above formula for V is approximate only, since the 
capacity formula is approximate, due to the assumption of a uniform flux den- 
sity in the dielectric between the plates. As a matter of fact the flux density 
near the edges of the plate is not uniform, but it is possible to correct for this 
non-uniformity; see article on Electrometers. 


MAGNETS AND MAGNETIC SUBSTANCES. — A magnet may be 
defined as any body which possesses the property of attracting píeces of iron or 
steel * and which when freely suspended takes up a definite position with respect 
to the geographical meridian. A magnetic substance is any body which»acquires 
this property when it is placed near a magnet or near a conductor carrying an 
electric current. A body which is given this property is said to be “mag- 
netized.” A magnetic needle is a magnetized needle of iron or steel; the north 
seeking end of such a needle is called its north pole and the south seeking end its 
south pole. When such a needle is freely t suspended near a magnet or a 
conductor carrying an electric current a couple is bound to be exerted upon it 
which causes it to take up a definite direction. The needle is said to “point” 
in the direction of a line drawn through it from its south to its north pole. 


MAGNETIC FIELD OF FORCE. — Any region in which a magnetic sub- 
stance (e.g., a piece of soft iron), when placed therein, becomes magnetized is 
said to be a “magnetic field." A magnetic field exists in and around every 
magnetized substance and around every stream line of electric current. The 
direction of the magnetic field at any point P is arbitrarily chosen as the direc- 
tion in which a small magnetic needle point would point when placed at P with- 
out disturbing appreciably the existing conditions. 

Magnetic Flux ($). — Consider a small closed 
turn of wire, Fig. 13, placed in a magnetic field with 
its plane perpendicular to the direction of the field. 
Experience shows that when such a turn of wire is 
removed from the field in any manner whatever (the 
- coil remaining short-circuited on itself or forming part 
of a closed circuit), or when the magnetic field is 
caused to disappear in any manner whatever, a mo- 
mentary electromotive force is set up or "induced" ( 
in this coil, which in turn causes a momentary electric current to flow through 
the coil. This e.m.f. exists only while the coil is moving across the field or while 


the field through the coil is varying. 


* With a force in excess of the gravitational force, which latter is extremely small. 


t A needle is said to be freely suspended when there is no controlling force exerted upon 
+. sLeaweh ita ausnension tending to make it take up any definite position. 
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The time integral of the induced e.m.f. when the coil is removed entirely 
ffom the magnetic field is taken as the measure of the “magnetic flux” 
existing through the coil when in its original position. "That is, calling e the 
e.m.f. induced in the coil at any instant due to its motion through the field, 
and / the time during which the e.m.f. exists in the coil, then the magnetic flux 
through the coil when in its original position is 


d= f^ di. (28) 
0 


This quantity is readily measured by means of a ballistic galvanometer; see 
Magnetic Testing. 

Units of Magnetic Flux. — The unit of magnetic flux in the c.g.s. electro- 
magnetic system is frequently called a “maxwell” or simply a “line.” The 
unit of flux in the practical system of units is sometimes called a “weber”; see 
Units and Conversion Factors. 

Magnetic Flux Density (B). — Experience shows that the magnetic flux 
through any closed loop, such as the turn of wire described above, depends upon 
the area inclosed by this loop. The magnetic flux per unit area through any 


surface perpendicular to the direction of the field is defined as the "magnetic - 


flux density" at this surface, and is usually represented by the symbol B. By 
the flux density at any point is meant the flux density at an infinitely small 
surface drawn perpendicular to the field at this point. The direction of the 
magnetic flux density at any point is the same as that in which a magnetic 
needle would point if placed at this point; i.e., the direction of the flux density 
and the direction of the magnetic field are the same. When the flux density 
has the same value B at every point of a surface of area A and is perpendicular 
to this surface, then the, total flux through this surface is 


$= BA. (29) 


The total magnetic flux across any surface S may in general be expressed 
mathematically by the surface integral 


$= f (B cosa) ds, (292) 


where ds represents any elementary area of this surface and (B cos a) the com- 
ponent of the flux density perpendicular to ds. 


Units of Magnetic Flux Density. — The unit of magnetic flux density i in 
the c.g.s. electromagnetic system is called the “gauss”; no name has been given 
to the corresponding practical unit. 


Magnetic Flux Lines. — Continuity of Magnetic Flux. — Magnetic flux 
can be represented by lines drawn in the field in such a direction that their 
direction coincides at each point with the direction of the field at that point, 
and of such a number that their density at each point (number per unit area 
perpendicular to their direction) is equal to the magnetic flux density at that 
point. Such lines are called “magnetic flux lines." Experience shows that lines 
thus drawn in a magnetic field always form closed loops, i.e., a magnetic flux 
line has no ends. As a consequence of this fact the total magnetic flux coming 
up to any surface in a magnetic field is always equal to the total flux leaving 
that surface. (Compare with stream lines of electric current.) When the flux 
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leaving a surface is considered as equivalent to a negative flux coming up to 
that surface, this relation may be expressed by the formula 

2ó-o (30) 

at every surface, the summation being an algebraic one. This is analogous to 
Kirchhoff’s first law for electric circuits. 

Magnetic Fields Due to Electric Currents. — 


Experience shows that every stream line of electric cur- Plur 
rent is always accompanied by a magnetic field the Current 


flux lines of which link the stream line of current. That 
is, the flux lines thread the loops formed by the stream 
lines and the stream lines thread the loops formed by 
the flux lines; see Fig. 14. Fig. 14. 


Right-handed Screw Law. — The direction of the current flowing 
around any electric circuit and the direction in which the flux lines due to that 
current thread this circuit are related to each other in the same manner as the 
direction of motion of a point on the edge of the head of a right-handed screw 
placed at the center of the circuit and the direction of advance of the screw. 
Or, if one faces the electric circuit looking in the direction of the flux lines thread- 
ing it, the current producing these lines is in the clockwise direction around the 
circuit. The relative direction of the current and its magnetic flux may be 
briefly described by saying that the current is in the right-handed screw direction 
with respect to the flux which it produces. 


MAGNETICALLY INDUCED ELECTROMOTIVE FORCE. — The 
measure of magnetic flux is based on the experimental fact that whenever the 
magnetic field threading an electric circuit changes, an electromotive force is 
induced in that circuit. When the circuit is formed by a single turn of wire 
this induced e.m.f. is, from the definition above, equal to the rate of change of 


this flux with respect to time, i.e., e = se . When the circuit is in the form of 


à coil each turn of which links the flux, the e.m.f. induced in each turn is equal 
to E: where $ is the flux which links that particular turn. When each turn 


links the same number of flux lines, then the total induced e.m.f. in a coil of N 


turns is l 
| dp 
NIE. 1 
e-N di (31) 
When the change in flux is due toa motion of a circuit or part of a circuit 
through a magnetic field the induced e.m.f. in any conductor is also equal to 
the number of flux lines which cut across this conductor. 
Magnetic Linkages (A). — The condition that each turn be linked by the 
same flux $ is seldom ‘the case; some of the flux lines link only part of the 
turns, see Fig. 14. In ide the total e.m.f. is 


ZEIT « Pn)» 


where d» d», etc., represent the fluxes linking the various turns. The sum 
(dn - do t. | bn) may be called the total number of “magnetic linkages” 
and may be conveniently represented by the symbol A, viz., 

A= $i + de t. - $n, 
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and the total induced e.m.f. may then be written 


d 
e= A, | (31a) 


When all the N turns link the same flux, ¢, then À = No. 


Direction of the Induced E. M.F. — The direction of this induced e.m.f. 
around the circuit is found to be in the /eft-kanded screw direction with respect 
to the increase of flux; viz., if one faces the circuit looking in the direction of 
the increase of flux, the induced e.m.f. is in the countcr-clockwise direction. 
The current which would be set up by this e.m.f., however, would produce a 
flux linking the circuit in the right-handed screw direction. Hence a change 
in the magnetic flux through an electric circuit always sets up an e.m.. 
which tends to produce a current around this circuit in such a direction as to 
set up an opposing flux. This fact may be expressed mathematically by writing 


a minus sign before os equation (31), i.e., by putting 


dt 
3 i 
e= -N ? (31b) 


The value of ( -N :3 is then the e.m.f. induced in the circuit in the right- 
handed-screw direction with respect to the increase of flux. Or stated in other 
in| -N +) represents the rise of electric potential and N 2 represents the 
drop of potential around the circuit in the right-handed screw direction with 
respect to the increase of flux. i 


WORK DONE BY A VARYING MAGNETIC FLUX. — Consider a 
coil A (Fig. 15) of N turns of wire, and let each of these N turns be linked by a 
flux @ due to some external agent, e.g., another 
col B in which an electric current is flowing. 
Let the flux @ through A due to B be increasing - 
at any instant at the rate r in the left-handed 
screw direction with respect to the current J in 
A at this instant. Then there is induced in A 
at this instant an e.m.f. in the direction of I 


equal to E= N - and, therefore, the electric Fig. 15. 


power developed in A at this instant is e£ = NI A, This power is transmitted 
to the coil A as a result of the varying flux through it; hence the power : 


_ arp 0$ 

toM a zx i er i "A (32) 

may be looked upon as the magnetic power input, this power being converted 
within the coil into electric power. F "M 
Magnetic Displacement Current, — The varying flux established by B 
through 4 may be looked upon as the means whereby this energy is trans. 
ferred through the magnetic field, just as an electric current may be looked upon 
as the means whereby energy is transferred from one point to another in an 
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electric circuit. Hence the varying flux may be looked upon as a “magnetic 
displacement current." 


Magnetomotive Force (F). — The above expression for the rate of transfer 
of energy by a varying magnetic field may be compared with the rate of transfer 
of energy, or power input P = EI, corresponding to an electric current I flowing 
in a circuit in which there is back electromotive force E. The strength of the 
* magnetic displacement current" may be chosen arbitrarily* as 

Magnetic displacement current — = 2d 
4T dí 


T , d 
just as the strength of the electric displacement current is taken as —. where 


V is the electrostatic flux density. Then the quantity corresponding to the 
electromotive force must be chosen numerically equal to 


F=4rNI (33) 


and may be called the “magnetomotive force," abbreviated “m.m.f.” The 
magnetic power input may then be written 


p = F x (Magnetic displacement current). 
where $F is the back magnetomotive force. 


Direction of the Magnetomotive Force. — The closed path of the mag- 
netic flux lines through a magnetic field is called a “magnetic circuit,” just as 
the path of the stream lines of an electric current is called an electric circuit. 
In general, a magnetomotive force is produced in every magnetic circuit wherever 
it is linked by an electric circuit, equal in numerical value to 4rNJ, where N 
is the number of times the current 7 links this circuit. The magnetomotive 
force is taken as positive when the current links the flux lines in the right- 
handed screw direction, for then an increase in the flux corresponds to a magnetic 
power output. When the current links the flux lines in the left-handed-screw 
direction the magnetomotive force is taken as negative, i.e., a “back” magneto- 
motive force, for in this case an increase in flux corresponds to a magnetic power 
input; see the special case considered above. 


Units of Magnetomotive Force. — Ampere-Turns. — The product NI 
in the expression for the magnetomotive force, equation (33), is called the 
* current-turns"; when J is expressed in amperes it is called the “ampere-turns.” 
The magnetomotive force as above defined differs from this product only by a 
constant numerical factor; hence the ampere-turns of a coil may be taken asa 
measure of the magnetomotive force produced by it. This unit of magneto- 
motive force, namely, one ampere-turn, is the unit commonly employed in the 
practical calculation of magnetic circuits. The c.g.s. electromagnetic unit is 
called the gilbert; 1 ampere-turn = 1.2566 gilberts. See Units and Conversion 
Factors. 


MAGNETIZING FORCE OR MAGNETIC FIELD INTENSITY (H). 
— Experience shows that the magnetic flux density produced at any point by 
a given magnetomotive force depends (c) upon the position of the point with 
respect to the source of the m.m.f. and (b) upon the nature of the substances 
through which this m.m.f. produces the magnetic flux. Compare with the 
electric current density or dielectric flux density produced at a given point by 


* The factor 4 v arises from the manner in which the conceptions of the magnetic field 
were originally developed. 
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a given electromotive force. These facts lead to the conception of the. 


flux density at any point in a magnetic field as being due to a “magnetizing 
force” H at that point, this magnetizing force H depending solely upon the 
magnétomolive forces producing the field and the distribution of the flux lines, as 
distinguished from the flux density B which depends not only upon these two 
items but also upon the nature of the medium at the point in question. 

From analogy with the relation between electromotive force and electric 
field intensity, the magnetizing force (also called the “magnetic field inten- 
sity”) at successive points along any closed path in a magnetic field may be 
defined by the relation that its line integral around such a path is equal to the 
total magnetomotive force acting around this path, viz., 


ATNI = f (H cos 0)dl, (34) 


where d] represents any elementary length of this path, see Fig. 16, (H cos 0) 
the value of the component of the magnetizing force at dl in the direction of 
dl, and NI the total number of current turns linked by the 
path. Experience shows that such a definition leads to a 
simple means of expressing in a quantitative manner the 
interrelations of a number of experimental facts. Magnetiz- 0 
ing force may also be expressed as the force in dynes which < /d 
would act on a “ unit magnetic pole," see p. 412. ; 

When the path coincides in direction with the magnetizing 
force at each point, equation (34) may be written: 


“eT = f Hal. (34a) Fig. 16. 


For the application of this formula see the articles on Magnetic Properties of 
Iron; Generators; Motors. 


Direction of the Magnetizing Force. — Experience shows that except for 
points inside a permanent magnet the magnetizing force H and the flux den- 
sity B are always in the same direction. For points inside a permanent magnet 
the direction of the magnetic field intensity H, due solely to the magnet itself, 
is opposite to the direction of the flux lines, i.e., a permanent magnet produces 
a “demagnetizing force" on itself. 

Lines of Magnetizing Force. — The magnetizing force at any point in a 
magnetic field may be represented by lines drawn in the field in such a direction 
that their direction coincides with the direction of the magnetizing force at each 
point, and of such a number per unit area perpendicular to their direction that 
their density at each point gives the value of the magnetizing force at that 
point. Such lines are called ‘‘lines of magnetizing force" or “lines of magnetic 
field intensity." In general the lines of magnetizing force and the magnetic 
flux lines coincide in direction (except within the substance of permanent mag- 
nets) but their densities are different. Only in non-magnetic substances do 
the flux lines and lines of magnetizing force coincide. The simple expression 
“lines of force" is frequently used to designate either the flux lines or the lines 
of magnetic intensity, but it is evident that such a loose use of this term is 
liable to lead to confusion when speaking of the magnetic field within a mag- 
netic substance. 


Units of Magnetizing Force. — Magnetizing force is of the nature of mag- 
netomotive force per unit length, just as electric field intensity is of the nature 
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of electric potential difference per unit length. Hence the c.g.s. electromagnetic 
unit of magnetizing force may be called the “gilbert per centimeter”; compare 
with volts per centimeter. When the magnetomotive force is expressed in 
ampere-turns, the magnetizing force is expressed in ampere-turns per centi- 
meter or per inch; see Units and Conversion Factors. 

. Values of the Magnetizing Force in a Uniform Medium. — When the 
medium surrounding the stream lines of an electric current is of a uniform mag- 
nelic nature throughout, the magnetizing force at any point may be calculated 
from the shape and distribution of the stream lines of the current, irrespective 
of whether the medium be non-magnetic or highly magnetic, e.g., iron. See 
Units and Conversion Factors for numerical multipliers to change them into 
practical units. | 

Magnetizing Force at any Point Due to an Element of a Current- 

Stream Line (Fig. 17). — Consider any closed stream line of electric current 
and let the surrounding medium be uniform in its magnetic 

properties throughout the region in which the magnetic , 

field produced by this stream line exists. It can be shown di, f 
that each elementary length d of this stream line may 


be considered as contributing to the magnetizing force H 1: 
at any point P in this region an amount 
I sin 
dH - i ; (35) Fig. 17. 


where J is the current flowing along this stream line, x the distance from P to 

dx, and @ the angle between x and dj. The direction of dH is perpendicular to 

the plane determined by x and di. The total magnetizing force at P is then 

the vector sum or vector integral of dH for all the elementary lengths into which 

the stream line is divided. " 
Magnetizing Force Due to a Straight Wire (Fig. 18). — Applying 

equation (35) to the case of a straight wire of circular cross- 

section carrying a current 7, the magnetizing force at any point 

P due to a length / of this wire is 


= (sin 6; + sin 62), (358) » P 


where x is the perpendicular distance from P to the wire and 6 Fig. 18 


and 62 the angles designated in Fig. 18. 
When the wire is very long compared with x, this becomes 


_ 22 (35b) 
x 


This formula also holds approximately for any point outside a wire of any 
shaped cross-section, provided x is large compared with the maximum diameter 
of this section. For a point inside a long wire of circular cross-section of radius 
a the magnetizing force is also given by (35b) when is taken to represent that 
part of the current inside the circle through P concentric with the axis of the wire. 
When the current density is uniform over the cross-section, as is usually the case 
(see, however, the article on Skin Effect), the magnetizing force inside the wire i5 


> -2xl 
Ic -——. sc) 

| Uu (5 
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Magnetizing Force on the Áxis of a Circular Coil of N Turns. — 
Let J be the current, r the mean radius of the coil, and x the distance of the 
point from the center of the circle; then 


am NIr? 


= ———áÀ d 
"um, (35d) 

Magnetizing Force due to a Solenoid. — A solenoid is a helical coil 
of wire, each turn having the same radius. Let N = total number of turns, 
I =current in abamperes, 7 = mean radius of the helix in centimeters, / = length 
of helix in centimeters. Then at any point on the axis of the helix (inside or 
outside) at a distance of x centimeters from its center, the magnetizing force 
in gilberts per centimeter is 


aaNI osl +x o5l—x | 
Ho-c——[——————— H — (35e) 
l vn + (0.54 + 2)? V? + (0.51 — x)? 


This formula holds only when the thickness of the winding is small compared 
with the mean radius r. When? is large compared with r this reduces to 


4v NI 


H= 


(35f) 


For all points inside the solenoid (whether on the axis or not) at a distance 
from the ends large compared with r, that is, inside the central portion of a 
long solenoid, the field is uniform over the cross-section of the solenoid and its 
value i is given by (350). 


Magnetizing Force Inside a Toroid (Fig. 19). — A toroid is a cylinder 
bent into the form of a closed ring, making a shape like a doughnut. When 
such a ring is uniformly wound with an insulated wire so that the turns of the 
wire are close together and cover the entire surface 
of the toroid, the magnetic field is confined entirely 
within the space inclosed by these turns, and there- i 2 PFF bas NN Flux Lines 
fore, when the core on which the wire is wound is of 


uniform magnetic material throughout, both the lines ^. 9 
of magnetizing force and the flux lines must be circles. SAN E 
concentric with the hole in the “doughnut.” The SRL Ta 


magnetizing force will have the same value at every Fi 19. 

point on the circumference of any one of these circles, = 5 9 

and, therefore, from equation (34a) the value of H abe any point P within the 
core is 


oa als | (ssg) 


where N is the total number of turns on the core, Z the current in each turn 
and / the length of the circumference through P. Unless the hole in the “ dough- 
nut" has a large radius compared with the radius of the cross-section of the core 
H will not be uniform over this section, since $ for the various points in the cross- 
section will differ considerably. . 
It should be noted that the value of H is Yadenendent of the material of the 
core provided only that the core be of uniform material througbout, That is, 
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equation (35g) applies to an iron core as well as to an air or wood core, provided 
the iron is uniform throughout and there is no air gap across the path of the flux 
lines. Even a mechanically perfect contact between two pieces of iron of the 
same kind, however, is sufficient to vitiate the above formula. 


MAGNETIC PERMEABILITY (u). — PARAMAGNETIC AND DIA- 
MAGNETIC SUBSTANCES. — The quotient of the magnetic flux density 
B at any point by the magnetizing force H at that point is defined as the 
* magnetic permeability " u of the substance as medium at that point, viz., 


B 
=H (36) 


Compare with the definition of dielectric coefficient, equation (17.) The cg.s. 
electromagnetic system of units is based on the arbitrary assumption of unity 
as the value of the magnetic permeability of air. Any substance which has a 
magnetic permeability greater than that of air is called a “paramagnetic sub- 
stance," and any substauce which has a permeability less than that of air is 
called a ‘‘diamagnetic substance." The only substances which are strongly 
paramagnetic, ie., which have a permeability considerably greater than that 
of air, are iron, steel, nickel and cobalt, and certain alloys of non-magnetic 
elements. The only substance which is appreciably diamagnetic is bismuth, 
which has a permeability of about 0.9998. All other elements are practically 
non-magnetic, i.e., their permeabilities differ from unity by less than 1 per cent. 

The permeability of a given sample of any highly magnetic substance is not 
a constant, but depends upon the value of the magnetizing force; see the curves 
in the article on Magnetic Properties of Iron. The permeability also depends 
very largely upon the previous heat treatment and the exact composition of the 
material, and also upon its previous magnetic history; these relations are also 
discussed in detail in that article. The methods of measuring permeability are 
described in the article on Magnetic Testing. 


North and South Poles. — That portion of the surface of any magnetized 
body from which the flux lines pass out into the air (or into any substance of 
lower permeability) is said to be a north magnetic pole, and that portion of the 
surface at which the flux lines enter the body is said to be a south magnetic pole. 
A “unit north pole” is a pole from which 47 flux lines emerge into the sur- 
rounding air. When a magnetic needle is placed near the surface of a mag- 
netized body its north seeking end points away from this surface when this 
surface is a north pole and toward the surface when this surface is a south pole. 

Difference of Magnetic Potential (U). — Consider any two points 1 and 
2 in a magnetic field (Fig. 20) and let the path between g 
them from 1 to 2 pass through an electric circuit produc- "s 
ing a magnetomotive force in the direction from 1 to 2, 
then from analogy with the electric circuit, equation (2), 


the expression 
E 
Un = f (Hcos 0) dl — Fiz (37) ! 


^2 


Fig. 20. 


is called the “drop of magnetic potential" from x to 2. From the definition 
-of magnetizing force, equation (34), it follows that around any closed circuit the 
drop of magnetic potential is always zero. A magnetomotive force Fiz 13, 
therefore, equivalent to a rise of magnetic potential from 1 to 2. 
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When there is no source of m.m.f. between 1 and 2 and the path coincides with 
a line of magnetizing force, the drop of magnetic potential is 


2 
Un= f na. (37a) 
1 


Magnetic potential difference is of the same nature as magnetorhotive force 
and may, therefore, be expressed in the same units, viz., gilberts or ampere 
turns. 


Magnetic Equipotential Surfaces. — A surface drawn in a magnetic field 
in such a manner that this surface is perpendicular at each point to the mag- 
netizing force at this point (i.e., to the line of magnetizing force through this 
point) is called a “magnetic equipotential surface,” compare with electric 
equipotential surface. 

Magnetic Reluctance (R). — To establish a magnetic flux ¢ through a given 
portion of a substance which is not itself linked by a source of m.m.f., a difference 
of magnetic potential must always be established between the end surfaces of 
this substance. Let U be the magnetic potential drop established from one 
surface to the other, then the quotient 


R= = z (38) 


is defined as the magnetic reluctance of the given portion of the substance. 
Compare with electric resistance. The c.g.s. electromagnetic unit of reluctance 
is called the oersted. It should be noted that the above definition is mean- 
ingless except when applied to a portion of a substance of which the end surfaces 
are magnetic equipotential surfaces and through every cross-section of which 
the same flux passes. 


Factors Upon Which Reluctance Depends. — The magnetic reluctance 
of a given portion of a' substance included between two equipotential surfaces 
and bounded laterally by a surface through which no flux line passes depends 
upon 1. the magnetic permeability of the substance, 2. the dimensions of this 
portion of the substance and 3. upon the distribution of the flux lines over each 
cross-section perpendicular to them. The relations are identical with those 
which determine the electric al resistance of a conductor, the magnetic perme- 
ability taking the place of the electric conductivity. For example, for a straight 
bar of constant cross-section A and length /, through which the flux lines are 
straight, parallel and uniformly dab the reluctance is 


R= ^ ; (382) 

Magnetic reluctance is not a constant quantity even for a given material and 

given flux distribution, unless this material is non-magnetic. For all highly 

magnetic materials u depends upon the magnetizing force and therefore also 

upon the flux density. It should also be noted that the magnetic reluctance 

does not represent a "resistance" in the sense of something which causes a 
dissipation of energy. 


Magnetic Permeance ((P). — The reciprocal of magnetic reluctance is called 
"magnetic permeance." "The permeance of a straight bar under the conditions 


specified above is | 
E= t (39) 
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The permeability of a substance is, therefore, equal to the permeance of a whit 
cube of this substance when the flux through the cube is parallel to four edges 
of the cube and is uniformly distributed over the section at right angles to these 
four edges. 

Magnetic permeance is analogous to electric conductance, except that it is 
not a factor which affects the dissipation of energy in a substance, It does, 
however, enter into the expression for the energy stored in a magnetic field in 
the same way that the electrostatic capacity of a dielectric is a determining 
factor in the expression for the energy stored in the electric field. 


Kirchhoff’s Laws for the Magnetic Circuit. — As already noted, equation 
(30), the total magnetic flux coming up to any surface in a magnetic field is 
always zero, provided a flux leaving a surface is considered as a negative flux 
coming up to that surface. This fact may be represented by the formula 


26-0 , (40) 


for every surface in the field. Similarly, from the definition of magnetic poten- 
tial drop, it follows that the /o/a4 magnetic potential drop around any closed 
circuit is zero, or that the total magnetomotive force acting around any closed 
circuit is equal to the sum of the reluctance drops around that circuit, which may 


be represented by the formula 
Zi -2zx,09. (402) 


These two equations are identical in form with those representing Kirch- 
hoff's laws for the electric circuit, equation (13). They are, however, not so 
easy to use for practical calculations, for the magnetic flux is not confined to 
approximately geometrical lines like the currents in a network of insulated 
wires, but in general fills all space surrounding the coils which establish the 
magnetomotive forces; also, when there is iron or other magnetic material in 
the circuit, the permeability depends on the flux density and the previous 
history of the iron. (The distribution of magnetic flux in and around an iron 
circuit is analogous to the distribution of current in and around an uninsulated 
mass of copper of the same shape as the iron circuit immersed in a liquid having 
a conductivity about equal to that of carbon.) Only in the special case of a 
uniformly wound circular ring or toroid are the lines of induction confined 
entirely to an iron circuit; in general a certain number also exist in the air and 
in whatever other substances are in the vicinity of the iron circuit. 


SELF AND MUTUAL INDUCTION. — When the current in a given 
electric circuit varies with time the magnetic flux accompanying this current 
also varies with time, and, since this flux links the current which produces it, 
an e.m.f. is induced in each turn of the circuit equal to the rate at which the flux 
through this turn is varying, and in such a direction as to oppose the change in 
the current. That is, an increasing electric current is always accompanied by 4 
back e.m.f. due to the increase in the magnetic flux which accompanies this in- 
crease of current. Or, viewed from another point of view, an increase in the 
velocity of à stream of electricity develops a back pressure, just as when the 
velocity of a stream of water is increasing it develops a back pressure or 
* velocity head" due to the inertia of the water. The magnetic field accompany- 
ing an electric current may, therefore, be looked upon as a result of its “electro- 
magnetic inertia,” or “electromagnetic mass ”; see also the article on Eledron 
Theory. 

Again, when an electric current decreases its accompanying flux decreases 
and an e.m.f. is set up in the circuit tending to oppose this decrease, i.e., tending 
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to keep the current from decreasing. This is again analogous to the effect of 
inertia in the case of ordinary matter. 


Coefficient of Self-Induction or Inductance (L).—JIn general, the co- 
di 
efficient L by which the rate of change of the current E in any circuit must 


be multiplied to give the self-induced electromotive force eis called the ‘ coeffi- 
cient of self-induction” or simply the “inductance” of the electric circuit. In 
general, then, the self-induced e.m.f. in an electric circuit is 


e=L >> | (41) 


* . P P Py di " ' . 
where L is the inductance of the electric circuit and J represents the change in 


: i : dx : -— 
the current per unit of time. Since e = EL see equation (31a), where J is the 


number of magnetic linkages between the electric circuit and the flux established 
by the current 2, the inductance may also be defined by the relation 
d^ 


Lows | (42) 


That is, the inductance 1s equal to the increase in the number of linkages per unit 


increase in the current. When the permeability of the magnetic circuit is con- 


siani the inductance is also a constant equal to the linkages per unit current. 
When every flux line is linked by every stream line of electric current, and the 
permeability of the entire magnetic circuit is constant, then 


47N* 
a Eo taan) 


where jV is- the number of turns forming the electric circuit and Q is the 
reluctance of the complete magnetic circuit. 

Formulas for the inductance of various electric circuits are given in the article 
on Inductance and Inductive Reactance. 


Units of Inductance. — The practical unit of inductance is called the henry; 
for the relation between the henry and the abhenry and millihenry see Units 
and Conversion Factors. 


Coefficient of Mutual Induction. — Mutual fuductsüce (M).—In 


general, the coefficient Map by which the rate of change of the current (e) 


in a circuit 4 must be multiplied to give the electromotive force e induced 
by this current in another circuit B, is called the “coefficient of mutual induc- 


tion” or simply the “mutual inductance” between A and B; see Fig. 15. In 


general then, the e.m.f. induced in any circuit B by a varying current igin any 
other circuit A, is 
e-M dis | ) 
= meme 

b= Mab d c (43) 

where Mab is the mutual inductance between A and B. 
It can be shown from the principle of the conservation of energy that the mu- 
tual inductance of a circuit A with respect to a second circuit B must be equal 


Nore. ~ ALL FORMULAS ON THIS PAGE BRE IN C.G.S. BHBCEROMAGS 


NETIC UNITS. 


416 Electricity and Magnetism, Principles of 


to the mutual inductance of B with respect to A, that is, Mab = Mba. Whence, 
the e.m.f. induced in A when the current in B increases by an amount dip is 
j dib 


Ca = Mab d 


Since eb = 27s ; Where Aab is the number of linkages between the circuit B 


and the flux through B due to the current tq, the mutual inductance may also 
be defined by the relation 


dXab. 
Mab = di, (44) 


That is, the mutual inductance between two circuits A and B is equal to the in- 
crease in the number of magnetic linkages of the circuit B per unit increase of the 
current in A, and vice versa. When the permeability of the magnetic circuit is 
constant, the mutual inductance is also a constant equal to the linkages of B per 
unit current in A, and vice versa. When every flux line linking both A and B 
is linked by every current stream line in both A and B, then 


ae b. (442) 


where Na and Np are the number of turns forming the circuits A and B re- 
spectively and. Rap is the reluctance of that part of the magnetic circuit through 
which the flux from A to B passes. 

The units of mutual inductance are the same as those of self-inductance; 
see Units and Conversion Factors. : 

Formulas for mutual inductance for a few special cases are given in the article 
on Inductance, and. Inductive Reactance. 


Instantaneous Potential Drop Through a Coil. — Consider a coil of wire 
which has a resistance r and an inductance L. Then when this coil contains no 
other source of e.m.f. than its own self-induced e.m.f., the expression for the in- 
stantaneous potential drop through the coil is 


M ab = 


; di 
vertit+ Lo - (45) 
where i is the instantaneous value of the current and ^ the increase in this 
current per unit of time. Compare with the equation 
d» 
i= gv as C di ? 


for the instantaneous current through a ndene where g is the conductance 
; xt ; : dv. 
of the dielectric in the condenser, » the potential drop across it, and i the in- 
crease in the potential drop per unit of time. 
When there is another coil near the first coil, and the two coils have resist- 
ances 7; and re and self-inductances Li and Ls; respectively, and a mutual in- 
ductance M, then the potential drops through them are respectively 


n= nit ha au Ë 
dt | 
di (46) 
P diz 71 
narta tM ut 


where £i and £4 are the currents in the two coils in the same direction. 
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Effective or “ Total " Inductance. — In certain cases of symmetry, when 
the algebraic sum of all the currents in the field is zero, the voltage drop along 
any portion of a circuit may be represented by an expression of the form 


; di 
y-nrtLjs 


although there may be several electric circuits in the vicinity in which electric 
currents are flowing. An example of this is the case of the wires of a three- 
phase transmission line arranged so that they form the three edges of an equi- 
lateral prism; see Inductance and Inductive Reactance. ‘The coefficient L in 
this case is called the “effective self-inductance" of this particular portion 
of the circuit; it really takes into account not only the self-induction of the 
particular part of the circuit under consideration but also the mutual induc- 
tion of the rest of the circuit or circuits with respect to this particular por- 
tion. Similarly, when the voltage drop in any portion of a circuit involves 
not only the current ái in this circuit but also a current 7» in some part of this 
circuit or in some other circuit, the coefficient Mi» in the expression 


di di 
v = ri + Li — di ^ Ms 


is called the effective mutual inductance of the part 2 with respect to 1 although 
Lı may also be due in part to circuit 2. 


Leakage Inductance. — In discussing the action of a transformer (q.v.), 
Which is merely two electric circuits linking the same iron core, it is more con- 
venient to deal with the resultant flux due to the currents in both electric circuits 
or windings instead of considering the fluxes due to the 
two windings separately. Referring to Fig. 21, let $; 
represent that portion of the resultant flux due to the 
currents 4; and 2 in the two windings 1 and 2, and let 
qi represent that part of the total flux which links r 
only and $» that part of the total flux which links 2 
only. Let; be the linkages between Qı and circuit x 
and X» be the linkages between $$ and circuit 2. Then 


Dy’ = A and L= A 
n2 


a 


are called the “leakage inductances” of the two windings respectively: the 
reluctance of the paths of $; and d» are practically constant since the air portion 
of these paths forms a greater part of the reluctance in each case. 

Let 4j be the current in winding 1 and 2» be the current in winding 2 in the 
opposite direction to i (this is the actual relation in a transformer during most 
of the time) and let e be the impressed e.m.f. across the terminals of the first 
or primary winding and es the terminal e.m.f. at the terminals of the second or 
secondary winding when the current #2 is ade Then 


a-nth;, — T em 
es = Ne — do 


where rı and r» are the resistances of the two diding and N; and N2 are the 
number of turns in the two windings respectively. 
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Comparing equation (47) with (46) and noting that ei v: and ej = — % and. 
és in (47) is taken in the opposite direction from i in (46), it may be shown that* 


-— Ni 
, N3 
Lr =h- p,” 


Whence the leakage inductance of each winding is very much less than the 
total self-inductance of that winding. 

Fundamental Equations of the Transformer. — Comparing equations 
(47) and (46) it may also be seen that * 


N 
Put 4' = x is, that is, #2’ is the current which would be produced in the second- 
1 
ary if it had the same number of turns as the primary. The difference 


im -4— in! 
ien ; M 
is called the “magnetizing current," and the quantity Lm = V, may be called 
2 


the magnetizing inductance. Then 
Pr = Lmim. 
In the above deduction no account is taken of the eddy-current and hysteresis 
loss in the iron core; these losses (the eddy-current loss in particular) may 


looked upon as due to a third current às flowing in a single turn short-circuited 
on itself and having a resistance rs and negligible inductance. The equation 


for this tertiary circuit is then 


d). 
oe ~~ — a 


dt 
Whence the corresponding current in the primary winding is és’ xD which 
1 
may also be written 


of db, 
4s’ = gi d 


1 
here £g = — 
"m £ rN? 


total primary current is then 


is called the “leakage conductance” of the transformer. The 


ú = te! +imt is’. 
From equation (47) and the relations given in the last two paragraphs the 
complete theory of the transformer may be developed. 


ENERGY OF THE MAGNETIC FIELD. — Energy is required to estab- 
lish a flow of electricity just as enetgy is required to set a column of water in 
motion, this “energy of motion” of electricity being analogous to the kinetic 
energy of a moving body. This energy of motion is most conveniently € 


* Tn this equation i, and i, are taken in the opposite direction. 
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pressed in terms of the magnetic field which accompanies the flow of electricity 
or electric current; the mathematical expression for it may be put into various 
forms. 

Magnetic Energy of Single Electric Circuit, Permeability Constant. — 
For example, consider a single electric circuit and the magnetic field which is 
established around this circuit when the current in it increases from zero to a 
value J. If at any instant the current has the value 7 and number of magnetic 
linkages between this current and its own flux at this instant is A, then when the 
current increases by di the linkages increase by an amount dA in the right- 
handed screw direction with respect to the current and therefore the electric 
output of the circuit during this change is, from equation (3ra), id A, which is 
also equal to the magnetic power input into the magnetic circuit which it links. 
Hence the total energy input into the magnetic circuit or magnetic field is 


I LI I LI LI 
W= f idr= f na 
0 0 
since by definition dA = L d£, see equation (42). When the permeability is con- 
stant L is also constant, whence for constant permeability 


W = - LI. (48) 
Equation may also be written 
Inr- 8, 1! Qa 
Waz l= gp gr (48a) 


where F is the magnetomotive force (= 4m NJ when the coil has N turns in a 
concentrated winding), GR is the reluctance of the magnetic circuit and $ the 
total magnetic flux. | 
Since the impressed m.m.f. per unit length of a magnetic flux line is equal to 
the magnetizing force H, and the flux per unit area perpendicular to this flux 
el is equal to the flux density B, the energy per unit volume of the magnetic 
eld is 


qmm oe (48b) 


These various formulas should be compared with the corresponding formulas, 
equation (26), for electrostatic energy. 

Magnetic Energy of Two or More Electric Circuits, Permeability 
Constant, — It can also he readily shown that the total energy required to 
establish currents 7i, I2, etc. in several electric circuits linking one or more 
magnetic circuits of constant reluctance is 

W = y Lbh t ta Eels? 43-34 Lb... (adi 
+M lh Muhls Mall +... 43 


where the L’s and M’s represent the self and mutual inductances respectively. 
This may also be written 


W= rol, (49a) 


where the summation is an algebraic one and includes every complete turn of the 
electric circuit, J being the current in this turn and $ the magnetic flux linking 
this turn in the right-handed screw direction with respect to the current. 
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The energy per unit volume at any point in the magnetic field due to any 
number of electric circuits is represented by equation (48b), where H and B 
are taken as the resultant magnetizing force and flux density respectively at 
this point. 

When the permeability is not constant the energy transferred to unii volum 
of the magnetic field due to any number of currents is 


I B 
w= lf H dB (50) 
“47/0 


provided the magnetizing force H and the flux density B are either in the same or 
directly opposite directions, as, for example, in the case of a uniformly magnetized 
iron toroid. To integrate this expression requires a knowledge of the relation 
between B and H. Note also that, due to the phenomenon of magnetic 
hysteresis, part of the energy required to establish a magnetic field in iron or 
other magnetic substance is dissipated as heat and is not recoverable when the 
field disappears; therefore, only part of the energy represented by this for- 
mula is “stored” in the field in a recoverable form. See article on Magnetic 
Properties of Iron. l 


MECHANICAL FORCES IN THE MAGNETIC FIELD. (See also 
article on Eleciromagnets.) — Experience shows that all bodies in which an electric 
current exists, and all bodies in which a magnetic flux exists, exert in general 
mutual mechanical forces upon one another tending to produce such a relative 
motion of these bodies as will increase the energy of the magnetic field. Let f 
be the component of the force tending to move any body in the field in a given 
direction and let dW be the increase in the energy of the field due to displacing 
the body a distance dx in this direction, then 


f= 2: (51) 


provided this displacement does not alter the existing magnetomotive forces in 
the field. 

Similarly, calling T the component of the torque tending to turn any body in 
the field about a given axis, and dW the increase in the magnetic energy due to 
the turning of the body through an angle of do radians about this axis, then 


dW 
T m (sra) 


provided this displacement does not alter the existing magnetomotive forces in 
the field. 

Equations (51) and (51a) also give the actual force and torque respectively 
during a change in position which does cause a change in the magnetomotive 
forces in the field, provided dW is taken to represent the net increase in the 
energy of the field. This force and torque may differ greatly from the steady 
state force and torque; see article on Electromagnets. 


Force Produced by a Magnetic Field on a Coil Carrying a Current. — 
From equation (32) the energy output of an electric circuit, when the magnetic 
flux threading it in the right-handed screw direction with respect to the current 
in it increases by an amount dé, is dW = NI d$, where N is the number of 
turns linked by this increase in flux and J is the current in each turn. This 
the energy input into the magnetic field. Whence if an increase in flux d$ 55 
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produced through the coil when it moves a distance dx, the force acting on 
the coil in the direction of dx is 


f=NI $, (a) 


d$ represents the increase in the flux linking the coil in the right-handed screw 
direction with respect to the current in it or the number of flux lines which cut 
the coil as the result of its motion. Similarly, when the coil is so: mounted that 
it can move only about a fixed axis, then the value of the torqué tending to 
turn it about this axis is 


x 
T=N D (52a) 


where dp represents the increase in the flux linking the coil in the right-handed 
screw direction with respect to the current in it when the coil turns through an 
angle æ (in radians). 

From these relations it follows that a coil carrying an electric current, when 
in the magnetic field due to any other agent (current or permanent magnet), 
always tends to take up that position in which it will embrace the maximum 
possible flux linking the coil in the right-handed screw direction with respect 
to the current in it. This accounts for the attraction of two parallel coils when 
they carry currents in the same direction, and the repulsion of two such coils 
when they carry currents in opposite directions. This principle is useful in 
determining the direction of motion of the moving element in such devices as 
the electric motor, galvanometer, current balance, electrodynamometer (q.v.). 


Torque on the Coil When its Plane is Parallel to the Magnetic . 
Field. — When the coil is placed with its plane parallel to the flux lines due to 
some other agent (e.g. a permanent magnet or another coil carrying a cur- 
rent), the flux linking the coil due to this agent is zero; see Fig. 22. Let 
the two circles represent sections of the two sides of the 
coil, its plane being perpendicular to -the page, and let / 
the dot in the left-hand circle indicate tbat the current 
is up through this side of the coil and the cross in the ————— 
other circle that it is down through the other side. Let £ 
B be the flux density of the field constant for each point Fig. 22. 
along the flux line since the flux lines are parallel, and 
let 4 be the area of the coil and let ¢ = BA, that is, $ represents the total flux 
which would be produced through the coil by a uniform field of flux density B 
i right angles to it. Then the torque on the coil when its plane is parallel to 
the field is 


T = Nol. | (53) 


This relation is useful in calculating the torque on the moving element of a 
galvanometer, ammeter, electrodynamometer, wattmeter, etc. 


Average Torque on a Coil Rotating in a Magnetic Field. — 
Consider a coil which is rotating with an angular velocity w about a fixed axis 
in a magnetic field due to some other agent (e.g., an armature coil rotating in 
the magnetic field produced by the current in the field coils). Let the current 
in this coil be constant and in the same direction with respect to the coil while 
the coil turns from the position in which it embraces the maximum flux ¢ in 
the left-handed screw direction to the position (a half revolution in a 2-pole 
machine) when it embraces this same maximum flux $ in the right-handed 
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screw direction. The total change in the flux while the coil turns through this 
angle, T radians in the case of a 2-pole machine, is 24, whence the average 
torque turning the coil through this half revolution is 


gic (54) 
7T 


That is; the average torque is proportional to the product of the current by the 
total flux per pole. When a commutator is provided to change the direction 
of the current every half turn, then the torque is in the same direction for a 
complete turn. See Motors. 

When the coil is mounted in a slotted iron core which rotates with the coil 
as in an ordinary motor, this torque is exerted partly on the wire and partly on 
the teeth of the core. 


Force on a Wire in a Magnetic Field. — Consider a wire of length} 
forming part of a closed circuit, Fig. 23. Let B be the value of the flux density 
at the wire, J be the current in the direction indicated, and 
let the lines representing the flux be perpendicular to the ——[rzerzm77N 
wire in the direction from the eye to the page, When this I 
wire moves a distance dx to the left the flux threading the f 
closed loop formed by the circuit is increased by an amount 
d = Bldx, whence the force acting on the wire is, from 
equation (51), Fig. 93. 

f= BU. (55) 


Left-hand Rule. — The relative directions of this force, the flux density 


. Band the current J may be conveniently determined by pointing the forefinger 


of the left hand in the direction of the flux and the middle finger in the direction 
of the current (7), then if the thumb is held perpendicular to these two fingers 
it will point in the direction in which the force tends to move the wire. Com- 
pare with the right-handed rule for e.m.f. 


Forces on Magnetic Bodies in a Magnetic Field. — In general the re- 
luctance of a magnetic field to the flux set up by a given magnetomotiye force 
depends upon the relative positions of the various magnetic bodies in the field 
with respect to one another and with respect to the electric circuit producing 
this m.m.f. When any magnetic body in the field is displaced the total reluc- 
tance will in general be changed due chiefly to the change in the dim&nsions of 
the air portion of the circuit, From equations (482) and (51) it can be shown 
that the force acting on any magnetic body in the field is in the direction of 
the flux lines threading it and has the value 


=- >p, (st) 


provided the magnetomotive force remains constant; where œ represents the 
total flux threading the body and d® represents the increase in the reluctance 
of the magnetic circuit corresponding to a displacement dx of the body in the 
direction of the flux lines. The minus sign in this formula indicates that the 
force is always in the direction in which a motion of the body would decrease 
the reluctance of the circuit. In deducing this expression it is assumed that 
the permeability of each body In the field is constant. It can also be shown 


that to a close approximation the same formula holds for actual magnetic 


bodies, for which the permeability is not a constant. 
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The above relation accounts for the attraction of one magnet for another 


. When their unlike poles are nearer each other than their like poles, and the 


repulsion of two magnets when their like poles are nearer than their unlike poles. 
It also accounts for the attraction of iron or other paramagnetic substance by 
either pole of a magnet or by either “face” of an electric circuit, and the repul- 
sion of a diamagnetic substance by either pole of a magnet or either face of an 
electric circuit; see article on Electromagnets. 

As a special application of equation (56) consider the electromagnet slow 
in Fig. 24, which is one form of “permeameter” (q.v.). œR is a rod of iron the 
flat end P of which makes contact with the yoke Y. This rod passes through 
a hole in the top of the yoke. C is a magnetizing coil. The flux lines through 
the rod are uniformly distributed and pass perpendicularly . 
into the yoke at the joint P. Let A be the area of the end of 
the rod and let B be the flux density at this area. When the 
tod is raised a distance dx, so that an air gap of length dx is 
formed at P, an increase in the reluctance of the magnetic 
drcuit is produced due to the formation of an air gap at P, 
and a decrease in reluctance is produced by the shortening of 
the iron part of the circuit, i.e., by the reluctance of a length 
dx of the rod. Due to the high permeability of the iron com- 
pared with that of the air, the decrease in the reluctance of the 
iron part of the circuit may be neglected in comparison with the increase in 
reluctance due to the formation of the air gap. The net increase in reluctance 
may then be taken as the reluctance of this air gap of length dx, that is, dR 
= dx/A, since the permeability of air is unity. Whence, from equation (56), 
the force required to raise the rod is - 


Fig. 24. 


i14? BA 
= raw pir Eu (562) 


That is, the tractive force per unit area between the rod and the yoke is pro- 
portional to the square of the flux density in the rod. 


HYPOTHESIS REGARDING THE NATURE OF MAGNETISM. — 
The peculiar properties possessed by a magnetic needle or other magnet may be 
accounted for by assuming that at least some of the molecular charges in a 
magnetic substance have an orbital motion without friction, forming a kind of 
“molecular solar system." The magnetization of such a substance is then due 
to the setting of the molecular currents in planes more or less parallel to the 
plane of the magnetizing current. In the case of a permanent magnet these 
molecular currents retain their parallel or “polarized” condition even when the 
magnetizing current is removed. For example, when a needle is magnetized 
by a current in a coil placed around it, the molecular cutrents are set at right 
angles to the axis of the needle. A magnetic needle placed in a magnetic field, 
therefore, tends to set itself so that each molecular current embraces maximum 
flux and hence “points” in the direction of this flux. 


BIBLIOGRAPHY. — Pender, H., Principles of Electrical Engineering, N. Y., 
1912; Campbell, N. R., Modern Electrical Theory, N. Y., 1913; Thomson, J. J., 
Elements of Electricity and Magnetism, N. Y., 1904; Thompson, S. P., Elementary 
Lessons in Electricity and Magnetism, N. Y., 1903; Steinmetz, C. P., Elements of 
Electrical Engineering, N. Y., 1909; Webster, A. G., Theory of Electricity and 
Magnetism, N. Y., 1897. | 

g . [H. PENDEn.] 
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ELECTROCHEMICAL PROCESSES, INDUSTRIAL. — (See also 
Electrochemistry, Principles of; Furnaces, Electric.) The principal industrial 
electrochemical processes are the following : 


Electroplating, 

Galvanoplasty, including electrotyping, 

Electrolytic refining of metals, 

Electrolytic winning of metals, 

Electrolytic oxidation and reduction, 

Electrolysis of sodium and potassium in chloride solutions; electrolysis of 
water, 

Electric-furnace processes (see Furnaces, Electric), 

Production of ozone. 


Some of the more important of these various processes are briefly described 
below. 


ELECTROPLATING. — Electroplating consists in covering a conducting 
surface (usually metallic) with a thin, smooth, compact, well-adhering layer of 


metal, by depositing this metal electrolytically from an aqueous solution of one | 


of its salts. The anode of the electroplating vat consists of rods or plates of the 
same metal as that of the salt in solution and is connected to the positive ter- 
minal of the source of electricity. The object to be plated forms the cathode, 
and is connected to the negative terminal. 'The anode dissolves approximately 
to the same extent that the cathode gains, so that the amount of the metal ions 
in the bath remains nearly constant. : 


Suspension of Objects to be Plated. — The cathodes are always sus- 
pended in the bath between two rows of anodes, so that they will be plated 
uniformly on both sides. When the cathode is of irregular shape, or very large, 
it must be turned frequently during the plating in order to get a uniform de- 
posit. The cathodes and anodes are suspended by copper wires from hori- 
zontal metallic tubes, the ends of which rest on the edge of the plating vat. 
The metallic tubes are permanently connected to the source of the electricity, 
so that as soon as the cathodes are suspended in the bath, electrolysis begins. 
Small objects, such as tacks, pins and screws, are suspended in the vat in a 
wire basket, which is, of course, plated simultaneously. To get a uniform 
plated surface the objects should be well shaken during electrolysis. The 
anodes are removed from the bath only when they are nearly used up and have 
to be replaced. 


Construction of Vats. — Large plating vats are made of wood lined with 
some specially prepared substance resembling pitch, or with lead. Small tanks 
for silver or gold plating are usually porcelain lined. 


Voltage and Current Density. — Electroplating tanks are always connected 
in parallel, so that they will be electrically independent of each other. 

Low-voltage generators of from 5 to 6 volts are, therefore, used in plating, 
and each tank must be connected directly to the generator through a regulating 
rheostat in order to regulate the voltage. 

The proper current density in any plating process is that density at which a 
good deposit is formed. This may vary within certain limits for a given solu- 
tion and temperature; it is a function of the temperature and the nature of the 
solution. 

Washing and Pickling. — In order to make the metal adhere well to the 
surface to be plated, the surface must be smooth and perfectly.clean. It is first 
polished, and the grease is then removed by dipping it into’a hot alkaline bath 
containing 1o per cent, by weight, of sodium carbonate or sodium hydrate. 
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After washing off the alkali, the object is dipped into a bath called a “pickle,” 
the purpose of which is to remove any oxide that may have been produced by 
the alkali, and to give a bright surface. The pickle is then washed off with water 
and the object is suspended immediately in the electroplating vat. 

Pickling Solutions. — The pickle varies with the nature of the metal 
treated. Cast iron and wrought iron are pickled in a solution consisting of 
15 parts, by weight, of water to 1 part of concentrated sulphuric acid. A suit- 


` able pickle for zinc is dilute sulphuric or hydrochloric acid. Copper, brass, 


bronze and German silver are pickled first in a bath consisting of 200 parts, by 
weight, of nitric acid of specific gravity 1.33, 1 part of common salt and 1 part 
of lampblack. The lampblack is intended to form some nitrous acid from the 
nitric acid. The object is then washed in boiling water and is immersed in a 
"bright dipping bath," to give a bright surface. This bath consists of 75 parts, 
by weight, of nitric acid of specific gravity 1.38, 100 parts of concentrated sul- 
phuric acid and x part of common salt. 

After the plating is finished, the object is removed from the plating bath, 
washed in hot water and placed in warm sawdust to dry. 

Plating by Dipping. — A thin film of metal may be deposited on a metai by 
dipping it into a solution of a salt of a metal which is electronegative (see Elec- 
trochemisiry, Principles of) with respect to the metal to be plated, e.g., by dip- 
ping iron into a copper-sulphate solution. A small amount of iron dissolves 
and an equivalent amount of copper is deposited on the remaining iron. Of 
course, only a thin film can be produced in this way, for, as soon as the iron is 
covered with copper, the action ceases. No external electric current is needed 
in this process. 

Plating by Contact. — When the metal to be plated is electronegative with 
respect to the metal to be deposited on it, the electro-deposition can be ob- 
tained by connecting the former to a zinc rod. In this case, the solution must 
be of a complex salt, in order to reduce the deposition of tlie metal in solution 
on the zinc itself. For example, silver may be deposited on copper by connect- 
ing a zinc rod or plate to the copper object by a wire and dipping both into a 
potassium-silver-cyanide solution; the zinc dissolves and silver is deposited on 
the copper, while some silver is also deposited on the zinc. No external current 
is needed in this process. 

Nickel Plating.— The solution ordinarily used consists of 5o parts, by weight, 
of the double nickel-ammonium sulphate, NiSO4* (NH4)2SO«6 HO with from 
25 to 50 parts of ammonium sulphate to rooo parts of water. The anodes are 
nickel. The solution is made acid enough to redden litmus slightly, either by 
addition of a small amount of sulphuric acid or one-half per cent of citric acid. 
The proper current density on the cathode is about o.6 ampere per square deci- 
meter (5.5 amperes per square foot) of exposed surface, which requires about 2 
volts. The surface should be perceptibly coated with nickel in two or three 
minutes, and a few bubbles of hydrogen are liberated continuously. If the 
current is too weak, the surface becomes discolored, and if too strong hydrogen 
is evolved more rapidly and the surface turns dark. 

Iron is sometimes copper plated before it is nickel plated, but this is not 
an for nickel adheres to iron perfectly well if the surface has been properly 

eaned. 

: A nickel-chloride solution gives good results in plating any metal except iron. 
Iron always eventually rusts if plated in a chloride bath. 

Copper Plating. — The metals on which copper is usually plated, such as 
Zinc, iron and tin, are more electropositive than copper. On dipping any of 
these metals into an acid copper-sulphate bath, they would become covered 
with a layer of copper, which in some cases is spongy and does, not adhere 
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well. In order to reduce the velocity with which this reaction takes place a 
solution of the double cyanide of copper and potassium, KCu(CN): is used. 
This can be made by dissolving cuprous cyanide in potassium cyanide to form 
a 3 to 8 per cent solution,* with an excess of o.2 per cent of potassium cyanide. 
This bath is generally heated to 50° or 60°C. The proper current density at 
the cathode is about 0.5 ampere per square decimeter (4.6 amperes per square 
foot) which requires about 3 volts at room temperature. 

Surfaces that have already received a thin coating of copper in a cyanide bath 
are sometimes thickened in an acid copper-sulphate bath. The cyanide must 
. be washed off on transferring to the sulphate bath. A sulphate bath may be 
made by dissolving 150 grams of copper sulphate CuSO¢-5 H:O and ṣo grams 
of concentrated sulphuric acid in 1 liter of water. The proper current density 
is about o.7 ampere per square decimeter (6.5 amperes per square foot) which 
requires less than 1 volt. 

Small springs are very much weakened by copper plating in a cyanide bath, 
and are very likely to break while suspended, slightly stretched, in the bath 
during plating. The reason for this is not known.  - 


Zinc Plating. — Electrolytically deposited zinc is of a dull T and is not 
as pleasing in appearance as layers obtained by dipping in melted zinc, but 
electrolytic zinc has been shown to protect iron better for a given thickness of 
deposit than a coating made from melted zinc. (Burgess, Electrochem. ond Md. 
Ind., Vol. 3, p. 17, 1905.) A suitable solution consists of 200 grams of zinc 
sulphate, ZnSO«7 H3O, 40 grams of sodium sulphate, NasS0« 1o HO and 10 
grams of zinc chloride per liter, slightly acidified with sulphuric acid. The 
current density in the cathode is from o.5 to 2 amperes per square decimeter 
(4.6 to 18 amperes per square foot) which requires from about x to 2.5 volts. 
Zinc anodes are used. A little more zinc i$ dissolved than is deposited, due to 
the free acid. Theacid must be replaced as it is used up. The resistance may 
be reduced by warming the bath to 40? or 4s? C. 


Brass Plating. — If an acid solution of zinc and of copper sulphates were 
electrolyzed, only copper would be deposited. In a cyanide solution of zinc and 
copper, however, these metals are deposited simultaneously in the form of an 
alloy. (Spitzer, Zeit. f. Electrochemie, Vol. 11, p. 367, 1905.) The copper is 
deposited more easily than the zinc, so that at a low current density, 0.1 ampere 
per squate decimeter (0.93 ampere per square foot), only a small amount of zinc 
is deposited, but at o.3 ampere per square decimeter (2.8 amperes per square 
foot), the deposit contains only 8o per cent of copper. Increasing the cur 
rent density above this amount changes the composition of the deposit only 
slightly. 

pos suitable bath for brass plating is made bs substituting zinc cyanide for half 
of the copper cyanide in the solution given above for plating. Brass anodes 
are used. ` 

Other brass baths that have been found to give good deposits are the 
following: 

1 liter water, 
14 grams sodium carbonate, dried, 
20 grams sodium sulphate, dried, 
20 grams double cyanide of potassium and copper, 
20 grams monosodium sulphite, 
20 grams double cyanide of potassium and zinc, 
x gram potassium cyanide, —  “ l 
. 2 grams ammonium chloride. ! ho 
o* An n per cent nt solution of a substance contains n parts, by weight, of that substance 
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With the electrodes 15 centimeters apart, current density 0.3 ampere per square 
decimeter (2.78 amperes per a foot) about 3 volts are required. 


1 liter water, 
15 grams double cyanide of potassium and copper, crystallized, 
16.§ grams double cyanide of potassium and zinc, 

25.0 grams sodium sulphite, 

2.0 grams potassium cyanide, 98 per cent. 


‘Current density 0.3 ampere per square decimeter (2.78 amperes per square foot) 


requiring 3 volts when the electrodes are ro centimeters apart. (Schlétter, 
Galvanostegie, 1. Teil, p. 238, 1910.) 

Sitver Plating. — The double cyanide of potassium and silver is universally 
used fot silver plating on account of the smooth deposit obtained with this 
solution. The deposit from a nitrate comes down in the form of isolated crystals, 
which do not cover the surface completely. The solution contains from 1 to 
$ per cent silver as potassium-silver cyanide, KAg (CN)», with o.5 per cent of free 
potassium cyanide. Too much or too little free cyanide gives a bad color to the 
deposit. A good silver plating bath may be made up as follows: 


20 grams potassium silver cyanide, 
10-12 grams potassium cyanide, 99 per cent, 
I liter water. 


The cütrent density is o.3 ampere per square decimeter, at about 1 volt. 
(Schiétter, Galvanostégie, t. Teil. b. 140, 1910.) The anodes are silver. 

Silver is deposited only on a surface of copper or copper alloy. Other rnetals 
iust be copper plated before silvering. In order to make the silver adhere well, 
the copper surface must be amalgamated by dipping the cleaned surface in a 
"guicking bath,” consisting of a solution of 3o grams of potassium-mercury 
cyanide, KHg (CN)a, and 30 grams of potassium cyanide in x liter of water. 
On removal from the quicking bath, articles ate washed and placed immedi- 
ately in the silvering bath. 

Gold Plating. — The solution used in gold plating contains from 0.35 to x 
per cent of gold as the double cyanide of gold and potassium, KAu(CN)s, with 
twice as much free potassium cyanide. The current density on the cathode is 
about 0.2 ampere per square decimeter (1.9 amperes per square foot), which 
requires about 1.5 volts. The anodes are pure gold. The solution may be used 
hot or cold. The deposit from a hot solution is more dense, more uniform and 
of a richer color. The color of the gold deposit may be influenced by simul- 
taneously depositing some. other metal. Green gilding may be obtained by 
adding a little silver cyanide to the bath, until the desired tint is obtained. The 
solution should be cold. To give the deposit a red tint, a little copper cyanide 
is added to the solution. 


Other Plating Processes. — Plating with the following metals is sometimes 
carried out: platinum, tin, lead, iron, antimony, and arsenic, 


Plating on Aluminum frequently does not wear well, on account of the diffi 
ailty in getting a perfectly clean aluminum surface on which to plate. This is 
due to the rapidity with which a thin invisible film of oxide or hydroxide forms 
on aluminum when exposed to the air or to any solution. One method of óver- 
coming this difficulty is to immerse the aluminum in a solution of potassium 
hydrate until hydrogen is evolved, and then dip without previous washing in a 
potassium-silver-cyanide solution. The aluminum is immediately covered with 
a layer of silver. It is still better to amalgamate by dipping into a 0.5 per cent 
solution of mercuric chloride: immediately after treating with hydrate. The 
Guoride is sinsed off, and the object again treated with potassium hydrate and 
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then immediately suspended in the silvering bath. (Langbein, Electrodeposition 
of Metals, 4th ed., p. 409, 1902.) 

Burgess (Electrochem. Ind., Vol. 2, p. 85, 1904) recommends cleaning first with 
dilute hydrofluoric acid, then with a mixture of 100 parts of sulphuric acid and 
75 parts of nitric acid, both concentrated. After rinsing with water the surface 
is immediately plated with zinc, as this metal is found to adhere better than 
many others. Starting with the zinc surface, other metals are readily deposited. 


GALVANOPLASTY. — Galvanoplasty is the art of reproducing by elec- 
trolysis articles of various kinds, or of making finished products, such as set- 
up type, copper tubes, etc. 


Electrotyping. — The object is to make a copper plate which shall be an 
exact duplicate of type which has been set up ready for printing. First an 
impression of the type is made in wax, which is then covered with a thin layer 
of graphite, by dusting the fine powder over the wax surface with soft brushes. 
A thin layer of copper is then formed by sprinkling the surface with iron filings 
and pouring over the surface a solution of copper sulphate. The iron goes 
into solution, depositing copper on itself and on the graphite. The wax plate 
is then washed in water and suspended in an acid bath of copper sulphate, 
where copper is deposited electrolytically until a thin sheet that can be stripped 
from the wax has been formed. After removing the copper sheet from the wax 
plate, a melted lead-antimony alloy is poured on its reverse side, making a plate 
approximately o.5 inch thick. This is then used for printing in place of the 
original type. The economy of this procedure comes in the saving of wear on 
the type, and the relatively small amount of type which has to be kept in stock. 

The current density ranges from 1 to 2 amperes per square decimeter (09 
to 1.8 amperes per square foot) and the volts per cell from 0.75 to 1.5. 


Copper tubes are made by the Elmore process by depositing copper on a 
conducting cylinder which rotates in an acid copper-sulphate bath. The sur- 
face must be conducting, but the copper must not stick so firmly that the 
cylinder cannot be slipped out of the tube when finished. In order to keep 
the outer surface of the tube smooth, it is frequently polished during the de- 
position of copper. Copper sheets may be made by making tubes of large 
diameter and cutting them open. 


Metallic foil may be made by the electrolytic deposition of a thin metallic 
layer on a surface from which it can be removed. 


Parabolic mirrors are made by depositing copper electrolytically on a para- 
bolic glass surface that has been silvered, and separating the metal from the 
glass by warming. (Cowper-Cowles, Electrolytisches Verfahren sur Herstellung 
parabolischer Spiegel, 1904.) 


ELECTROLYTIC REFINING. — The method of refining metals elec- 
trolytically is as follows. The impure metal is made the anode of an elec 
trolytic bath, the electrolyte of which is, at the start, a solution of a pure salt 
ol the metal to be refined, and the cathode is a sheet of the refined metal. On 
passing the current, metal dissolves, along with certain of the impurities. The 
impurities which are electropositive with respect to the principal metal dis 
solve; those electronegative with respect to the principal metal remain adhet- 
ing to the anode. When the latter finally drop from the anode they may 
be dissolved by the free acid, in which case they would be precipitated again 
on coming in contact with the anode or the cathode. Some metals are precip 
itated as an insoluble salt as soon as they dissolve, and are thus removed from 
the further action of the current. n 

_ When it goes into solution, the principal metal is, therefore, separated from 
chance matale which are electronegative with resnect ta it When it js deposited 
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on the cathode, it is separated from those metals which are electropositive with 
respect to it. The bath thus becomes contaminated with certain of the im- 
purities in the anode, and these would eventually be deposited on the cathode 
if the bath is not purified from time to time. 

Anode Mud. — The metals which do not dissolve drop to the bottom 
of the tank forming the “anode mud." It is from this mud that the platinum, 
gold and silver are recovered in copper refining. For methods of working up 
anode mud, see Kern, Met. and Chem. Eng., Vol. 9, p. 417, 1911. 

Copper Refining. — The object in refining copper electrolytically is to 
obtain as pure copper as possible for electric conductors and to obtain the 
precious metals contained in the crude copper. A representative composition 
of crude copper anodes for American refineries is the following (Addicks, 
Electrochem. Met. Ind., Vol. 4, p. 16, 1906): 


Copper X 98-99.5 per cent. 

Silver 0-300 OZ. per ton. 
Gold '0-40 02. per ton. 

Arsenic 0-2 per cent. 


The refined copper is about 99.95 per cent copper. The electrolyte is a solu- 
tion of copper sulphate and sulphuric acid containiag from 4 to ro per cent of 
free acid and from r2 to 20 per cent of copper sulphate. The current density 
ranges from 0.43 to 4.8 amperes per square decimeter (4 to 45 amperes per 
square foot) of cathode surface and the volts per cell range from o.r to 0.3. 


.(Ulke, Die Elektrolytische Raffinaon des Kupfers, b. 42, 1904.) The electro- 


lyte circulates slowly from tank to tank. The cathodes are thin sheets of 
refined copper. 
Multiple and Series Systems of Arranging the Electrodes. — The 


tanks for holding the solution and electrodes are made of wood and are fre- 


quently lined with lead. There are two methods of arranging the electrodes. | 
In the “multiple system" all the cathodes of one tank are connected, and 
ig. the anodes, the cathodes having an amoge on each side, as shown in 


Am iiti - 


Fig. 1. Maie System Fig. 2. Walker Multiple System Fig. 3. Series System 


The most Oii method as regards the use of copper of connecting 
tanks in the multiple system with each other is that devised by Walker (U. S. 
Pat. 687, 800, rogor). In this system the current flows from tank to tank with- 
out being collected in a single bus bar in this passage. The cathodes of the 
first tank rest on a conducting bar G (Fi ig. 2) on which the anodes of the second 
tank also rest: The figure shows two series of tanks with a leading in bus bar B, 
bus bar B' connecting the two series, and leading out bus bar 5. 

In the Hayden or “series system,” the electrodes are arranged as shown in 
Fig.3. Theimpure copper plates are suspended in the solution at equal distances 
apart, only the end ones being connected to the dynamo. The current enters 
at the electrode A, which dissolves, and on flowing through the tank passes 
through the intermediate plates. Pure copper is deposited on the sides of the 
plates facing 4, and dissolved from the opposite surfaces facing B. Some 
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conducting preparation is painted over the sides of the intermediate electrodes 
facing A, so that the copper deposited can be separated from the impure copper. 
When a ceftain amount of the impure copper has been dissolved, the electrodes 
are removed, the pure copper is separated from the impure, and the latter is 
melted and cast into new electrodes. For further details, see Ulke, Die Elek- 
trolytische Rafinatton des Kupfers, 1904. 


Comparison of the Two Systems. — The energy required in the series 
system is about 70 per cent of that required in the multiple system. Contacts 
give more trouble in the multiple than in the series system, The electrodes in 
the series system cost more to prepare than in the multiple system. The 
investment in a series plant of given capacity is less than in a multiple plant. 
Since lead-lined tanks cannot be used in the series system, the maintenance 
expense of a series plant is greater than that of a multiple plant. 


Nickel Refining. — Nickel may be refined by using a weakly acid solution of 
nickel chloride or nickel sulphate. To get thick deposits the solution must be 
heated to from 50° to 90° C. (Foerster, Zeit. f. Elektroch., Vol. 4, p. 160, 1897). 
Nickel and copper may be separated by the David H. Brown process, in which 
nickel is separated from an alloy of nickel and copper, by depositing the nickel 
electrolytically. Very pure nickel required for special purposes is refined elec- 
trolytically by the Orford Copper Company, by a secret process. (Electrochem. 
and Met. Ind., Vol. 4, p. 26,1906.) Foerster obtained good results with a current 
density of 0.5 to 2.5 amperes per square decimeter (4.5 to 23 amperes per square 
foot) between 50° C. and go? C, The neutral nickel-sulphate solution contained 
30 grains of nickel per liter. Günther obtained good deposits at 60° to 65° C., 
with 4 to § amperes per square decimeter (37 to. 48 amperes per square foot) 
at 3.5 to 4 volts, with nickel sulphate baths. (Borchers, Elektrometaljurgie des 
Nickels, 1903.) " 

Silver Refining. — Two cases arise, (1) the separation of silver from copper 
in an alloy consisting mainly of these two metals, and (2) the sepatation of 
silver from relatively small amounts of gold and platinum. | 


Dietzel Process. — One method of separating silver and copper is thé 
Dietzel process. This consi:ts in dissolving both of the metals as anodé in à 
weakly acid solution of copper nitrate. The solution is then transferred to 
another vessel and the silver is precipitated by metallic copper, following which 
the copper is deposited electrolytically. 

The current density is about 1. amperes per square decimeter (14 amperes 
per square foot) of cathode surface, and the voltage per cell from 2.5 to 3.5 volts. 


Moebius Process. — Silver is separated from small amounts of other 


. metals by the Moebius process, In this process the anodes consist of the im- 


pure silver, the cathodes of thin sheet silver, and the electrolyte is a slightly ` 


acid dilute silver-nitrate solution. In the earlier type of apparatus the cath- 
odes were stationary; in the later type the cathode is a rotating sheet of 
silver. In both the pure silver is scraped off as crystals. | 

The current density is about 3 amperes per square decimeter (28 amperes 
per square foot) of cathode surface, and the voltage per cell from 1.4 to 15 
volts. 

Gold refining is carried out in a slightly acid solution of gold chloride. Gold 
anodes do not dissolve in a solution of gold chloride AuCls, or of chloroauric 
acid HAuCL, but the chlorine liberated comes off in the gaseous form. If some 
free alkali chloride or hydrochloric .acid is present, the gold dissolves. The 
resulting gold is never less than 999.8 firie, and frequently is 1000 fine: 

. The baths contain about 3 per cent of free ‘hydrochloric acid with 30 to 49 
grams of gold as chloroauric acid per liter, The bath is heated to 60° or 70° Ca 
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and the current density is about ro amperes per square decimeter (93 amperes 
per square foot) at about 1 volt. 


Lead refining is carried out by the Betts process. The electrolyte is a 
solution of lead fluosilicate (PbSiFe) containing 60 to 7o grams of lead and 
120 to 130 grams of SiFs per liter, and o.1 per cent of glue. The object in 
refining lead is to recover the copper, antimony, bismuth, gold and silver. Tin 
cannot be separated from the lead electrolytically, on account of its prox- 
imity to lead in the electrolytic series. (See article on Electrochemistry, Prin- 
ciples of, and Lead Refining by Electrolysis by A. G. Betts, 1908.) 

The current density ranges from r.3 to 1.7 amperes per square decimeter (12 
to 16 amperes per square foot) of cathode surface, and the voltage per cell from — 
0.30 to 0.38 volts. 

According to Duisberg (Journ. of Ind. and Eng. Chem. for 1912, p. 752) iron 
is now refined electrolytically by the firm Langbein-Pfanhauser & Co., Leipzig. 
It has valuable magnetic properties, and is used in electromotors. The elec- 
trolysis is carried out at 100° to 120° C., but the current ae and voltage are 
not given. 


Refining of Other Metals. —A number of other metals may be refined 
electrolytically, such as mercury, tin, bismuth, and antimony, but these are 
relatively unimportant. 


ELECTROLYTIC WINNING OF METALS. — The attempts that have 
been made to win metals directly from their ores or from matter are based on 
the same principle as that underlying metal refining. These attempts have 
not been successful until recently, however, on account of the large amount of 
impurity that gets into the bath and on account of mechanical difficulties. The 
best known of such attempts, are the following. 


Marchese Process. —-In the Marchese process it was attempted to ob- 
tain pure copper from a matte containing principally copper, lead, iron and 
sulphur, by electrolyzing this matte as an anode in a sulphate bath. The 
process seemed a success at first, but finally failed. 


Siemens and Halske Process. — The Siemens and Halske process for ex- 
tracting copper consists in electrolyzing a solution of iron sulphate and copper 
sulphate in a cell in which the anode and cathode are separated by a linen dia- 
phragm. The anode was carbon; the cathode pure copper. In the cathode 
compartment the solution loses copper by deposition on the cathode. The 
solution then circulates to the anode compartment, where the ferrous sulphate 
is oxidized to ferric sulphate. See below, under Electrolytic Oxidation. From 
here the solution circulates to another vat where fresh ore, consisting of copper 
pyrites (CueSFe,S3) that has been roasted so as to change the iron sulphide to 
oxide, is treated. The ferric sulphate dissolves the cuprous sulphide as follows: 


CusS + 2 Fe2(SO«)s = 2 CuSO4 + 4 FeSO4 + S. 


This solution, enriched in copper, is t en conveyed to the cathode compartment, 
and the cycle is completed. This pro~ess also failed when tried on a commercial 
scale. 


Hoepfner Process. — In the Hoepfner process the copper ore, consisting 
of copper sulphide, is dissolved in a cupric chloride solution containing a rela- 
tively large amount of sodium chloride. The reaction is as follows: 


, CwS + 2 CuCl = 2 CusCle+ S. 


The cuprous chloride, insoluble in water, is held in solution by the sodium chlo- 
ride. The anode and cathode of the electrolytic cell are separated by a dia- 
phragm. The solution first circulates to the cathode compartment, where part 
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of the copper is deposited, and then to the anode, where the cuprous chloride 
is oxidized to cupric chloride. The solution from the anode then circulates 
to fresh ore. 


Copper Hydrometallurgy at Chuquicamata. — A process is now being 
perfectéd by the Chile Exploration Company for winning copper directly from 
the ore of the Chuquicamata copper mine, in Chile. The ore is dissolved in dilute 
sulphuric acid in leaching tanks. The solution is then conducted to the electro- 
lyzing tanks where the copper is deposited, using insoluble magnetite anodes 
and their copper cathode starting sheets. The electrolytic refinery will have a 


capacity of 335,000 pounds of copper per day. (E. A. Cappelen Smith, Mei. & 


Chem. Eng., 1914, Vol. 12, bp. 291—294.) 


Salom Process. — Lead was at one time extracted from galena (PbS) by 
the Salom process, consisting in electrolyzing the powdered galena as cathode 
in sulphuric acid. The hydrogen deposited on the galena combines with the 
sulphur, forming hydrogen sulphide and leaving the lead as lead sponge. This 
process was given up, partly at least, on account of the poisonous action of the 
hydrogen sulphide. (Trans. Am. Electroch. Soc. Vol. 1, p. 87, 1902; Vol. 4, 
p. IOI, 1903.) 


Hoepfner Zinc Process. — In the winning of zinc, electrolysis may, in the 
future, take an important part, on account of the fact that in the ordinary 
metallurgical process there is a large loss. A process devised by Hoepfner 
consists in roasting the zinc ore if it is insoluble, dissolving the zinc, and de- 
positing it by electrolysis, with insoluble anodes. Very little zinc is refined 
electrolytically, because it contains no noble metals and there is not much 
demand for very pure zinc. , 


Detinning Tin Scrap and Old Cans. — The two principal methods of 
recovering tin from tin scrap and old tin cans are due to Goldschmidt. The 
first consists in electrolytically dissolving the tin and depositing it in the metallic 
state; the second method, which however is not electrolytic, converts the tin 
into tin tetrachloride by treating with dry chlorine. 

In the electrolytic method the solution consists of a sodium hydrate solution, 
containing a certain amount of carbonate, absorbed from the air, and sodium 
stannate. The best concentrations are: 10 to 12 per cent alkalinity, not over 
7 per cent free alkali; carbonate not over 3 per cent; stannate not over 5 pef 
cent. Temperature, 60° to 7o? C. About one-tenth of the solution must be 
replaced every week. | 

'The tin scrap is suspended in the solution in baskets (39 by 35 by 18 inches) 
of perforated sheet iron, containing 100 to 130 pounds of scrap. Old cans are 
cleaned, compressed and then cut up. The cathodes are sheet iron 39 by 35 
inches. The tin dissolves from the anode and is deposited as spongy tin on the 
cathode. The scrap is left in the bath for three hours. The spongy tin is com- 
pressed by a hydraulic press into cylinders weighing six pounds; these are sub- 
sequently melted in a furnace with sealed tubes. This sponge contains 50 per 
cent tin and 5o per cent ash. The ash is subsequently reduced with carbon in 
an open-hearth furnace, yielding 70 per cent of the tin. 

Very careful working is necessary to remove the tin so completely that the 


iron can be sold to open-hearth plants. Even then the iron contains o.1 to 0.5 


per cent tin. 

The cathode current density is never over 0.75 ampere per square decimeter 
(7 amperes per square foot), at 2 to 3 volts per cell. (Electrochem. and Met. I nd., 
Vol. 7, p.79, 1909; Met. and Chem. Eng., Vol. 10, p. 202, t912.) © 


ELECTROLYTIC OXIDATION AND REDUCTION is frequently car- 
ried out on substances in solution. One of the advantages of the electrolytic 
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method is that no other substance has to be added to the solution. In carrying 
out an electrolytic oxidation or reduction a porous diaphragm is used to separate 
the anode and cathode compartments. The substance to be reduced is placed 
in the cathode compartment, where the whole or a part of the hydrogen that 
would be evolved by the current while in the nascent state, acts on the sub- 
stance in question. The intensity of the reduction may be varied by varying 
the potential difference between the solution and the cathode. This is accom- 
plished either by increasing the current density on the cathode, or by making 
the cathode of different metals on which the overvoltage (see Electrochemistry, 
Principles of) is different. It frequently happens that the metal composing the 
cathode has a marked accelerating effect on the velocity of the reduction. 
Thus the reduction may be much more complete on one metal than on another, 
though the potential difference between the metals and the solution is the 
same in both cases. The same considerations apply to oxidation on the anode. 


Typical Reduction and Oxidation Processes. — Examples where elec- 
trolytic reduction has been found useful are: in the manufacture of white lead 
by corroding a lead anode in a suitable solvent, e.g., the Luckow process (Zeit. 


f. Elekiroch., Vol. 3, page 482, 1897); in the preparation of the lower salts of : 


vanadium, molybdenum and titanium. . Examples where electrolytic oxidation 
has been employed are: in the oxidation of the lower cerium sulphate, Ce(SOa), 
to Ce(SO.)e, the latter being useful as an oxidizing agent; in oxidizing potas- 
sium manganate, K;MnO4, to permanganate, KMnO,; in the oxidation of 
potassium ferrocyanide, K4Fe(CN)e, to the ferricyanide, K3Fe(CN)«; and of 
chromium sulphate to a chromate. (See TEN Elektrochemie W dsseriger 
Lösungen, 1905. ) 


ELECTROLYSIS OF SODIUM OR POTASSIUM CHLORIDE. - — 
The electrolysis of sodium or potassium chloride may yield several different 
products, depending on the kind of cell employed. In the following discus- 
sion the reactions for sodium choride are given; these reactions also apply to 
potassium chloride when K is substituted for Na. 


Production of Electrolytíc Bleach. — If there is no diaphragm and the 
solution is kept cool, the chlorine and hydrate react on each other to form 
principally sodium hypochlorite or “electrolytic bleach," according to the 
equation 

2 NaOH + Ch = NaOCI + NaCl + HO. 


As soon as hypochlorite is formed, it begins to change to chlorate, but at first 
not as rapidly as it is formed. As the concentration of the hypochlorite in- 
creases, a larger and larger proportion changes to chlorate, until finally the 
concentration of the hypochlorite reaches a limit, which depends on the tem- 
perature, original salt concentration, current density, and other factors. The 
hypochlorite then changes to chlorate as rapidly as it is formed. 

The reactions by which hypochlorite changes to chlorate are two; o) the 
action of the discharged CIO ion on water: 


6 CIO + 3 H;O = 2 HCIOs - 4 HCI + 1% On oo 
and (2) in a slightly acid solution: | | NE S 
| 2 HOCI + NaOCl = NaClO; + 2 HCI. 7 
If the sition is warmed to about 50° C. the conditions are so ees that the 
limiting concentration of hypochlorite is much lower than when cold. . Sodium 


and potassium uL EE are used only in solution, but, the chlorates a are 
crystallized out. — | | 
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By further electrolysis of a cooled sodium (or potassium) chlorate solution, 


perchlorate, NaCIO,, is produced by the action of the liberated ClO; ion on 
water: 


2 CIO; + H:0 = HCIO4 4- HClO; 
and 


HCIO, + NaOH = NaClO.+ H3O. 


In most of the cells used for producing hypochlorite, a vessel is divided into 
a number of nurrow compartments by bipolar or intermediate electrodes, con- 
sisting of carbon plates (Hass and Oettel) or platinum-iridium wire wound on 
glass plates (the Kellner cell). The solution is cooled by circulation. There 
is no essential difference between a hypochlorite and a chlorate cell, except 
that the latter is used at a higher temperature. (See numerous volumes in the 
Engelhardt Monographs.) 


Production of Chlorine and Caustic. — If the anode and cathode are 
separated by a diaphragm of some kind, sodium hydrate is produced at the 
cathode by the action of the alkali metal on water: 


2 Na+ 2 H:0 = 2 NaOH + Hè, 


while at the anode chlorine is set free, which may be used to make bleaching 
owder. 

i Various devices are used to separate the hydrate and chlorine in cells intended 
for these products. In the McDonald cell (Electrochem. Ind., Vol. 1, page 387, 
1903) and others a porous diaphragm is used. In the Hargreaves-Bitd cell 
(U. S. Pat. 655,343, 1900; 596,157, 1897), the porous diaphragm is supported 
by a heavy copper gauge cathode, which is wetted only by the solution percolat- 
ing through the diaphragm. In the Townsend cell (Electrochem. and Met. Ind. 
Vol. 5, page 209, 1907) the cathode compartment is filled with kerosene oil. 
During electrolysis the solution in the anode compartment percolates through 
the porous diaphragm and the perforated cathode, and on coming in contact with 
the oil forms drops and sinks to the bottom of the cathode compartment where 
it is collected. In. the “bell process" the anode is inside an inverted non- 
conducting, nonporous bell, and the cathode is a conducting ring outside. 

In the Castner cell the compartments are separated by a mercury diaphragm, 
acting as an intermediate electrode; and in the Solvay and the Whiting cells 
a mercury cathode is used, which, when charged with sodium in the electro- 
lytic cell, is decomposed by water in a different compartment. The sodium 
amalgam reacts with water like metallic sodium. (See the Engelhardt Mono- 
graphs.) 


ELECTROLYSIS OF WATER. — The electrolysis of water is carried out 
on a commercial scale for the production of hydrogen and oxygen. The dec 
trolyte is usually a rs-per-cent sodium hydrate solution. A diaphragm of 
canvas is used to separate the hydrogen and oxygen in the Flamand cell, now 
in use by the International Oxygen Company at Newark, N. J. The vessel 
containing the electrolyte is cast iron and acts as the cathode; the anode is 
steel. In the Siemens and Halske apparatus the gases ate separated bye 
metallic gauze while bubbling to the surface of the solution; the Garuti and 
Pompeili apparatus is based on a similar principle. (See Viktor Engelhardt, 
Die Elektrolyse des Wassers, 1902.) l 


ÉLECTROTHERMAL PROCESSES. — Some, of the more important 


industrial electrothermal processes and products andthe various types of 


electric furnaces are described in the article on Furnaces, Electric. 
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OZONE (0s) is made by the silent discharge of electricity through dry air. 
The electrodes ate water cooled, and protected to prevent the passage of sparks. 
From 8000 to 0,000 volts alternating are applied, this voltage being obtained 
from a small step-up transformer. For the Siemens and Halske ozonizer the 
concentration of the ozone is about 2 or 3 grams per cubic meter of the air which 
passes through it, and the yield is from 18 to 37 grams per kilowatt hour. (Elec- 
irochem. Ind., Vol. 2, p. 67, 1904.) The General Electric Company manufacture 
several types of small ozonizers, and are about to put the Siemens and Halske 
ozonizer on the market in this country. 


BIBLIOGRAPHY. — In addition to the references given above, the follow- 
ing books should be consulted for further information regarding industrial 
electrochemical processes: 

Arens, Handbuch der Elektrochemie, 1903; Askenasy, editor, Einführung in 
der Technische Elektrochemie, Vol. 1, Elektrothermie, 1910; Blount, Practical 
Electrochemistry, 1901; Engelhardt, editor, Monographien über angewandte Elek- 
lrochemie; Foerster, Elektrochemie Wdsseriger Lösungen, 1905; Haber, Grundriss 
der Technischen Elektrochemie, 1898; Pring, Some Electrochemical Centres, 1908; 
Richards, Metallurgical Calculations; Billiter, Die elektrochemischen Verfahren 
der chemischen Gross-Industrie, 1911: Thompson, Applied Electrochemistry, 
1911; Allmand, A pplied Electrochemistry, 1912. See also the volumes of the 
Metallurgical and Chemical Engineering; Transactions of the American Elec- 
lrochemical Society; Zeitschrift für Elektrochemie; Transactions of the Faraday 
Society. See also Bibliography in Electrochemistry, Principles of. 

[M. De K. Tompson] 
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ELECTROCHEMISTRY, PRINCIPLES OF. —(See also Electricity 
and Magnetism, Principles of; Elements, Chemical; Electrochemical Processes, 
Industrial; Furnaces, Electric.) Electrochemistry is the science which deals 
with the phenomena resulting from the direct transformation of electrical into 
chemical energy or the converse transformation of chemical into electrical 
energy. By general usage the term, especially as applied to industrial processes, 
has come to include also those thermochemical phenomena which occur at tem- 
peratures produced in electric furnaces, although in such processes electrical 
energy frequently plays no other róle than that of generating heat. 


The following is a brief table of contents of this article: 
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DEFINITIONS. — The following terms are commonly used: 


Element. — An element is a substance which cannot be decomposed into 
simpler substances by any known means of chemical analysis. (See Table of 
Electrochemical Equivalents below, and article on Elements, Chemical.) 


Atoms and Atomic Weights. — An atom is the smallest mass of an element 
that can enter into chemical combination with another element or itself. The 
atomic weight of an element is a number which is proportional to the smallest 
known combining mass of the element, that of oxygen being chosen as the stand- 
ard and taken as 16. The relative proportions, by mass, of the elements form- 
ing any substance are simple multiples of these numbers. For table of the 
atomic weights of the more common elements see below, and for a complete 
table see article on Elements, Chemical. On the atomic theory the atomic 
weight is proportional to the mass of the atom. 

Molecules and Molecular Weight. — A molecule is the smallest mass of 
a substance which can exist and preserve its chemical properties. The molec- 
ular weight of an element or of a chemical compound is equal to the sum of the 
atomic weights of the atoms contained in the molecule, and may readily be 
calculated from the atomic weights when the molecular symbol of the com- 
pound is known. Thus the molecular weight of oxygen, Os, is 2 x 16.00 = 32.00 
as there are two atoms in the molecule. The molecular weight of silver 
nitrate, AgNOs, is 107.88 + 14.01 + 3 x 16.00 = 169.89. 

Radical. — A radical is a combination of two or more elements which per 
sists as a group in chemical reactions, e.g., the SO in HSO, is a radical, as 
exemplified by the reaction H250; + Zn = ZnSO; + He. 

Formula Weight. — The formula weight of an atom, radical or molecule is - 
the sum of the atomic weights of the elements of which it is formed. For 
example, the formula weight of an oxygen atom, O, is 16; the formula weight 
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of an oxygen molecule, O», is 32; the formula weight of the radical NOs is 
62.01. 


Valency. — An adequate consideration of valency would involve a discussion 
beyond the limits of this article. As a simple definition, the valency of an 
acid or acid radical may be taken as the number of replaceable hydrogen 
atoms which the acid molecule contains, the valency of the hydrogen atom being 
always equal to unity. Thus hydrochloric acid, HCl, and nitric acid, H(NOs), 
are univalent acids and the elements H and Cl and the radical NOs are uni- 
valent; sulphuric acid, H»(SO4), is a bivalent acid and SOs, a bivalent radical; 
H;(PO)) isa trivalent acid and PO,a trivalent radical, etc. Similarly, in a salt 
like sodium chloride, NaCl, sodium ís a univalent metal, since one atom of 
sodium replaces one atom of hydrogen in the corresponding acid. But in 
barium chloride, BaCk, barium is a bivalent metal, as it replaces the hydrogen 
of two molecules of hydrochloric acid to form the salt. To completely describe 
the valency of a salt it is therefore necessary to stipulate the valency of the 
basic and acid constituents; thus sodium chloride, NaCl, is a uni-univalent 
salt; sodium sulphate, NasSO,, is a uni-bivalent salt, the basic constituent being 
univalent and the acid constituent bivalent. Barium sulphate, BaSOmon the 
other hand, is a bi-bivalent salt. The valency of a number of elements varies 
according to the compound of which the element forms a part, e.g., copper is 
bivalent in cupric salts like CuSO, but univalent in cuprous salts as CuCl; iron 
is bivalent or trivalent according as it is a constituent of a ferrous or ferric salt 
respectively. 

Bonds or Affinities. — An atom or radical is sometimes said to possess a 
number of “bonds” or “affinities” equal to its valency in the compound of 
which it forms a part. 


Equivalent Weight— Chemical Equivalent.— The equivalent weight of an 
atom, ion or radical is defined as its formula weight divided by its valency. 
The equivalent weight of an element or compound is also referred to as its 
“chemical equivalent.” The equivalent weight of an acid, base or salt is its 
molecular formula weight divided by the highest valency of either of its ions. 
As hydrogen exhibits no other valency than unity its equivalent weight and 
atomic weight are identical. Similarly, the equivalent weight and molecular 
weight of hydrochloric acid, HCl, are each 36.47. Copper in copper sulphate, 
Cu(SO9, and in cupric chloride, CuCl, has a valency of 2, hence equivalent 
weights of these salts are one half their molecular weights respectively. 

In computations of electrochemical reactions it is frequently convenient to 
take as the unit of mass (or weight) of a substance, a mass.in grams equal to 
the number expressing the atomic weight, ionic weight, molecular : weight or 
equivalent weight of the substance. ' The following names have been given these 
units. 


Gram-Atom or Gram-atomic Weight. — A number of grams of an elemeat 
equal to its atomic weight, e.g., one gram-atom of oxygen is 16 grams. 


Gram-Molecule or Mol. — A number of grams of a substance equal to. its 
molecular weight, e.g., one mol of silver nitrate, AgNOs, is 169.89 grams. 


Gram-Equivalent. — A number of grams of an atom, radical or molecule. 
equal to its equivalent weight, i.e., to its formula weight divided by its valency. 
For example, a gram-equivalent of sulphuric acid is 98.09/2 = 49.04 grams.. 
À gram-equivalent is usually represented by the chemical formula divided by 
the valency, e g., a gram-equivalent of sulphuric acid is denoted by % HSO. 


Electrolyte— Electrolysis. — When an electric current is passed through 
certain substances a chemical reaction takes. place at the places where the 
current enters or leaves the substance. Such substances, are called “ electro- 


A 
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lytes;” if the current effects a decomposition ot! chemical change in the elet- 
trolyte the process is called ‘‘electrolysis.” 


Electrodes— Anode and Cathode. — Electrodes are the conductors by 
which the current enters and leaves the electrolyte. The electrode at which the : 
current enters the electrolyte is called the “ anode,” and that byjwhich the cur- 
rent leaves the electrolyte is called the cathode." The anode is therefore that 
electrode which is connected to the positive terminal of the generator; the 
cathode that connected to the negative terminal. 


Ions — Anions and Cations. — The constituents of an electrolyte which are 
primarily liberated or deposited from an electrolyte at the electrodes are called 
“ions.” The term also applies to the constituents of an electrolyte which con- 
duct the current. (See sections below on Dissociation Theory and Theory of Elec- 
trolytic Conduction.) The ions liberated at the anode are called “anions,” while 
those liberated at the cathode are called “cations.” For example, when a 
current enters and leaves an aqueous solution of copper sulphate, CuSO, at 
platinum electrodes, the CuSO, is decomposed, the copper Cu being liberated 
from the solution and deposited on the cathode, and the SO, being liberated 
at the node where it reacts with the water to form oxygen gas and sulphuric 
acid. The copper in the sulphate solution is therefore a-cation and the SO, an 
anion. In general the metal atoms in salts and bases and the replaceable 
hydrogen atom ín acids are cations, while the acid radicals (e.g., SOy) and the 
basic radicals (e.g. OH in KOH) are anions. 2 

The terms anion and cation are also used to designate specifically the negative 
and positive constituents of an electrolyte. For example, in dilute aqueous solu- 
tion, a molecule of hydrochloric acid, HCI, is looked upon as consisting of one hy- 
drogen cation and one chlorine anion; sulphuric acid, H2SOu, of two hydrogen 
cations and one SO, anion. There is much evidence to. indicate that a nega- 
tive charge of fixed amount is associated with each anion and a positive charge 
(or deficit of negative electricity) of equal amount is associated with each cation, 
irrespective of the chemical nature of the ion, except that the charges carried 
by any ion are directly proportional to its valency. The charge carried by every 
univalent ion is estimated as 5 x 107" electrostatic units, the charge carried by 
every bivalent ion is twice this amount, etc., s X xo^ electrostatic units of 
negative electricity being the charge of an electron. Hence on tlie basis of the 
electron theory, a univalent anion as Cl has associated with it one free electron, 
a divalent anion. as SO, two electrons, while a univalent cation as H has a 
deficit of one electron, a divalent cation as Cu has a deficit of two electrons, etc. 
See Electron Theory. AUS 
. To distinguish cations and anions from neutral atoms or molecules, small 
plus or minus signs are often writteri over the symbol, the number of such signs 
being equal to the valance of the ion. Thus 

40 tk ttt TUR -- et oe flm tmo. 

H, Na, Cu, Fe (ferric iron) represent cations; Cl, NOs, SOs, PO, anions, etc. 

lortic Weight. — The formula weight of an fon is called fta ionic weiglit. 

Gram-Ion. — A number of grams of an fon equal to its ionic weight, €g., 
one gram-ion of hydrogen is 1.008 grams, and one gram-ion of SO, is 96,07 grams. 

Electtochemical Equivalent. — The electrochemical equivalerit of an ion is 
the mass fh grams of the ion liberated or deposited by one coulomb. 

Electrochemical Consfant or '* Faraday.” — The electrochemical constant, 
denoted by F, and called the “Faraday,” is the number of coulombs required 
to liberate one gram-equivalent of any ion. It is a constant for all ions, and 
its value, as adopted by the International Congress of Applied Chetnistry in 
4a fe E a af CAG coulombs. PN 
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Solvent, Solute and Solution. — When a substance A “dissolves” in another 
substance B, the substance A which dissolves is called the ''solute," and the 
substance B is called the “solvent.” The two substances rosettes form a 

“solution.” 

Osmotic Pressure. — The osmotic pressure of a solution may be regarded 
as the force in virtue of which a solute tends to diffuse from regions of higher 
to regions of lower concentration. It can be measured by separating the solu- 
tion and solvent by means of a diaphragm which is permeable to the solvent but 
not to the solute. (See section below on Theory of Solutions.) 

Specific Conductance (x). — The specific conductance of a solution is the 
reciprocal of its specific resistance, i.e., it is the conductance of a column of 
liquid one centimeter long and one square centimeter cross section. It is ex- 
pressed in reciprocal ohms, or mhos, and is denoted by x. 

Concentration (c). — The concentration (c) of a solution is the quantity of 
the solute contained in unit volume of the solution. Thus it may be expressed 
as grams per cubic centimeter or grams per liter, etc. 

Equivalent Concentration (7). — The equivalent concentration of a solution 
is the number of gram-equivalents of solute contained in one cubic cehtimeter 
of the solution; it is denoted by 7. Calling w the equivalent weight of the 
solute, 7.= cfw.. 

Dilution ($). — The dilution of a solution is the reciprocal of its concentra- 
tion, i.e., it is the number of cubic centimeters of solution in which one gram- 
equivalent of solute is ae ee: It is denoted by ¢. Henes $ » 1/3. and 
n= 1/$. | ; 

Normal Solution. — A normal solution is a solution containing one gram- 
equivalent of solute per liter. For such a solution 7 = 107? or d = 1000. 

Equivalent Conductance (A), — The equivalent conductance of a solution 
at the dilution $ is the conductance which a volume (in cu. cm.) of the solution 
containing one gram-equivalent of the solute would have, if placed between 
parallel plate electrodes one centimeter apart. It is denoted by Ag or As, accord- 
ing A the dilution or concentration of the solution is given. Hence Ag = ot, 
or Ay = Kf. ae 

The ANE or concentration of a solution should always be stated in con- 
nection with its equivalent conductance, otherwise the expression is indefinite. _ 

Heat of Reaction. — The heat of reaction is the heat energy given out or 
absorbed in a chemical reaction. It is usually expressed in calories; see Heut 
and. Heat. Effects. Ostwald recommends the use of a calorie equal to 100 times 
the mean gram-calorie for expressing thermochemical data and this will be 
adopted in the present discussion. It will be denoted in this article by “ cal.” 

Exothermic Reactions. — Reactions in which heat is given out to the sur- 
rounding bodies. 

Eridothermic Reactions. — Reactions in which heat is absorbed from the 
sutrounding bodies. | 


: NOTATION. — The notation used in this article is, in most instances, that 
proposed by the Bunsen Gesellschaft and adopted by the Fifth International 
Congress of Applied Chemistry in Berlin, 1903. For convenience of reference 
the symbols most frequently used are tabulated below. 

K «specifie conductance in reciprocal ohms;  . 

7 cohcentration, expressed as gram-equivalents of solute per cubic centi- 
meter solution; . _ 

$ = dilution, expressed as cubic centimeters of solution pet gráro-equivalent 
solute; 
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A = equivalent conductance; 

A, = equivalent conductance at infinite dilution; 

"y = degree of ionization; 

E = electrical potential difference; 

I = current strength; 

R = resistance [W adopted by International Congress] : 
e = single potential difference, taken positive in direction of rise of potential;* 

ex = potential difference measured against a normal hydrogen electrode; 

€. = potential difference measured against a normal calomel electrode; 

R = gas constant per mol 

F = the Faraday = 96,540 coulombs per gram-equivalent 

T = absolute temperature in degrees centigrade. 

t = centigrade temperature [@ adopted by International Congress] 


CHEMICAL EQUATIONS. — A chemical equation, such, for example, as 
that representing the solution of zinc in a dilute hydrochloric acid solution 
(Aq = water), 

Zn + 2 HCIAq = ZnCbAq + H;, 


is to be interpreted as follows: one gram-atom (65.37 grams) of zinc reacting 
with 2 mols (2 x 36.47 = 72.94 grams) of hydrochloric acid in aqueous solu- 
tion forms one mol (65.37-4-2 X 35.46 = 136.3 grams) of zinc chloride in 
solution and one mol (2 x 1.008 = 2.016 grams) of hydrogen gas. Since atomic 
weights are relative numbers, any unit of weight, as the pound or kilogram, may 
be substituted for gram in this statement. 

If the reaction is intended to express not only the chemical change which 
takes place, but also the energy change involved, the “heat of the reaction” 
must be included, thus: ! 


Zn + 2 HCIAq = ZnCbhbAq + He + 342 cal. 


This thermochemical or energy equation signifies that the intrinsic energy rep- 
resented by the initial system, consisting of 65.37 grams of zinc and 72.94 grams 
of hydrochloric acid dissolved in enough water to form a dilute solution, is 342 
calories (1 gram of water from o? to 100° C.) greater than that represented by 
_ the final system, consisting of 136.3 grams of zinc chloride dissolved in water 

and 2.016 grams of hydrogen gas; in other words when the substances in the 
initial system react and form the substances in the final system, an amount of 
heat energy is evolved equal to 342 cals. When energy is given up by a 
system to the surroundings (exothermic reactions), as in the above illustra- 
tion, it is regarded as positive. If a reaction is accompanied by an absorption 
of heat energy (endothermic reactions), i.e., if the system takes up heat and 
thereby tends to cool the surroundings, the sign of the heat of the reaction is 
taken as negative. 


FARADAY'S LAWS. — The first quantitative relations between the magni- 
tude of an electric current and its chemical effect were discovered by Faraday 
in 1834 and are known as Faraday's Laws. "They may be stated as follows: 


First Law. — The quantity of an electrolyte decomposed by an electric 
current is directly proportional to the total quantity of electricity which passes 
through the electrolytic cell; or, the rate of chemical decomposition is directly 
proportional to the current. The amount of decomposition is independent of 
the voltage and intensity of the current, size of electrodes and concentration 
of electrolyte, so long as the total quantity of electricity flowing through the 

* This notation is employed to harmonize the notation in this arti¢le with that used 


elsewhere in this book. The Berlin Congress recommends the use of the symbol ¢ fors 
potential difference taken positive in the direction of the drop of potential. 


neip 
en deti 
| det 


Electrochemistry, Principles of 441 


circuit remains constant. (These factors, however, do affect the ultimate prod- 
ucts of an electrolysis. 

Second Law.— A given quantity of electricity always decomposes equivalent 
weights of different electrolytes irrespective of their nature. For example, if 
three electrolytic cells containing aqueous solutions of silver nitrate AgNO;, 
copper sulphate CuSO, and cuprous chloride CuCl (dissolved in sodium 
chloride), respectively, be connected in series and the same quantity of elec- 
tricity passed through each, it will be found if a grams of silver are deposited in 
the first cell, b grams of copper in the second and c grams of copper in the 
third, that the following proportion holds between these weights: a:b:c= 


ae ——— ; ~, where 107.88 and 63.57 are the atomic weights of silver 
2 I 


and copper respectively. In copper sulphate the valency of copper is 2, while 
in cuprous chloride its valency is 1; silver is always univalent and hence the 
weights a, b, c are proportional not to the atomic weights but to the equivalent 
weighis of the metals in the compounds from which they are electrolyzed. It 
follows from this that a given current will deposit iu a given time twice the 
weight of metal from a salt in which it is combined with a valency of 1, as from 
a salt in which it exists with a valency of 2. "Thus, the same current deposits - 
in a given time twice the weight of copper from a cuprous as from a cupric 
salt solution. In general, if the ion in a compound has a valency n, the 
quantity of electricity required to liberate it will be n times as great as that 
required to liberate the same ion from a compound in which it is univalent. 

It is to be noted, since the numbers expressing the atomic weights of the ele- 
ments, and hence their equivalent weights, are purely relative, that the relative 
weights of substances decomposed by a given quantity of electricity may be 
expressed in grams, kilograms, pounds or any other unit of weight. "Thus, in 


6 
the above illustration the quantity of electricity which will deposit 2 2 = 31.79 


pounds of copper from a copper sulphate solution will deposit 107. 88 pounds of 
silver. 

Faraday's Laws are the expression of the results of direct experiment and 
have been tested to the limit of precision with which physical and chemical 
measurements are capable of being carried out at the present time. All evi- 
dence indicates that they hold rigidly, i.e., that they are exact laws of nature. 
Iu cases where exceptions have seemed to exist these have been shown to arise 
from secondary causes. 


Value of the Electrochemical Constant or Faraday. — The determination 
of the number of coulombs required to deposit one gram-equivalent of an ion, 
i.e., the constant connecting the quantity of electricity and the mass of a sub- 
stance liberated, involves two distinct investigations; first, the measurement 
of the number of coulombs which pass through a given electrolytic cell, and 
second, the determination of the amount of the chemical decomposition. The 
importance of the constant has enlisted the skill of a number of the ablest 
physicists, and its value is still being investigated at the present time. 

The various methods which have been employed vary primarily in the means 
adopted for measuring the current. A primary instrument, the constants of 
Which can be computed from its dimensions, is essential. Tangent galvanom- 
eters and various forms of current balances or dynamometers have been con- 
structed for this purpose. The ultimate precision of the measurements with 
these instruments is thus referred back to instrumental constants and to the 
accuracy with which the horizontal component of the earth's field, or the value 
of the acceleration due to gravity, is known at the place where the research is 
carried out, respectively. | 
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The amount of silver deposited from a silver nitrate solution has been adopted 
almost universally for the chemical part of the research. Owing, however, to 
the fact, established by T. W. Richards, that the amount of silver deposited 
depends to a slight extent upon whether or not the solution at the anode is 
allowed to diffuse to the cathode, the values obtained in some of the best earlier 
determinations are somewhat uncertain. To show the degree of precision with 
which the constant is now known the following résumé of the determinations of 
the mass of silver in milligrams deposited by one coulomb is given (Guth, | — 
Bulletin of the Bureau of Standards, 1905, Vol. 1, p. 363). 


: TABLE f.— ELECTROCHEMICAL EQUIVALENT OF SILVER 
IN MILLIGRAMS PER COULOMB 


Electrochemical equivalent 

corrected by — 
Observor Year | Found i 
Richards ‘ve 
and Van Dijk | Guthe ee 
Heimrod ne 
22s aml Ecosse a rSn pecsan ME LÀ 
mg Ing. mg Mg = 
Mascart.........--...06+ 1884 r.1156 |) ...... 1.1155 1.1153 = 
Fr. and W. Kohlrausch..| 1884 1.1183 1.1173 1.1182 1.1177 ii 
Rayleigh and Sidgwick..| 1884 I.1179 I.I175 1.1178 1.1176 a 
d 
Gray is Eo dex 1886 HA Gc Jo uice ne ee t.1178 fin 
Koepsel................. 1887 Idrd d nore]. Xm 1.1169 i 
Pellat and Potier........ 1890 t.1192 | ...... 1.119I 1.1189 d 
Patterson and Guthe....| 1898 1.1192 1.1175 1.1180 1.1177 » 
Pellat and Leduc........ 1903 4.2195 |  ...... I.I104 1.1190 in 

Van Dijk and Kunst..... 1904 1.1182- | \ zi vss I.r180 I.1178 


Mean 1.1176 


Tf the atomic weight of silver be taken as 107.88 (latest corrected value) 
the value of the Faraday from the average of Guthe's corrected values.is 
107.88 

~ e. 0011176 
value F = 96,540 adopted by the International Congress of Applied Chemistry 
in 1903 and based on the atomic weight of silver = 107.93, and on the definition 
of the legal ampere as that current which in one second deposits 0.001118 gram 
of silver. (See Report of I nternational Electrical Congress, 1893; Definition legalized 
by the U. S. Government in 1804.) In view of the above agreement it seems 


advisable to adhere to the value 96,540 until by ternational agreement another 
value shall be adopted. 


ELECTROCHEMICAL EQUIVALENTS OF THE ELEMENTS. — 
From the definitions of the electrochemical equivalent and the Faraday, it 
follows that the electrochemical equivalent of any ion, oe in grams pet 
coulomb (one ampere per second) is equal to à 


gram-equivalent of the ion 
96,540 


Table II contains the values of the electrochemical ORR lents of the motè 
common elements which may be found useful in certain calculations: The 


= 96,530 coulombs. This value agrees very closely with the 


443 


electrochemical equivalent of any radical may be readily calculated from its 
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men formula; for example, the electrochemical equivalent of SO is 
ists (32.07 + 4 X 16)/2 X 96,540 = 0.0004975 gram or 0.4975 milligram. 
yt 
id TABLE IL. — ELECTROCHEMICAL EQUIVALENTS OF THE MORE 
dod l IMPORTANT ELEMENTS 
ee (Based on atomic weights of 1913, and F= 96,540 coulombs) 
Pc 
Milligrams | Grams 
, deposited | deposited 
(p E Sym- | Atomic 
j Element bol | weight Valence, by one by one 
ampere in | ampere in 
aaa one second | one hour 
el md ar eee Ten RES 
Chi 
Ew Aluminum.............. sees Al 27.1 3 0.0935 0.3366 
AÁntimony......... eene Sb 120.2 3 0.4152 1.495 
Me ATSOUIO cocos OC be As 74.96 3 0.2589 0.9319 
| Barium..........eeeeee ee Ba 137.37 2 0.7115 2.562 
-— Bismuth... oer re Bi 208.0 4 0.5387 1.939 
TA i Bromine.......... E Br 79.92 I 0.8279 2.981 
Il Cadmium.......... bius das Cd 112.40 2 0.5821 2.095 
jr Calcium,...... — bed, Ga 40.07 2 0.2076 0.7472 
if Cerium.,,. levels eat “Ce 140.25 3 0.4843 1.744 
4 Chlorine.;........... eese Cl 35.46 I a. 3673 1.322 
: Chromium. .............. ixws| Cr 52.0 2 0. 2694 0.9696 
il Chromium......... RA EROR Cr 52.0 3 0.1795 0.6462 
d 
: Cobalt; cesetoreka Sn — Co 58.97 2 0.3054 I.099 
pa Cobalt... oe esce n ENS Co 58.97 3 6.3036 0.7331 
" a Copper. ........ NES Cu 63.57 I 0.6586 2.371 
"mM o. MOM Cu 63.57 2 0.3293 1.186 
» Fluotitie, cisiaassucercemaw sey Fi 19.0 I o. 1968 0. 7086 
ja Gald. ore core Loon Au I97.2 I 2.043 7.353 
"XM Gold.. Au 197.2 3 0.6810 2.451 
EE e Hydrogen............ e... ,.| H 1.008 I 0.01043 0.03758 
jo ————— ei I 126.92 I 1.313 4.733 
per ip — Tas Fe 55.84 2 0.2894 1.042 
su Inc MN TES esses] Fe 55.84 3 0.1929 9.6946 
is L4Ad i 2esisea voisin E TT ...| Pb | 807.10 2 1.073 3.863 
P NE Bro p Li 6.94 | 1 0.0725 0.261 
aw | Magnasiym..............0005. Mg 24.32 2 0.1260 6.4534 
a? | Menganese.......... Lees Ma 54.93 2 0.2845 1.024 
woo” | Manganese.............. sees Mn 54.93 3 0.1897 0.6827 
Mercury........ eene Hg | 200.6 I 2.077 7.479 
gu Mercury............. eese Hg 200.6 2 I.039 3.740 
ít ue jp. M —M— Ni 38.68 2 ©. 3039 1.005 
inl Nickel... esses —' Ni 58.68 3 o. 2026 0.7290 
Oxygen......... eene Q 16.00 2 0.08287 0. 2984 
Platinum............ m UE 195.2 2 I.OII 3.640 
Platinum....... mr "ner Pt 195.2 4 0.5055 1.820 
y Potassium........... "EA K 39.10 I 0.4051 1.458 
yd i 
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TABLE II. — Continued 


Milligrams | Grams 
deposited | deposited 


Elemen* Sym- Atomic jj... ice by one | byone 
bol | weight ‘ ; 
ampere in | ampere in 
one second| one hour 
SIIVOE cou ua vsum CE ELS Ag 107.88 I 1.118 4.025 
Sodilitis. «24554 ores y Rex Na 23.00 I 0.2382 0.8576 
Strontium .....6...cceccencess Sr 87.63 2 0.4539 1.634 
Sulphur: o2222a nacho gens S 32.07-|| Xu. 4 ees |W Aoi 
Thalliumi. see Un Tl 204.0 I 2.113 4.607 
'"halliim.« v veees voco em xx; Tl 204.0 2 1.057 3.804 
TiM eeraa win P RA POP RA NS Sn 119.0 4 0.3082 1.109 
Titaniufi. uso cue Leod ER EI Ti 48.1 4 0.1245 0. 448 
Tungsten. 24v er Rm ns W 184.0 2 0.9550 3.431 
URN RR Zn 65.37 2 0.3386 1.219 


CONDUCTIVITY OF ELECTROLYTES — Solutions. — (See also article 
on Resistance and Conductance.) The specific conductance of an electrolytic 
solution varies between wide limits. It depends upon the nature of the sol- 
ute and of the solvent, on the temperature and on the concentration of the 


solution. The effect of these factors is discussed below. For numerical values — 


see Kohlrausch & Holborn, Leitvermógen der Electrolyte; Landolt-Bérnstein, 
Tabellen. 


Fused Electrolytes. — Most inorganic salts conduct electrolytically when 
heated to a sufficiently high temperature to cause them to pass into the 
liquid state. For such electrolytes Faraday’s, Ohm's, and Joule’s Laws hold 
as they do in the case of solutions. The conductance increases in general from 
1 to 1% per cent per degree centigrade. An exhaustive résumé of all matters re- 
lating to fused electrolytes may be found in Lorenz’s Electrolyze der Geschmolzent 
Salze. On.account of their enormous concentration (roo per cent) the specific 
conductance of fused salts is generally very high. This, together with the 
difficulty of obtaining a non-conducting chemically inert vessel of suitable 
shape to contain the salt and the difficulty of regulating high temperatures to 
a fraction of a degree, makes the measurement of the conductivity of fused 
electrolytes far more difficult than in the case of solutions. Fused silica and 
natural quartz crystals have been successfully used for conductivity cells. For 
recent work see Goodwin and Mailey, Physical Review, Vol. 25, p. 469, 1907; 
Vol. 26, p. 28, 1908; Goodwin and Kalmus, Physical Review, Vol. 28, p. 1, 1909; 
Arndt, Zeit. für Electrochem., Vol. 12, p. 337, 1906; Vol. i3, p. 509, 1907; Vol. 
14, p. 662, 1908; Foot and Martin, Am. Chem. J. 41, 451, 1909; Landolt- 
Bornstein Tabellen. 


VOLTAIC AND ELECTROLYTIC CELLS. — When a cell formed by two 
electrodes and one or more electrolytes gives out electric energy the cell is called 
a “voltaic” cell All ordinary chemical batteries are voltaic cells. If across 
the terminals of a cell an external electromotive force, greater than the elec- 
tromotive force developed within the cell, is impressed, then a current will flow 
through the cell in the opposite direction, and the: cell will absorb electric 
energy. A cell which absorbs electric energy is usually referred to as a? 
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“electrolytic cell." The cells used in electrolytic refining and similar processes 
are electrolytic cells. An electrolytic cell may or may not have an electro- 
motive force on open circuit, but may. develop an electromotive force in virtue 
of the chemical changes or changes in concentration which take place due to 
the current. forced through it by some external source. A voltaic cell, of 
course, becomes an electrolytic cell when the electromotive force impressed 
across its terminals exceeds (and opposes) its own electromotive force. 


POLARIZATION. — When an electric current passes through either a 
voltaic or an electrolytic cell there is, in general, developed at the electrodes of 
the cell, as a result of the chemical actions and changes in concentration which 
take place, a back or counter-eleciromotive force, in addition to its open-circuit 
electromotive force (if any); and an increase in the resistance of the cell, in 
addition to the change in resistance due to the heating effect of the current. 
Both of these effects cause a decrease in the strength of the current through 
the cell. These two phenomena are said to be due to "polarization" and 
“transition resistance" respectively. 

-Even in the case where the electrolyte, as a whole, suffers no change in con- 
centration, as in the electrolysis of copper sulphate between copper electrodes, 
a counter e.m.f. of polarization is produced in consequence of the difference 
in concentration of the copper ions in the neighborhood of the anode and cathode. 
Vigorous stirring of the electrolyte tends to reduce this concentration difference 
and the resulting polarization, but, except for very low current densities, it 
cannot be completely eliminated. It is for this reason, in refining processes, that 
energy is required to transfer the metal from anode to cathode in addition to 
that necessary to overcome the internal resistance of the cell. 

A transition resistance results from the formation of a film of poorly con- 
ducting material over the electrode and may or may not be present according 
to the character of the electrolysis. 


Measurement of E. M.F. of Polarization and Transition Resistance. — 
As both transition resistance and polarization tend to cut down the current 
flowing through the cell, they cannot be distinguished by this effect alone. 
The transition resistance may be determined by measuring the ohmic resistance 
of tlie cell before and after the passage of the current by the usual alternating- 
current method. The existence of an e.m.f. of polarization in a cell which 
normally has no open-circuit e.m.f. may be qualitatively demonstrated by 
short- -circuiting the cell through a galvanometer immediately after breaking 
the primary circuit; if the cell be polarized, a current which diminishes to zero 
will low through it in the reverse direction. A voltmeter, or, better, an elec- 
trometer connected across the electrolytic cell, will indicate the polarization 
voltage the instant after the current is broken. "This voltage will diminish as l 
the polarization disappears, the rate depending upon the current through the 
voltmeter and the rate of diffusion of the electrolytic products causing the 
polarization. Owing to the rapidity with which the e.m.f. of polarization falls 
off after the exciting cause is removed, special precautions must be observed 
in its measurement. One of the best methods is to connect up the circuit 
containing the applied e.m.f., and electrolytic cell with a tuning-fork interrupter 
and electrometer so that at 'the instant the battery current is broken at each 
vibration of the fork, the circuit containing the cell and electrometer or volt- 
meter is closed, and vice versa. By this arrangement, the e.m.f. of polarization 
is measured during the fraction of a second that the battery circuit is open, 
and before it has had tinie to sensibly diminish. The polarizing current may 
also be regarded às practically constant. 

It is frequently of importance to know, not the polarization of the cell as a 
whole, but the polarization at each electrode. This is obtained by measuring 
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the drop in potential at each electrode against a normal hydrogen or calomel 
electrode while the impressed e.m.f. is acting on the electrolytic cell, or imme- 
diately after the current through the cell is interrupted. 


REVERSIBLE ELECTRODES — DEPOLARIZERS. — If the cheni- 
cal and thermal actions which take place at a given electrode when a given 
quantity of electricity passes in one direction through a cell are exactly the 
reverse of the actions which take place when the same quantity of electricity 
passes through it in the opposite direction, the electrode and the solution with 
which it is in contact are said to form a "reversible electrode." Such an elec- 
trode does not polarize provided the concentration of the solution is kept constant, 

"There are two types of reversible metal-liquid electrodes, namely: 


Electrodes of the First Type, consisting of a metal i contact with a 
solution of one of its own salts, e.g., copper in copper sulphate, zinc in zine 
sulphate, etc. The two electrodes of a Daniell cell are of this type. 


Electrodes of the Second Type, consisting of a metal in contact with a 
solution containing one of its difficultly soluble salts and a second soluble salt 
having the same anion of some other metal; the difficultly soluble salt, called 
the *depolarizer," must be present in excess as solid. Such an electrode is 
mercury in contact with a solution of zinc sulphate containing mercyrons sul- 
phate in excess as solid; this is one of the electrodes of the Clark cell. (Se 
arlicle on Cells, Standard.) 


Reversible Gas Electrode. — An electrode consisting of ' platinum black" 
saturated with an atmosphere of hydrogen gas and dipping partially into a 
solution containing hydrogen ions is also a reversible electrode. This is a 
special form of electrode of the first type in which a gas by heing occluded 
in platinum is made to play the rôle of a metal. 


CONTACT POTENTIALS OR ELECTROMOTIVE FORCES. — 
The electromotive force of any voltaic cell, the back-electromotive force of 
any electrolytic cell, and the electromotive force of a thermocouple, are all due 
to differences of potential which always exist at the junction. of dissimilar sub- 
stances. These potential differences are called contact electromotive forces ot 
“contact potentials,” the word “difference” in the latter case being understood. 


Metal-metal Potentials. — The potential at the junction of two dissim- 
ilar metals may be measured either by the Peltier effect, i.e., by the heat de- 
veloped or absorbed at the junction when a known quantity of electricity is 
forced across it, or by the thermoelectric force set up in a circuit formed by the 


the passage of »F coulombs. In the latter case e =T s where e js the 
thermoelectric coefficient of the junction at the absolute temperature T. Both 
methods give results which proye that the potentjal difference thus arising 5 
‘of the order of magnitude of a few millivolts, except in the unusual combing- 
tion of antimony and bismuth where jt amounts to about 0,03 volt. Table 
III taken from a recent article by Caswell, Physica} Review, 33, 401, 1911; 
contains the values of the metal-metal potentials for the more common metals 
against copper at ordinary temperature. The columns headed A give the values 
as determined by the first method, columns headed B give the values as deter- 
mined by the second method. The plus gign (4-) indicates that at a junction 
formed by the given metal and copper the given metal js at the higher potential, 
the minus sign (—) that it is at a lower potential than the copper. 
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TABLE III. CONTACT POTENTIALS BETWEEN COPPER AND OTHER 
METALS, IN MILLIVOLTS 


(Temperature 15-25? C.) 


Other 
Observers 


Caswell 


A 


— 5. — 3.06 Lecher 
— 2.93|—3.68|—3.07| — 2.96|— 3.08 
— 0.53|—0.72| —0.72|-- 0. 16|4- 0.21 
— 0.45|—0.68| —0.41|— o.o1|— 0.02 
0.00} 0.00] 0.00}; O.OO| O.OO 0.00} 0.00; 0.00 


The contact potential difference between any two of these metals is the 
algebraic difference between the potentials of the two metals against copper; 
eg., the contact potential difference between iron and platinum according to 
Jahn’s measurements (A) is + 0.37 — ( — 3.68) = 4.05 millivolts. 

The contact potential difference between any two metals is a function of the 
temperature, the sign of the potential for a given pair of metals sometimes 
reversing a$ the temperature rises. Although of importance in thermopiles, 
pytometry and radiometry, metal-metal potentials are of little significance in 
considerations of the voltaic cell. 


Metal-gas Potentials. — The contact potential differences between two 
metals should be carefully distinguished from potential differences having theit 
origin ín the so-called ‘‘Volta effect,” i.e., potential differences which are mani- 
fested when two dissimilar metals in metallic contact ate separated by an air 
or other gaseous gap. The two phenomena are quite distinct, there being no 
known relation between them. 

Values of the potential dffference 
actoss the ait gap between combina- 
tions of some of the more common 


ingtable. There ís a fall of potential 
from the zinc to the lead through the 
ait. This table is taken from data 


Zinc — air — lead te’ 


Lead — air — tin. ...,..... Ls. 
by Ayrton and Perry, Phil. Trans, | Li» ei — iroa 


Iron — air — copper 
Vol. 171, 1880. Copper — air — platinum 

Liquid-liquid Potentials.—When Platinum — air — carbon 
two dissimilar electrolytic solutions | 
are brought into contact the phenom- 
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enon of diffusion takes place between them until a homogeneous mixture results, 
At the same time a difference of potential is produced between the solutions, 
the magnitude of which depends upon the velocity of migration and the relative 
concentration of the ions taking part in the diffusion, the charge which they 
carry, the absolute temperature and the gas constant. Liquid junction poten- 
tials like metal-metal potentials are, in general, of small magnitude. Thus the | 
potential difference between two solutions of potassium chloride, one solution n 
having ro times the concentration of the other, is only 0.0004 volt, and diminishes | ^" 
as the ratio of the concentrations approaches unity, being, in fact, proportional d 
to the logarithm of this ratio. Potassium chloride is often used as an inter- | ^^ 
mediate electrolyte when it is desired to reduce the liquid-liquid potentials of | ^; 
a voltaic combination to a minimum because of the small potential to which th 
it gives rise. For further details of eliminating liquid-liquid contact potentials, a 
see Ostwald-Luther’s Physico-Chemische Messungen, pages 448-449. ne 

Liquid potentials are greatest between acid or between alkali solutions. shee 
Thus, between two hydrochloric acid solutions whose concentrations are in 
the ratio 10 to 1 at a temperature of 18°C., there is a potential difference of 
about 0.038 volt; between two sodium-hydrate solutions under the same con- 
ditions there is a potential difference of 0.034 volt, these voltages also varying 
as the logarithm of the concentration ratio. For formulas, see page 471. 


Metal-liquid Potentials. — From what has been said regarding the magni- 
tude of metal-metal and liquid-liquid potentials, it follows by the process of 
elimination that the main seat of the electromotive force of a voltaic cell must 
reside at the junctions between metals and liquids. The absolute value of the 
potential difference between a metal and the solution with which it is in con- 

, tact can be found only on certain assumptions regarding the nature of surface 
tension; this point is again referred to below. For practical purposes the value 
of this potential is expressed as the e.m.f. of a cell constructed with two half 
elements, one of which is the given metal and solution, and the other some form 
of “normal” or reference electrode. Two normal electrodes are in common use, 
namely, the calomel electrode and the hydrogen electrode. 


Normal Calomel Electrode. — The normal calomel electrode consists 
of mercury in contact with a normal solution of potassium chloride saturated 
with mercurous chloride, the latter being present in excess as a solid. 


Normal Hydrogen Electrode. — The normal hydrogen electrode 
consists of a strip of platinum coated with a thin deposit of platinum black and 
saturated with hydrogen gas at atmospheric pressure. The electrode is mounted 
partially surrounded by hydrogen gas and partially dipping into an acid solu- 
tion of such a concentration that it contains 1 gram-equivalent of hydrogen 
ion per liter. A sulphuric-acid solution containing 2 gram-equivalents per liter 
sufficiently fulfills this condition. Hydrogen gas is allowed to bubble through 
the solution continuously. 

Following the recommendation of the International Congress of Applied 
Chemistry in 1903, all metal-liquid potentials should hereafter be given as directly 
measured against either the normal calomel or the hydrogen electrode, un- 
corrected for liquid junction potentials. 

From a normal hydrogen electrode to a normal calomel electrode there is 
a rise of potential through the electrolyte of 0.283 volt, hence, if from a hydrogen 
electrode to any metal electrode the rise of potential is e», and if from a calomel 
electrode to any metal electrode the rise of potential is ec, then 


Ch = €c + 0.283 volt. 


The difference between any two metal-liquid potentials remains the same irre- 
spective of the normal electrode to which they are referred. 
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Electrode Potentials of the Common Elements. — Table IV con- 
tains the most reliable values known at present of the metal-liquid potentials 
of the more common elements when in contact with solutions containing one 
gram-ion of the element per liter. When the concentration of the solution is 
thus determined the value of the metal-liquid potential is called the ‘ electrode 
potential" of the metal. This term is however frequently used in the general 
sense of potential at the junction of a metal and solution irrespective of its 
concentration. When not otherwise stated the values in the table hold for room 
temperatures. ec is the value (measured or computed) against the calomel 
electrode; ej the value (measured or computed) against the hydrogen electrode. 
(See LeBlanc, Electrochemie, ed. torr, page 240.) Values in parentheses are 
computed from heats of reaction (see below). The + sign indicates that the 
given metal is at a higher potential than the standard electrode, the — sign 
that it is at a lower potential. 


TABLE IV.— ELECTRODE POTENTIALS IN VOLTS 


(LeBlanc's Compilation, torr. See text for the conditions under which these 
i values hold.) 


Element ê, er Element e, eR 

Koororetudtes (—3.48) (—3.20) ET cute wid ts —0.283 | c 
N& evo —2.9981 —2.7I5I Gu cea aces +0.046 | --0.329 
Ba..... senor (—3.10) (—2,82) AS egCE Mire iss <+0.o1 +0.29 
Sirer inin (—3.05) (—2.77) Bliss mease AD <+0.11 +-0.39 
| DPI TO (—2.84) (—2.56) E) a PEE T <+0.18 +0.47 

(—2.82) (—2.54) Hg/Hga......... +0.492 | -+-0.775 
Mg........ { ++ 

—I.77? — 1.49? Hg/Hg.......... +0.552 | +0.835 
Abi —1.56? —1.28? AB 25 vus ec a +0.515 | +0.798 
Mac, esce —1.36 —1.07 Pdi cares a <+0.51 +0.79 
[/ arp —1.053 —0.770 Pii eva s <+0.58 +0.86 
Pes coss es 0.74 —0.46 AU E <+0.80 +1.08 
Cd eecveat —0.703 —0.420 i NE essi +r.7 +2.0 
Abus eeborvut —0.603 —0.320 Ci +1.120 | +1.400 
|. OPE —0.58 —0.30 Br 22° +0.812 | +1.095 
Nl aosciotesss —0.53 —0.25 J 2 +-0.345 | --0.628 
rr « —0.48 —0,.I9 O -Fo.1ro | +0.393 
Pbi e| 0.402 —0.II9 


. Variation of Electrode Potentials with Concentration. — Accord- 
ing to Nernst's theory of electrode potentials (see below) the change in the 
value of these potentials with concentration may be calculated by the following 


formula 


0.000198 T a 
€1 — e = — ——— —— logo — » 
. n €2 


Where e is the potential at concentration a, and es the potential at concentration 
es, T is the absolute temperature, and » the valence of the metal in the solution. 
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This formula is also justified by experiment. For example, the electrode 
potential of silver in a normal silver-nitrate solution at 25° C. is 0.798, referred 
to the normal hydrogen electrode. If the concentration of the silver ions be 
reduced to 1/1,000,000 its value in a normal solution, the electrode potential of 
silver will become 
0.000198 X 298 EE ) 
= 0.798 — ————————— — 
€1 = 0.79 : logio (; cu 
= 0.798 — 0.0590 X 6 = 0.444 volt. 


Electrochemical Series — Nobility of the Elements. — The elements, as 
arranged in Table IV, constitute the ** Electrochemical Series." Those elements 
for which ep is negative are said to be less “noble” than hydrogen, while those 
for which ej is positive are said to be more "noble" than hydrogen. The alkali 
metals having the greatest tendency to form ions in water stand at one end, 
while the “noble” metals, such as gold, platinum, paladium, having but a 
very slight tendency to form ions, are at the other end. The halogens and 
oxygen which go into solution as negative instead of positive ions stand below 
the metals at the extreme lower end of the series. Other series have been given 
which differ from the above in that the elements are not compared under simi- 
lar conditions in regard to the concentration of the solution with which they 
are in contact. Changing the electrolyte, e.g., to potassium cyanide alters 
not only the numerical values of the potentials, but may completely change 
the order ín which certain elements occur in the series. 

Any metal if placed in a solution of a salt of a metal standing below it in the 
series will tend to replace it; thus, zinc precipitates iron, copper, silver, etc., 
from their solutions but will not displace the alkali metals from solutions of 
their salts. Any metal standing above hydrogen will tend to displace it from 
an acid solution with evolution of hydrogen. Metals below hydrogen in the 
series will not dissolve in acid by a simple replacement of hydrogen. From 
a chemical standpoint the adoption of the hydrogen electrode as a standard 
has the advantage over the calomel standard that it divides the metals into 
two groups according to their behavior towards acids. 

The approximate electromotive force of a battery consisting of two metals 
dipping into normal solutions of their respective salts may also be computed 
at once from the table by taking the difference of the two corresponding elec- 
trode potentials. Thus a zinc-copper cell should have an electromotive force 
equal approximately to Ezn—cu = (e&)en — (eh) cu = — 0.770 — 0.329 = — 1.099, the 
rise of potential being from the zinc to the copper in the cell. Asa matter of 
fact, this combination, the Daniell cell, has an electromotive force of approxi- 
mately 1.10 volts. Other conclusions to be drawn from the table will be pointed 
out below. 


ELECTROMOTIVE FORCE AND HEAT OF REACTION. — The 
electromotive force of a reversible cell maintained at constant temperature may 
be readily calculated from the first and second law of thermodynamics (se 
Thermodynamics). By a " reversible" cell is meant a cell which does not polarize 
and which operates under conditions such that changes which take place within 
the cell constitute a thermodynamically reversible process. (See Thermody- 
namics, Principles of.) The discussion given below also applies to a rough 
degree of approximation to most commercial cells, which, as a rule, are not 
strictly reversible. 


Gibbs-Helmholtz Equation. — In the case of a reversible cell, such 
for example, as the Daniell cell,* shown in Fig..1, the relation between the heat 
of reaction (H) and the electromotive force (E) of the cell is calculated as follows. 
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From Faraday’s Laws, the quantity of electricity which must flow through 
the cell in order to deposit or liberate one gram-ion at either electrode is &F 
coulombs, where » is the valency of the ion of highest valency involved in the 
chemical reaction and F is the electrochemical constant (see 
above). Hence, the external work done by the cell (when 
there is no other external work than electrical work) is 
nFE joules, where E is the e.m.f. of the cell. If the cell is 
kept at the same temperature (T' degrees, absolute scale) 
as the surrounding bodies, then the external work «FE done 
by the cell is the maximum external work it can do at this 
temperature T' (see Thermodynamics, Principles of). Hence, 
from equation (8) of the article on thermodynamics, 

dE 


nFE = H + nFT r 


Porous Zn 


or 


nk |” aT Fig. 1. 


where H’ = the heat of reaction, in joules per gram-ion, corresponding to the 
chemical change which takes place.* H’ gives the change in intrinsic energy 
corresponding to the chemical changes which take place within the cell. This 
can be found by an independent calorimetric measurement, by causing the 
reaction to take place under such conditions (comstant volume) that heat is the 
only form of energy produced. | 


Temperature Coefficient of Electromotive Force. — From the 
above equation it follows that the energy developed by the cell is equal to the 
heat energy of the chemical reaction taking place within it plus a certain other 
quantity of energy equal to &FT dE/dT. This may be either positive or nega- 
tive, according as the temperature coefficient of electromotive force dE/dT is 
plus or minus, i.e., according as the electromotive force of the cell increases or 
decreases with the temperature. If the electromotive force on open circuit 
increases with the temperature of the cell, then on closed circuit the cell will 
tend to cool, i.e., its temperature will fall, and its electromotive force will like- 
wise decrease, the energy &FT dE /dT being derived from the heat energy 
within the cell (or surroundings). If the electromotive force on open circuit 
decreases with increasing temperature of the cell, then on closed circuit the cell 
will tend to heat up, i.e., its temperature will rise and its electromotive force 
will decrease. A cell for which dE/dT is other than zero can work at constant 
temperature only by absorbing heat from or giving out heat to some surround- 


ing body. 

Only for the unique conditions that GE/dT = o, or that T = o, i.e., when 
the electromotive force is independent of the temperature or the cell works at 
temperatures approaching absolute zero, is E = H'/nF. By a curious chance 
it happens that the first of these conditions practically obtains in the case of 
the Daniell cell considered above. "The electromotive force of the cell is nearly 
independent of the temperature. Its observed value is Æ = 1.10 volts, while 
its value computed by the above equation, putting dE/dT = o, is 1.09 volts. 

Thomson's Rule. — In computing the electromotive force of a battery 
from heats of reaction it is usually necessary to content oneself with a first 


* Since x large mean calorie = 418.6 joules and F = 96,540, this may be written, 
putting Æ = heat of reaction in lange mean calories, 


H E 
E= ETE 
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approximation and neglect the second term in the above equation, since at 
: present few data are available from which the value of dE/dT can, a priori, be 
obtained. The approximate equation. 


H' H 
nF 230.5” 


is known as Thomson’s rule. (H’ is in joules, H in large mean calories.) 

This rule also applies approximately to most commercial cells, although these 
are not strictly reversible. Of course, the heat of reaction used must be that 
corresponding to the actual chemical changes which take place in the cell. 

Nernst’s Thermodynamic Theorem. — Nernst, by assuming that the 
values of the intrinsic energy and free energy of a system not only become 
equal at the absolute zero but also that they approach equality asymptotically 
at this point, has been able to express the electromotive force (E) of a cell ex- 
plicitly in terms of the thermal properties of the substances taking place in the 
reaction. So far as the new formula has been tested a satisfactory agreement 
has been found between theory and experiment. The principles involved are 
of fundamental importance and are fully discussed in Nernst’s Siliman Lec- 
tures, Applications of Thermodynamics to Chemistry. See also Nernst’s Theoreh- 
cal Chemistry, 6th ed., 1911, pages 709, 745. 

Concentration Cells.— All commercial primary cells (see Batteries, 
Primary) are chemical cells, i.e., they derive the major part of their energy from 
the chemical reactions occurring within them. There is also a class of cells in 
which the electrical energy developed by the cells at constant temperature is de- 
rived from the heat energy of the surroundings, i.e., cells in which H = o, and, 

therefore, 
dE 


E=sT 


Integration of this equation shows that for such cells the electromotive force 

is proportional to the absolute temperature. Such cells are very simple of 
construction and are called concentration cells. They are of considerable 
importance from a theoretical point of view, and their electromotive force can 
be readily and exactly computed by an application of Nernst’s formula for 
electrode potentials (see above). A pure concentration cell can be formed of any 
chemical or physical system in which the various parts tend to diffuse into each 
other without the evolution or absorption of heat, by constructing a cell in which 
the equalization of concentration, be it gaseous or liquid, is effected electrically. 
Numerous cases are discussed in Le Blanc’s Electrochemistry, English translation, 
page 184, 1907 ed. If the two solutions forming a concentration cell when 
mixed have an appreciable “heat of dilution” the general Gibbs-Helmholtz 
formula and not the above special case is applicable. 


Carbon Generator.— The problem of converting the energy liberated 
in the combustion of carbon to carbon dioxide directly into electric energy bas 
not yet been practically solved. . The reaction, C + Os = COs, tiberates a very 
large quantity of heat, namely, 961 large calories per gram-atom of carbon con- 
sumed. Of this, only about ro per cent is converted into electrical energy 
through the agency of a steam engine and dynamo. The difficulties encountered 
in devising a commercial carbon generator are the following: (1) the velocity of 
the above reaction is small, except at high temperatures; (2) it is difficult to utilize 
a gas as an electrode, except through the agency of a conducting medium which 
occludes it, such as platinum black; (3) a satisfactory high-temperature electro- 
lyte which will not deteriorate in the presence of CO, is difficult to obtain; 
and (4) the slight tendency of carbon to form ions. 
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ELECTROLYTIC DECOMPOSITION. — Faraday's laws enable one 
to determine the amount of the substances primarily liberated or deposited at 
the electrodes of any electrolytic cell, but they do not enable one to predict the 
nature of the secondary chemical actions which may take place. (See section 
on Secondary Reactions.) The factors which determine what products will be 
formed in any given case are numerous. The chemical process occurring at 
the cathode is always of the nature of a reduction; at the anode, of an oxidation, 
these terms being used in their most general sense. It may be that the elec- 
trolyte, taken as a whole, undergoes no change, as is the case, for example, of a 
copper-sulphate solution when electrolyzed between copper electrodes. Here 
the chemical reaction at the cathode is the exact reverse of that at the anode. 
Generally, however, this is not the case; different chemical products are 
usually formed at the two clectrodes, and appear either in the form of gas or 
as a solid precipitate, or remain dissolved in the electrolyte. 


Decomposition Voltage of Electrolytes. — When a gradually increasing 
difference of potential is applied to the electrodes of an electrolytic cell, elec- 
trolysis does not in general begin at once but only after a certain minimum 
electromotive force is reached, even though the cell has no open-circuit e.m.f. 
It should be noted that this condition does not apply to the case when the 
electrodes are such that the electrolyte as a whole undergoes no change as a 
result of electrolysis. Thus, in the electrolysis of a zinc-sulphate solution 
between zinc electrodes an exceedingly small electromotive force is sufficient 
to maintain a steady current through it indefinitely (assuming that con- 
centration changes at the electrodes are completely eliminated by stirring). 
Although, in this case, electrolysis starts at once, the electrolyte as a whole is 
not decomposed, for as much zinc dissolves at the anode as is deposited at the 
cathode. If a platinum anode be substituted for the zinc anode so that as a 
result of electrolysis zinc is separated at the cathode and oxygen gas is liberated 
at the anode, an e.m.f. of 2.35 volts is required to start the electrolysis. Again, 
if the electrolyte is an aqueous solution of sulphuric acid it requires a minimum 
voltage of 1.67 volts to liberate oxygen and hydrogen gas against smooth plati- 
num electrodes. The minimum voltage necessary to decompose a compound 
electrolytically is called its “decomposition voltage." It is influenced by a 
variety of factors and conditions which will now be considered. 


Measurement of Decomposition Voltage. — Decomposition voltages have 
been experimentally determined in several ways. Certain investigators have 
taken the value necessary to produce visible 
electrolysis as the criterion; others have 
followed the polarization at the electrodes 
until it became constant and assumed this 
value as that at which electrolysis begins. 
Results obtained by the so-called ammeter- 
voltmeter method must be accepted with 


Current \ 


electromotive force applied to the cell is 
gradually increased from zero and plotted 
as abscissas and the corresponding currents 
through the cell plotted as ordinates. The 
resulting curves have the general form shown 
in Fig. 2. 


> 


lied E.M. .F e 
' The slope of these current-voltage curves ap Fig. 2. 


depends upon the internal resistance of the l 
cell, the size and the distance apart of electrodes. The critical voltage 
at which the current suddenly increases in value is, however, quite sharply 
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defined with some electrolytes, e.g., silver nitrate between platinum elec- 
trodes, and other salts from which a metal is deposited. Below the critical 
voltage very little or no current passes through the cell and no visible decom- 
position at the electrodes is apparent. When the point A is reached, visible 
electrolysis begins. The sharpness of the bend in the curve and its course 
below A depend in large measure upon the sensitiveness of the galvanometer 
used for detecting the current, the size of electrodes and the tendency of the 
products of the electrolysis to go back into solution. 


Residual Currents. — With a sensitive reflecting galvanometer, a steady 
deflection may be observed for days without any apparent electrolysis when an 
e.m.f. of a few tenths of a volt (far below the ‘decomposition voltage") is 
applied to platinum electrodes dipping into acidulated water. It might seem 
from this that Faraday’s law is here violated. These slight currents are to be 
explained, however, by a diffusion of the products liberated slowly and in minute 
quantities at the electrodes, back into the solution. Currents produced in this 
manner are called "residual currents" and play an important rôle in the 
electrolysis of fused salts and probably also in. conduction in solid electrolytes. 
The larger the residual current the less sharply marked is the decomposition | . 
point, see A’. For many fused salts the current-voltage curve is of the fom | « 
shown in B, Fig. 2. It would be difficult to say from this curveat whatvoltage | 
decomposition actually began. 1 

Table V gives the experimentally determined decomposition voltages of | x 
some of the more common acids, bases and salts. 


TABLE V.— DECOMPOSITION VOLTAGES OF NORMAL SOLUTIONS 
(From Le Blanc's Text-book of Electrochemistry, p. 289.) 


Solution 


Solution 


Acids: Bases: 

Dextrotartaric........... 1.62 Ammonium hydrate. ... 1.14 = 
Dichloracetic............ 1.66 là n.diethylamine......| 1.68 à 
Hydrazoic............... 1.29 34 n. methylamine...... 1.75 T 
Hydriodie e fs 0.52 Potassium hydrate...... 1.67 eu 
Hydrobromic........... 0.94 Sodium hydrate.,....... 1.69 Hs 
Hydrochloric............ 1.31 W n. tetramethyl l P 
Malonic................. 1.69 ammonium hydrate] — 1.74 ” 
Monochloracetic......... . Salts: 


en ee rw ase eeereeesvrens 


e*224604999249-92^29^5 


*$e"2d2299À229 


Sulphuric ............... 
Trichloracetic........... I.SI 


Calculation of Decomposition Voltage from Heat of Reaction. — Ii 
the electrolytic process is reversible in the thermodynamic sense, then Gibbs- 
Helmholtz’s equation (see above) is directly, applicable. Since however the 
temperature coefficient of the maximum work (or free energy) is known in but 
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», 


a few instances, one usually employs Thomson's rule, which gives a fair ap- 


, proximation in the case of most commercial processes, even though these proc- 
. esses are not strictly reversible. That is, calling H the heat of formation of 
;, the compound which is decomposed into the substances which are liberated at 
-.. the electrodes (ie., H is the heat of the reverse reaction corresponding to the 


complete chemical actions which take place in the cell), the decomposition 


voltage is 


H 
230.5 n 


where n = the valency of the ion of highest valency involved in the reaction, 
and H is expressed in large mean calories per gram-molecule. 

Tables giving the voltages required to liberate a number of elements and 
radicals from various electrolytes computed by Thomson’s rule from heats 
of formation in dilute solutions are given by J. W. Richards in Jour. Frank- 


lin Institute, 1906. 


Example. — In the formation of one mol of solid Jead chloride from 
metallic lead and chlorine gas 828 large mean calories are liberated. The 
valency of lead is 2; of chlorine, 1. As solid lead chloride does not conduct 
electricity appreciably at ordinary temperatures, to decompose it electrolyti- 
cally, it must be either dissolved or fused. If a saturated solution containing 
an excess of solid lead chloride be electrolyzed, metallic lead will be deposited 
at the cathode, chlorine gas liberated at the anode, and an equivalent amount 
of solid lead chloride will pass into solution, the net result then being a de- 
composition of solid lead chloride into its elements lead and chlorine. Under 
these conditions the decomposition voltage by Thomson’s rule is . 


230.5 X 2 


8 
3? = 1.79 volts, 


as against I A volts by actual measurement. 

It should be pointed out that Nernst has recently applied his new heat theod 
(see above) to the calculation of the e.m.f. of cells similar to the above, with 
very satisfactory results. Thus the computed value of the e.m.f. in the above 
case from thermal data by the formula developed by Nernst is E — 1.594 volts, 
in excellent agreement with the observed value. See Nernst's Theoretical 


Chemistry, page 745, 1911 ed. 


Calculation of Decomposition Voltage from Electrode Potentials. — 

Le Blanc was the first to measure by means of a normal electrode the single 
potential drop at the cathode when various salts were electrolyzed and found 
that the cathodic drop in potential necessary to discharge a given cation is 
numerically equal to the electrode potential which would be established if the 
separated metal were substituted for the actual cathode. For example, to 
deposit metallic zinc from a normal zinc-sulphate solution it is necessary to 
impress a potential from solution to electrode as measured against a normal 
hydrogen electrode of at least o.77 volt, to overcome the natural rise of 
potential from the zinc electrode to the solution (as measured by the normal . 
hydrogen electrode) of this amount. See table page 449. 

Before continuous electrolysis can begin, however, not only must the applied 
e.m.f. be sufficient to establish the necessary cathodic drop ec, but in addition 
it must also raise the anode potential to a value ea, corresponding to the elec- 
trode potential of the anion which is liberated. If, as is usually the case, several 
different anions are present in the electrolyte that one will be liberated first 
which can part with its negative charge with the least expenditure of energy, 


i.e., at the lowest voltage. 


It frequently happens that ec is established long 
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before eg is reached, in which case Le Blanc found that e; remains constant 
while the impressed voltage E (and hence ea) is increased up to the decom- 
position point. The minimum e.m.f. at which decomposition of a given 
electrolyte begins may therefore be written E = ec + ea where e; and és 
are the cathodic and anodic polarization values produced by that cation and 
anion respectively which gives up its charge most readily. In an electrolyte 
containing several different anions and cations all take part in the conduction 
of a current through the solution, but only specific ions are effective in elec- 
trolysis, i.e., in giving up their charges to the electrodes. 


Overvoltage. — When a gas is evolved at either electrode the above 
relations are usually more complicated owing to the phenomenon known as over- 
voltage. Thus in the electrolysis of an acid between polished platinum or 
other metal electrodes, hydrogen gas is evolved, to liberate which the cathode 
potential must be raised to a value in excess of that required to liberate 
hydrogen at a reversible (platinum black) electrode. 

'This excess of voltage which is necessary to liberate a gas at any electrode 
over that required to liberate the same gas against a reversible gas electrode is 
called *overvoltage." Its value depends upon the character of the material 
of the electrode against which the gas is set free and upon the nature of the gas. 
It is particularly large in the case of hydrogen. In Table VI are given values 
of the overvoltage for hydrogen as determined by Caspari when this gas is visibly 
set free. The magnitude of the effect is closely related to the power of the 
metal surface to occlude the gas in question. Thus, platinum and (to a less 
extent) iron absorb hydrogen readily and hence these metals exhibit slight 
overvoltage phenomena. Zinc and mercury, on the other hand, have little or 
no tendency to absorb hydrogen and hence this gas is liberated with great dif- 
culty against cathodes of these metals, with correspondingly high overvoltages. 
It is for this reason that chemically pure zinc does not readily displace 
hydrogen from an acid in spite of its high electrode potential. 

For theory of overvoltage phenomenon, see Miller, Ann». d. Physik, 27, 566, 
1908. Also, Crabtree, Trans. Faraday Soc., 1913, Vol. 9, 125. 


zt 
iuf 


TABLE VI.— OVERVOLTAGE OF HYDROGEN FOR VISIBLE 
ELECTROLYSIS.* 


Over- Over- 
Electrode voltage Electrode voltage 
l in volts in volts 


0.005 0.23 
0.02 0.48 
0.08 l 0.53 
0.09 0.64 
0.15 0.70 
0.21 0.78 


* Zeit. für Phys. Chem., Vol. 30, p. 89, 1899. 


Electrolytic Separation of Metals. — The reason that two or more 
metals can be electrolytically separated from each other by a regulation of 
voltage follows from the preceding discussion. Consider a solution con- 
taining two salts, say silver and copper nitrates, each of normal concentration. 
If a gradually increasing e.m.f. be applied to inert electrodes dipping into this 
enintion, electrolysis will begin when a voltage is reached sufficient to set free 


<a 
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,. Simultancously any anions and cations present in the solution. Referring to 
i jr Table IV, it will be seen that copper stands 0.798 — 0.329 = 0.469 volt above 
xp silver in the electrochemical series, and hence, the latter metal can be deposited 
jua? from the solution with an e.m.f. nearly half a volt less than copper. No copper 
4 E ions cáh separate until the applied e.m.f. has been increased 0.469 volt above 
iyu ~ that necessary to first separate the silver. The decomposition e.m.f. necessary 
l y bae will, of course, depend on the nature and concentration of the anions present. 
xt jd As electrolysis proceeds, the solution becomes weaker and weaker with respect - 
it^ to silver ions and the voltage necessary to separate them from the solution 
. increases. If the electrolysis is continued until the silver remaining in solution 
at? has a concentration only 1/1,000,000 that at the start (the limit of analytical 
x^ determinations), the change in voltage will be approximately 0.34 volt (see 
Jud" section above on Variation of Electrode Potentials with Concentration). This is 
wr still insufficient to bring the applied e.m.f. up to a value sufficient to permit 
mu^ the copper to deposit, and hence, silver and copper may be completely, for all 
.. practical purposes, separated from each other. 
si^ Kis to be noted that as the electrolysis proceeds and the silver is removed 
vee from the solution a greater and greater percentage of the current is conducted 
vii? by the copper. The solution in the neighborhood of the cathode becomes 
puw’ continually weaker with respect to silver ions. In a quiet electrolysis the silver 
ias ions at the cathode are replenished by diffusion from the interior of the elec- 
aie —trolyte. This process may be greatly accelerated by violently stirring the 
ipo? solution, as, for example, by the use of a rapidly rotating electrode. This per- 
naz mits good deposits being obtained with higher current density and greatly 
dé reduces the time required for the separation. 


ur Secondary Reactions. — In the preceding sections the principles under- 
Ame lying primary electrolysis have been explained. The ultimate products which 
" /* are produced at the anode and cathode are often quite different from the simple 
(U^ ions or ionic complexes liberated by the action of the current. In general, the 
, Primary process of discharge of ions at cathode and anode is followed by a 
fh ^ secondary reaction of one of the following types: 


1. The discharged ions form molecules, e.g.: 


R is At cathode 2H = Ha gas, 
. At cathode x Cu = Cuz solid, 
i At anode 2Cl = Ck gas. 
id This may occur at both anode and cathode. 
: 2. The discharged ions react with each other or break up, e.g.: 
e At anode 20H = HO + 1a Os, 
At anode COO 
3 a | =2 COs, 
H COO 
At anode 2 CH3COO = 2 COs 4- CeHe. 
This is very characteristic at the anode, particularly of organic anions. 
1 | 3. The discharged ions react with the solvent, eg.: 
P At cathode Na + H:O = NaOH + % Hh, 
PL i At anode SO, + HO = H2SOs-+ 38 Os. 


4. The discharged ions react with the solute, e.g.: 
At cathode 8 H + 2 HsSO4 = H2SOs + S+ 5 H20, 


i At cathode K + KAg(CN)= Ag+ 2 KCN. 
i 5. Discharged ions react with the electrode, e.g.: 
rd At cathode 4 H + PbOs 2 Pb + 2 H:0, 


ij^ .  »  Atanode 2Cl-4 Cu= CuCh. 


458 Electrochemistry, Principles of 


Which of the above reactions is most likely to occur in any given case depends 
. to some extent upon, (a) current density; (b) temperature; (c) concentration 
of the solution. 

In general, it may be said that at the cathode a reduction takes place, while 
at the anode oxidation (in its general sense) occurs. The intensity of these 
reactions depends upon the electrode potential at which the reaction takes 
. place. This can be varied by the use of different electrode materials (thereby 

increasing the overvoltage). The efficiency of certain secondary reactions has 
also been found to depend upon the nature of the electrode (catalytic action). 
The efficacy of electrolytic reduction and oxidation in organic chemistry whete 


the intensity of the reaction must be carefully regulated likewise rests on the 
above factors. 


Passivity. — A metal is said to assume the “ passive" state when it comports 
itself towards acids like a noble metal, i.e., becomes insoluble. Iron affords a 
very striking example of this phenomenon, although it is exhibited by other 
metals as well. Thus, if dipped in strong nitric acid, or if anodically polarized, 
it becomes passive. Two explanations have been advanced to account for the 
phenomenon, one that it is due to an invisible film of oxide on the surface, and 
the other that the surface assumes a condition in virtue of which the velocity 
of reaction between it and the surrounding solution is infinitely slow. 


Alternating-current Electrolysis. — The decomposition of an electrolyte, 
and the solution of metal electrodes by electrolysis, can be effected under certain 
conditions by an alternating current as well as by a direct current, The chief 
determining factors are the velocity with which the chemical reaction accom- 


panying the electrolysis takes place and the periodicity of the alternating 
current. ~ 


THEORY OF SOLUTIONS. — To understand the theory of the various 
phenomena described above, a knowledge of the theory of solutions is necessary. 


Osmotic Pressure. — The present theory is based upon Van't Hoff's thermo- 
dynamic and experimental investigations published in 1887. When a substance 
is brought into contact with a second substance in which it is more or les 
soluble, it dissolves in virtue of a force (the nature of which is imperfectly 
understood), which is called its “solution tension" or “solution pressure." If 
the solute is present in excess, the process of solution continues until the 
solution becomes saturated, i.e., until equilibrium is established between the 
solute and solution, such that the solution pressure of the former is just bal- 
anced by an opposing pressure created within the solution which tends to cause 
the dissolved substance to separate out. This pressure is called the osmotic 
pressure of the solution. Under these conditions there are just as many mole- 
cules of solute passing into solution as separate out of the solution during any 
interval of time. A clearer conception of the osmotic pressure of a solution, 25 
above defined, may be obtained from the following considerations. 


Semi-permeable Membranes. — If a solution be placed at the bottom of 
a cylinder and carefully covered with a layer of pure solvent, the process of 
diffusion will begin at once and continue until a homogeneous dilute solutipn is 
formed. If the experiment be repeated with the single modification, that the 
pure solvent is separated from. the solution: by a piston consisting of a semi- 
permeable diaphragm which will permit the solvent to pass freely through it in 
either direction, but which will not allow the-solute to pass through, thé process 
of diffusion will take place as before, provided, the piston is movable. Thus the 
piston will be forced back by the osmotic préssure-of the,solution while the 
solvent passes freely through it thereby diluting thé ‘solution. Membranes 
possessing the property of semi-permeability are not- only theoretically com 
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 ceivable but may actually be prepared. Such a membrane is formed by the 


precipitate of copper ferrocyanide formed within the walls of an unglazed porous : 
cell when copper sulphate and potassium ferrocyanide solutions are allowed to 
diffuse into the cell from within and without respectively. This membrane is 
permeable to water, but impermeable to sugar and many other organic and 
inorganic substances, such as the copper and potassium salts from which it is 
formed. Most membranes, in fact, possess the property of semi-permeability 
to a limited degree. 

Measurement of Osmotic Pressure. — To prevent the piston being 
forced up by the diffusing solution, a downward pressure P must be applied to 
it equal to that exerted upon it from below by the solution. The magnitude 
of P is, therefore, a measure of the osmotic pressure of the solution. Owing to 
experimental difficulties, it is impracticable to measure osmotic pressures in 
precisely the manner just described, but by slightly modifying the arrangement 
of the apparatus it may readily be done. Thus, if the solution is contained in 
a closed vessel, A, Fig. 3, the walls of which are made semi-permeable by da 
positing a membrane of copper. ferrocyanide within the pores of 
the cell, and this be immersed in the solvent B, the osmotic pres- 
sure will be exerted as before against the membrane from within. 

If the latter could stretch like a rubber balloon, it would do so as 

the solution became diluted; being, however, restrained by the ma- M 
terial of the walls of the cell on and in which it is deposited from 
doing this, dilution of the solution can take place only by the sol- 
vent passing through the fixed membrane into the solution cell. 
This it will do unless the cell A is hermetically sealed. If an open 
manometer M of small bore be inserted in the top of A, the sol- 
vent as it passes into the cell will cause the solution to rise grad- 
ually in M until the hydrostatic pressure thus produced prevents 
further entrance of solvent. When equilibrium is established, the 
hydrostatic pressure gives a measure of the osmotic pressure of 
the solution then existing in the cell. As the entrance of an ap- 
preciable amount of solvent into the cell reduces the concentra- 
tion of the solution, the pressure thus measured is less than that 
of the. original solution; hence for quantitative work an open manometer is 
replaced by a closed mercury manometer. 

Laws of Osmotic Pressure in Non-electrolytic Solutions. — By an appa- 
ratus similar in principle to that just described the following laws have been 
verified. They hold for aqueous solutions of many organic substances, such as 
sugar, and for many solutions in organic solvents, all of which possess the com-. 
mon property of being non-electrolytes. - 

i, The „osmotic pressure of a.solution is directly proportional to its Ponce: 
tration (and therefore inversely proportional to the volume in which a given 
mass of the solute is dissolved). 

2. It is directly proportional to the absolute temperature. l 

3. It is independent of the nature of the solute, being a function solely of 
the number of mols of substance dissolved in unit volume of solution. 

4. The numerical: ‘magnitude of the osmotic pressure f of one mol of any’ 
substance dissolved in a volume v of solution at the absolute temperature T fs: 
identical with the gaseous pressure exerted by one mol of a perfect. gas at 
the temperature T and oécupying the same volume v. , 

The gas laws are therefore not only directly applicable to solids but the 
numerical vahie of the gas constant R is the same foreach. Thus the combined. 
laws of Boyle and Gay fa ssac for gases have the same form. fot solutions, namely 

a = RT, Z eds a "PN sd 
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where f = the osmotic pressure, » = the volume of the solution containing one 
mol of solute, and T = the absolute temperature. 

The accompanying 
table gives the numeri- 
cal value of R when the | ^5* as Volume 
various quantitiesare ex- 
pressed in the units des- 
ignated. In heat units 


. Atmospheres 
R = 1.985 calories | Grams per sq. cm. 
deg. cent. Dynes per sq. cm. 


When applied to con- 


centrated solutions of non-electrolytes the above laws suffer deviations analo- 
gous to those which they exhibit when applied to highly compressed gases. 


Osmotic Pressure in Electrolytic Solutions. — The first of the above laws 
for non-electrolytic solutions applies to electrolytic solutions only within nar- 
row limits, while the third and fourth laws fail absolutely. The osmotic pres- 
sure of this class of solutions is much greater than the equation po = RT would 
lead one to expect. Thus, a 0.1 normal sodium chloride solution has an 
osmotic pressure 1.9 times as great as that which it should have on the basis of 
the above formula. A potassium sulphate solution containing 0.1 gram-equiva- 
lent per liter has an osmotic pressure 2.3 times as great as that calculated. 
To bring these results within the scope of the gas-law formula, Van't Hoff 
proposed the empirical equation pv = iRT, where i is a constant having the 
value unity for non-electrolytes and a value greater than unity for electrolytes. 


THE DISSOCIATION THEORY. — Arrhenius, in 1887, gave the first 
satisfactory explanation of the anomalous behavior of electrolytes, which show 
not only abnormally high osmotic pressures, but also abnormally high boiling 
points and abnormally low vapor pressures and freezing points. On thermo- 
dynamic principles these phenomena can all be shown to be proportional to the 
total number of molecular complexes per unit volume and entirely independent 
of. their chemical constitution. Abnormally high osmotic pressures may there- 
fore be explained on the assumption that each molecule, when dissolved, exists 
in a more or less dissociated condition, i.e., at any given instant there are in the 
solution more discrete particles or complexes than there would be if each mole- 
cule remained continuously intact. The ions are not supposed to be per- 
manently separated, but a continuous process of dissociation and combination 
is assumed to be going on all the time. If the further assumption be made 
that the dissolved substance is electrolytically active only during that fraction 
of time while it exists in a dissociated or ionized state, in other words, that dis- 
sociated molecules are alone capable of being acted upon by electric forces, the 
connection between electrolytes and solutions showing deviations from the gas 
laws is explained. | 

On the assumptions of this theory, sodium chloride, NaCl, in aqueous solution 


+ 

is partially dissociated or ionized according to the equation, NaCl Na + Cl 
and therefore at any instant there are present in the solution not only sodium- 
chloride molecules, but also positively charged sodium ions and an equal number 
of negatively charged chlorine ions, the number of which at any instant depends 
upon the average fraction of a second during which the molecules are dis- 
sociated or “ionized.” If the salt were “completely, i.e., roo per cent ionized 
there would be no molecules, as such, present in the solution; but instead twice 
the number of ions as there were molecules originally dissolved. Hence the 
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from the equation v= RT; in equation pv = ¿RT, i would be equal to 2. 
Again, if a given volume of solution contains one mol of potassium sulphate, 
K:SO, which is 75 per cent ionized according to the equation 

-+ _ 


K:S0 z> 2K +S0,, then at any instant there will be 1 — 0.75 = 0.25 mol of K;SO, 
- 4 


molecules, o.75 mol of SO, ions, and 2 x 0.75 = 1.50 mol of K ions present in 
the solution, or 0.25 + 0.75 + 1.50 = 2.5 molecular complexes for every mol of 
sulphate dissolved; hence; 2.5. 

Although the nature of the ions resulting from the ionization of acids, bases 
and salts is now known to be more complicated in many cases than assumed in 
such simple ionization reactions as the above, owing to their association with 
molecules of the solvent, still the above hypothesis of Arrhenius has proved the 
most fruitful conception which has been introduced into chemistry during the 
last twenty-five years and it remains to-day, modified somewhat in the light of 
recent research, the best working hypothesis with which to interpret electrolytic 
phenomena in aqueous solutions. It is a natural sequel to the free ion theory 
of Clausius which in turn displaced the old chain theory of Grotthuss. 


THEORY OF ELECTROLYTIC CONDUCTION. — The external effects 
of a current flowing through an electrolyte cannot be distinguished from those 
produced by a current of the same strength conducted by a metal. Thus the 
magnetic effect of a current flowing through a helical glass tube filled with 
electrolyte is the same as that produced by the same current flowing through 
an equivalent circuit of an equal number of turns of copper wire. A current 
may be induced in a closed ring of electrolyte just as in a ring of metal. Ohm's 
Law and Joule's Law hold for conduction in electrolytes as well as in metals. 
The mechanism of the conduction in the two cases, however, is very different, 
as shown by the phenomena produced at the junction of two conductors in one 
of which the conduction is metallic or “electronic” and in the other of which it 
is electrolytic or “ionic.” 


Migration of Ions. — Electrical conduction, both metallic and electrolytic, 
is believed to be a convection phenomenon. In the case of electrolytic con- 
duction there is much evidence to indicate that the convection consists in the 
transport of electrically charged ions through the electrolyte, both with and 


`- against the direction in which the current is assumed to flow. Simultaneous 


convection of anions and cations in opposite directions may not only be made 
visible to the eye but their velocities may also be directly measured. On the 
assumption that the ions are the carriers of charges, the motion of. which con- 
stitutes the current, the velocity of “migration” can, also be calculated from 
conductivity measurements and the experimentally determined “ transport 
ratios ” (see below). 


Velocity of Migration. — In Table VII are given the results of direct ` 


measurements of the migration velocity of various ions and also the calculated 
velocities, both expressed in centimeters per second. and for a potential gradient 
of one volt per centimeter. 

The velocities are directly proportional to the potential gradient. They all 
increase rapidly with the temperature. They vary but slightly with the con- 
centration of the solution if the concentration is not too great, and for dilute 
solutions may be regarded as practically constant. 

From the table it is seen that hydrogen migrates with the maximum velocity. 


Hydroxyl OH has the next greatest velocity. The high velocity of the hydrogen 
ion explains the fact that aqueous solutions of the mineral acids are as a class 
the best electrolytic conductors, and the high velocity of the hydroxyl ion 
accounts for the relatively good conductivity of the inorganic bases, 
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As the velocity with which an ion migrates under the action of a given force 
depends upon the friction which it has to overcome in moving through the 
solution, an intimate relation should be expected between it and the rate of dif- 
fusion and fluidity (reciprocal of viscosity) of the solution. The viscosity of 
a solution diminishes or its fluidity increases rapidly with an increase in tem- 
perature (from one to two per cent per degree) and experiment shows that the 
migration velocity increases at approximately the same rate, The increased 
velocity of migration of the ions with rising temperature is the cause of the 
high temperature coefficients of electrolytes. 


TABLE VII. — VELOCITIES OF MIGRATION OF IONS 


Velocities in cm. per sec. per volt per cm. 


Ion 0.1 gtam-equivalent per liter, Infinite dilution, 
18° C. 18° C. 
Observed Calculated Calculated 
E | 
Ho eer 0.0026 0.003263 
OH. aave iba Ces 0.001802 
Cbald] OA 0.000677 
+ 
Ke "sdc ad eus Lor 6. 000660 
+ 
NH, — (éswees| =” 9 ues 0.000663 
NOg.essarcetex[ o ——— ER 0.000639 
CIO, EM ERE eet Sn oe ee 0.000570 
+ 
AGiccisctutewamese) «adul 0.000562 
| BOE veces ier tus 0.00045 Ch 
CrOR iet esas o.0047 | 900049 (|  ...- 
4- 
AG. eer er rene 0.00049 ret 
+ 
Ba......een ET 0.00039 | 090.0037 [P ...-- 
4 
Ci Id po EE ES 0.0035 | 0.0029 || | ......- 


Transport Ratio. — When a current passes through an electrolytic solution 


& change in concentration is found to take place in the immediate vicinity of 
the anode and cathode, but practically no change takes place in the middle 
portion of the solution, provided means are employed to prevent convection 
and diffusion from the electredes. Suppose that the solution about the anode 
and cathode respectively is analyzed after a known current has passed for 8 


known time. 
a= number of gram-equivalents of the solute which disappear from th 
region about the anode, ; | 


¢= number of gram-equivalents of the solute which disappear from the 


2 region about the cathode, 


e a+ c= total number of gram-equivalents of the solute which is decom 
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‘The ratio tta = ¢/(a+ c) is called the transport ratio for the anion and the ratio 
AUT ges p— fios: 4/(@ + c) is called the transport ratio for the cation. "These ratios 
imi ^ sre also frequently referred to as “Hittorf’s transference numbers." For a 
xiii given electrolyte a is proportional to the number of gram-equivalents of the 
Iu anions which migrate through the solution from the cathode towards the anode 
nit" and me to the number of gram-equivalents of the cations transported from the 
Z5» ^ anode towards the cathode. 

Tee On the assumption that the ions are the sole carriers of the charges the motion 
51s — of which constitutes the electric current, the ratio of the current carried by the 
anions or cations to the total current is the same as the above transport ratio 
for these ions, since the charge carried by one gram-equivalent of every ion ís 


constant = 96,540 coulombs. 


tea 
we TABLE VIII. — TRANSPORT RATIOS na OF ANIONS IN AQUEOUS 
SOLUTIONS AT ABOUT 18°C. 


f (Values in parenthesis are somewhat uncertain. From Le Blanc’s Electrochemistry.) 


Gram-equivalents per 


b , liter...... mm 0.01 0.05 0.2 I 2 5 
Liters per gram-equiv- 
un alent ...... Lees 100 20 5 I 0.5 0.2 
po? Cl 
KBr MERE PU 0.506 0/800. J «uve lix | saaie j 
pnm I 
P NH,Cl 
NaBr, NaCL........... 0.604 8:504 d hore. ll aus tcsexkew WP atm ee 
Ti jo MTM 0.670 0.680 6.607 | aver [boxed t ms 
| KNO. e — 0.496 | 0.487 | 0.479 | ..... 
un) NaNO}. acorns ances. ates d]. shee 0.614 | (o.6xr) | (0.608) | 0.585 
di AgNO,...... esee 0.528 | 0.528 | 0.527 | 9.501 0.476 verse 
id KOH; o M e ene | oesi | 0.33 (0.331) | (0.332) | 0.335 
T. NaCS HAOS  eicecexe] “serdar o (0.43) | (0.425) | o.42t | ..... 
KOH C E 0.736 | (0.740) | ..... | ..... 
NaOH. iavisess ee eee (0.81) | (0.82) 6:825 | xL 
L0 HuedwasEawa acueelA moires a ees 0.85 (0.873) | ..... — 
iuam adidas aM DE 0.165 spass EEEN ue seski 
< a al es ee a ae, e (ee 
qe venum. io Sud. T Seles 
a — JE CO uec iens. moa 
nt’ C [| as NaCO. esses sss | (0.52) | (0.53) | 0.548 | (0.542) | ..... 
gi” [32 50. ca excel 05 | osi | acai Padus [roe es ues 
Ta ease 96.6919 | 0.624 |] e d om | eevee [cece 
1:4 saxsx.aasearkked. 0.010 | 0.035 | 0.97 | Were erem p seese 
at (h 80e. 9. 0.175 | e doe d oee d ore 
yi Note.— The % before the various bivalent electrolytes indicates that x gram- 
| equivalent = Ya mol. 
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Table VIII contains the generally accepted values of the transport ratios for 
the more common ions. These numbers vary but slightly with the tem- 
perature. They tend to approach the value o.5 with increasing temperature, 
i.e., as the temperature rises both ions of a given electrolyte tend to conduct | — 
equal per cents of the current. With increasing dilution the transport ratios 
of good electrolytes approach constant limiting values; these are practically 
reached in solutions whose concentration is 0.01 gram-equivalent per liter. 


Relation between Velocity of Migration and Transport Ratios. — On the 
assumption that the ions are the carriers of the charges the motion of which 
constitutes the electric current, and on the further assumption that the moving 
ions do not carry along with them different quantities of the solvent, the ratio 
of the velocity “a of the anions to the velocity wc of the cations in any 
solution must be equal to the ratio of the transport ratios na = c/(a +c) and 
fic = a/(a+c) of the anions and cations respectively, i.e., 
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The transport ratios mq and ne may be determined experimentally as described — |: y 
above and by the use of this relation the relative velocities of migration may 
be compared with the ratio calculated from the direct determination of the | 
velocities %q and wc. 

Hydration or Solvation of Ions. — The above relation between the © 17. 
velocities of migration and the transport ratios has been found to hold only |. 
approximately in a number of instances. A possible explanation of this lack f: 
of agreement between theory and experiment is that the changes in concen- 
tration at the two electrodes are due not only to the migration of the ions of 
the solute from one electrode to the other, but that the ions carry along with — |. 
them molecules of the solvent, the amount of solvent carried by the anions j 
and cations being different. This “hydration” or “solvation” of the ions hs — | 7 
recently been proved by direct 400 : 
experiment (Washburn, Zeit. für hs 
Phys. Chem., Vol. 66, p. 513, d 
1909), by adding tothesolution an | 
indifferent substance upon which " 
the electric current produces no i 
migratory effect (e.g. sugar or < E 
. raffinose). See also Lewis, J., Am. % i 
Chem. Soc., Vol. 32, p. 862, 1910. E à 

Conductance of  Electro- s p 


lytes. — (See also article on Re- 
sistance and Conductance.) While 
no simple relations have been 
found to hold between the spe- 
cific conductances of different 
electrolytic solutions, very im- 
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follow at once E : E n 

portant results f — A P 
from a comparison of their "Values of. pe aca ciao : 
equivalent conductances. ig. 4. à 


Table IX shows the relation between the equivalent conductance A and 
the concentration m in gram-equivalents per liter for some typical aqueous 
solutions.: In Fig. 4 certain of these data are shown graphically. From a 
study of these results the following important conclusions may be drawn. 
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TABLE IX. — EQUIVALENT CONDUCTANCE A OF TYPICAL ELEC. 
TROLYTES DISSOLVED IN DIFFERENT QUANTITIES OF 


WATER, AT 18°C. 

ty 4 . 
HET 
FRERE: "TE. X hy 
FEM zz 5 2glo|B8| 
ag & 8t i s »|o Hi Hi x: M E 

pe MT "fl 

gol SB RECS] ee O 
STEEPR 

bom | A 
0.0001/10,000 |129.07/108.10 pieces vee? I09.95]...... (378) 3107  |...... (66) 
0.0002) 5,000 |128.77|107.82|125.18/114.56, 107.90]. ..... (378) | 80 |...... 53 
0.0005| 2,000 |128. 11|107.18 124.44|113.88| 103.56/ (368) | 377 | 57  |...... 38.0 
0.001 | 1,000 


.65|113.14| 98.56] 361 | 376 | 41 (234) |28.0 
0.002 | 500 126.31|105.55|122.60|112.07| 91.94| 351 | 375 | 30.2 (233) |20.6 
0.005 200 1124.411103.78|120.47 110.03| 80.98| 330 373 20.0 239 |13.2 


0.01 100/122. 43) 101 .95|118.19/107.80] 71:74] 308 | 369 | 14.3 | 228 9.6 


0.02 50, |119.96| 99.62 IIS.21 ...... 62.40| 286 | 366 | 10.4 | 225 | 7.1 
0.05 20 : 95.71|109.86| 99.50} 51.16] 253 | 358 6.48 | 219 | 4.6 
O.I IO : 92.02| 104.79! 94.33] 43.85] 225 | 351 4.60 | 213 | 3.3 
0.2 5 , 87.73| 98.74|...... 37.66| 214 | 342 3.24 | 206 | 2.30 
0.5 2 -41| 80.94) 89.24] 77.5 |...... 205 | 327 2.01 | 197 | 1.35 
I I -27| 74.35| 80.46} 67.6 | 25.77| 198 | 301 1.32 | 184 | 0.89 
2 ud loves ju T 183.0] 254 0.80 | 160.8] 0.532 
3 : -3 | 56.5 |(61.3)......] ...... 166.8] 215.0} 0.54 | 140.6] 0.364 
5 9.2 |... Oe eaa e| pecie I35.0| 152.2] 0.285| 105.8| 0.202 


Note. — The 4 before CuSO, and H,SO, indicates I gram-equivalent = 4% mol. 


For complete tables consult Landolt and Bornstein's or Kohlrausch and H olborn’s 
Tables. i 


. I. The Equivalent Conductance of a Solution Increases as the 
Dilution of the Solution Increases and Approaches a Limiting Maximum 
Value. — The maximum equivalent conductance, usually denoted by A,,, is 
different for different solutions. It may be found graphically for good elec- 
trolytes (giving curves of the form A, Fig. 4), by extrapolating the curve repre- 
senting the observed data until it cuts the ordinate of zero concentration. 
This method fails however for weak electrolytes such as acetic acid, see Curve B. 


2. Independent Migration of Ions. Ionic Mobilities. — The prod- 
uct of the equivalent conductance of any solution at infinite dilution A. and 
the transport ratio of either of the ions forming the electrolyte is a constant 
for that ion and independent of the nature of the electrolyte. That is, calling 
fta and ne the transport ratios of the anions and cations respectively, the product 
la 7 na^ is a constant irrespective of the nature of the electrolyte of which 
this anion forms a part; similarly 7c = n-A,, is a constant for the cation irre- 
spective of the nature of the electrolyte of which it forms a part. For example, 
the product cA, for the potassium ion is a constant whether the solution be 
one of potassium chloride, potassium bromide, potassium sulphate, etc. These 
constants Ja and le are called the “mobilities” or “ionic conductivities” of the 
ions. This relation was discovered by F. Kohlrausch in 1876 and stated as the 
law of the independent migration of ions. 
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Since, by definition, na + 5c = 1, it follows that - 
; ety th 
" NS = la+ Le. ] 


In other words the maximum equivalent conductivity of a solution (at infinite | neo 
dilution) is equal to the sum of the mobilities of the anions and cations which peewit 
form the electrolyte; or, the mobility of an ion depends solely upon the nature [#!tizin 
of the ion and not upon the nature of the substance of which it originally formed |: nik 
a part. iun 

From this relation the mobility of any ion may be determined directly from |: w 
the equivalent conductance when the mobility of the ion with which it is aso- J. 1 
ciated is known. dicun 

The values of the mobilities of the more common ions at 18? C. and at infinite fanu 
dilution are given in Table X. From this table the equivalent conductane |... 
of any given electrolyte at infinite dilution may be readily calculated by the St fo 
formula Ag, = la+ le. Thus, for silver nitrate, AgNOs, at 18°C. Ag = lt |: 


Ld mer 
= 54.3 + 61.7 = 116.0. ei 
SIN 
TABLE X. — MOBILITIES OF TYPICAL IONS AT INFINITE DILUTION [=i 
AND r8? C. 
(Values at i? may be computed by the formula /¢ = Iis [1 + « (1 — 18) +8 (1L 19. | 
(Kohlrausch) ` tT 


0.0232 
0.0215 


12 (COO): 


The mobilities at any other dilution @ may also be determined in the same way 
from a measurement of the conductivity Ag at this dilution and the correspond- 
ing transport ratios "a and sc, but the product maAg or mcAg for ions in fairy | t 
concentrated solutions is not independent of the nature of the electrolyte. t 
Interpretation of the Laws of Electrolytic Conduction on the Dit | : 
sociation Theory. — The interpretation of the above experimental facts in the 
light of the dissociation theory is simple. On this theory, the value of Ag is 


" S ~ 
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determined by three factors, any one of which, if zero, will make Ag=o. These 
are: 


1. The fraction of the total number of molecules in one gram-equivalent of 
... the solute which are dissociated at any instant. This fraction, called the “de- 
. Bree of ionization” or “ionization coefficient,” is usually denoted by yẹ, the 
< Subscript @ indicating the dilution to which it refers. 


2. The average velocities with which the ions migrate while free. Let wc and 
%4 be these velocities, in centimeters per second, for the cations and anions 


.. respectively, for a potential gradient of one volt per centimeter. 


3. The charge carried by the ions. This is fixed, since one equivalent weight 


.. of every ion carries with it F = 96,540 coulombs. 


If a volume $ of the solution containing one gram-equiv. of the solute be 


: imagined placed between two parallel plate electrodes 1 cm. apart, and an 


emf. of one volt be applied, the quantity of electricity conducted across the 
electrolyte in one second, i.e., the current, will be equal to the equivalent con- 
ductance Ag (definition of Ag). The current is also equal to the total quantity 


. of electricity conducted by the cations plus that conducted by the anions; hence 


Ag = yoFuat "yoFuc = "yoF (uat uc). 


The experimental fact that for many electrolytes at infinite dilution Ag is 
equal to the sum of two constants /g and le (the mobilities of the ions) which 


. depend only on the nature of the ions, indicates that the velocity of migration 


" 


© Ua ot c of any given ion depends only upon the nature of the ion and not 


upon the electrolyte of which it forms a part, and that the degree of ionization 
at infinite dilution is the same for all such solutions; there is much evidence to 
indicate that this is practically 100 per cent (see below). 


Degree of Ionization. — The fact that Ag increases with the dilution 
may be due either to the velocities 44 and «c or to Yẹ increasing with the 
dilution, or to both causes combined; F is a constant. - In concentrated solu- 
tions both the velocities and the degree of ionization undoubtedly decrease as 
the concentration increases. For dilute solutions, however, there is considerable 
evidence to show that the frictional resistance opposed to the motion of the ions 
changes but slightly with increasing dilution, and hence the values of the migra- 


tion velocities in such solutions may be regarded as nearly constant. If this . 


be assumed, and also that the mature of the ions remains unchanged, i.e., that 
“c and #q at the dilution $ are practically the same as at infinite dilution, 
$= *9, then the observed increase in Ag with the dilution must be due to an 
increase in ye. On these assumptions, the solute becomes more and more ion- 
ized as the dilution increases, and at infinitely great dilution all the molecules of 
the solute are continuously dissociated or ionized, i.e., as $ approaches infinity, 
y approaches unity. | , 
Hence for $ = ©, Ay = F (ue + ua), and therefore 


Ag m yoF (tc +a) E 
As 7 F(wetu) 09 

This relation affords the simplest. way of determining the coefficient of ioniza- 
tion yẹ of an electrolyte, namely, finding the ratio of its equivalent conduct- 
ance at dilution $ to its maximum conductance at infinite dilution. The two 
assumptions mentioned above should not be lost sight of when applying this 
formula. The values of yọ thus computed for a number of typical electrolytes 
are given in Table XI. The results obtained by this method. are in many cases 
in excellent agreement with the values of ionization coefficients obtained hy 
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methods independent of all electrochemical considerations, such as the lowering 


: : À e nis 
of thc freezing point of a solution. LE x 


TABLE XI.— IONIZATION COEFFICIENTS OF TYPICAL ELECTRO- |533» 


LYTES AT VARIOUS DILUTIONS COMPUTED FROM RATIO: «y 
: " ob 
(Kohlrausch and Holborn's data) 


EXIT: 
Liters pér , 

gm.-equiv- Gm.-equiv- 

alent = v | 8lents Per | Naci | Bec | KOH |14cuso OH | C.H,0 
liter = m a 2CuSO, | NH, 21,0; 


=——@ | = 10007 Stir 
“1000 img 
Se ae a ose cese 

I I 0.675 | 0.784 | 0.770] 0.217 | 0.0037 | 0.0036 | |^ ts 

IO O.I 0.839 | 0.914 | 0.891 0.379 0.0139 | 9.0131 T 

100 0.01 0.933 | 0.964 | 0.954 | 0.608 | 0.0403 | 0.0406 oh 
1000 0.001 0.978 | 0.982 | 0.979 0.856 | 0.118 0.117 ED 


Note.—The 14 before the CuSO; indicates that 1 gram-equivalent of H4S0,- % mol. 
of H350,. 


Calculation of Velocity of Migration of Ions. — From a knowledge of 
the mobility of an ion its actual velocity of migration may be easily computed 
on the assumptions of the dissociation theory. Thus for aqueous solutions at 
infinite dilution, in which the ionization may be assumed complete, le = Fuc 


l 
and la = Fua; hence uc = and ua = 2 . From Table X we have for the 


sodium ion Jw, = 43.5 and for the chlorine ion Jg = 65.5; therefore the velocity 
in centimeters per second per volt per centimeter with which these ions migrate 
at 18°C. is Lr NE 0.000450 ma and 05.5 

96,540 sec. 96,540 
For other dilutions the degree of ionization must be taken into account. The 
values given in Table VII are obtained in this way. For the relation of veloc 
- ity of migration to diffusion phenomena see Nernst's Theoretical Chemislry, 
p. 368; Trans., 6th Ed., 1911. 

Effect of Concentration on Degree of Ionization. — It has beet 
pointed out that the concentration of a solution has relatively little effect on 
the velocity with which the ions migrate, except at high concentrations. Hence 
the large increase of the equivalent conductance with the dilution 4, see Fig. 4 
and Table IX, must be due to a change in the degree of ionization. It can be 
shown on theoretical grounds that the ionization coefficient y of a binary elec- 
trolyte should vary with the dilution $ or concentration 1 according to the 
equation : | 


cm. ; 
= 0.000677 —- respectively. 
sec. 


2 2 

——— -K e — 

ó(- vy) Iy 

in which K is a constant called “the equilibrium constant of the ionization 
reaction,” for the given temperature and pressure. This formula, known 4 
*Ostwald's Dilution Law," holds exactly only for weak electrolytes, i.e., those 
which are slightly ionized like the organic acids, and which give rise to dilution 
curves of the type B, Fig. 4. For good electrolytes, giving curves of the type 
A, the formula fails completely. A wholly satisfactory explanation for this 
Aiscrepancy has not yet been given. (See discussion in recent address by James 


=K, 
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Ui Walker, British Association Meeting, 1911. Also G. N. Lewis, Zeit. f. physik. 
Chem., 70, 216, 1910.) Instead of obeying the above law, curves of the type A 
satisfy an exponential equation of the form 


(ny)” 
n (1— 7) 


— in which ” is a constant depending upon the electrolyte and having a value 
| between 1.40 and 1.56. Other "dilution laws" have also been proposed by 
Kohlrausch, Van't Hoff, Rudolphi, Kraus and Bray. 


ae Effect of Temperature on Ionization. — The per cent to which a sub- 
| stance is ionized in solution may increase or decrease with the temperature. 
The sign and magnitude of the effect depend upon whether the ionization 
.—- reaction is accompanied by an absorption or evolution of heat. Substances 
which dissociate with evolution of heat become less ionized with increasing 
w temperature; substances which dissociate with absorption of heat become more 
i^^ ionized with rising temperature. Highly dissociated substances like sodium 
| us! chloride, hydrochloric acid, etc., belong to the former class. Water which is 
‘us very slightly ionized belongs to the latter class. In general a variation of tem- 
! perature from o? to 100° C. produces a change in ionization of only a few per 
ai cent. Recent investigations by Noyes carried out at temperatures up to 360° C. 
have confirmed these predictions of theory. The effect of temperature on y 
may be computed through its effect on K by means of Van’t Hoff’s thermo- 
wi dynamic relation | 


TELE. 
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, Where K is the above equilibrium constant of the ionization reaction, Q the heat 
(RU of the corresponding reaction, R the gas constant and T the absolute tempera- 
ture to which the values of K and Q refer. For derivation of this equation see 
Nernst's Theoretical Chemistry, page 659, 1911 Ed. 


Ü Negative Temperature Coefficients of Electrical Conductivity. — The 
fact that certain electrolytes, e.g., a phosphoric-acid solution, may have a 
a negative temperature coefficient is readily explained in terms of the above 
Qi; Télations. If the increase in the velocity of migration of the ions with rising 
,,, temperature is more than offset by a diminution in the average number of free 
ions, resulting from a decrease in ionization, the conductivity of the solution will 
diminish. By combining solutions having positive and negative temperature 
coefficients in suitable proportions, electrolytes have been prepared which have 
; pearly a zero temperature coefficient over quite a range of temperature. The 
Ga | following mixture, proposed by Manganini, has this property: 121 grams man- 
i ^" nite, 4t grams boracic acid, 0.06 gram potassium chloride dissolved in sufficient 
j^" water to make one liter. Its specific conductance at 18°C. is x= 0.00097. 
is” — Such a solution is well adapted for a liquid resistance just as manganine wire is 
ml adapted for resistance coils. 


Conductivity of Fused Electrolytes. — In Table XII are given the specific 
conductance (x) and the equivalent conductance (A) of several typical fused 
salts at their respective melting points; also for comparison the equivalent 

yi conductance of these salts in infinitely dilute aqueous solutions at 18°C. It 
_ will be seen that the values of the specific conductance (x) of the salts at their 
respective melting points are much greater than the values of the specific 
conductance of the same salts in normal aqueous solutions. On the other 
hand, if the volume $ occupied by one gram-equivalent of the salts in the 
fused state is determined by specific gravity measurements and the equivalent 
conductance A computed (A = ¢x), it will be seen that these values are less 
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than the maximum equivalent conductance Ac of the same salt in aqueous 
solutions. Thus the conducting power of one equivalent of fused sodium 
nitrate at 305°C. is less than when the same weight of salt is dissolved in one 
or more liters of water. 


TABLE XII. —SPECIFIC AND EQUIVALENT CONDUCTANCE OF TYPI- 
CAL FUSED SALTS AT THEIR MELTING POINTS 


Temper- | Specific | Equiva- Aa at 
ature, conduct- lent 18° C. in 
melting ance, conduct- | aqueous 

point, ?C. ance, A solution 


105.2 
120.3 

95.1 
116.0 


109.3 


If electrical conduction in fusions is wholly electrolytic it is probable that it 


is determined by the same three factors which determine the conductance of D | 
solutions, and that the equivalent conductance may be expressed by an equa- bi 


tion of the general form 
A= yF (uc + uo). 


As yet, however, all attempts to measure the velocity with which ions migrate 
in fused salts have led to no satisfactory or conclusive results. Hittorf’s trans- 
ference ratios cannot be determined as in solutions, since in a pure fused salt 
concentration differences do not occur at the electrodes. Only indirect estimates 
of the value of have been possible. The evidence thus far obtained, however, 
points to a high rather than toa low state of ionization in molten salts. Fora 
résumé of the present status of this question see Goodwin, Trans. Am. Elecito- 
chem. Soc., 1912. 

The equivalent conductance of fused salts increases in general from 1 to 1% 
per cent per degree centigrade. As the increase has been found in a number of 
cases to be almost identical with the increase in the fluidity. of one equivalent 
weight of the fused mass, it is probable that the velocity of migration of the ions 
increases in this proportion. The ionization of fused salts is certainly not 8 
result of temperature, as in the case of gases; there is evidence, in fact, that 
the ionization of some fused salts may decrease with mcreasing temperature à 
it does in their aqueous solutions. 


THEORY OF CONTACT POTENTIALS. — In the case of liquid-liquid 
junctions and metal-liquid junctions a satisfactory theory, based on the dissoci- 
ation theory and the theory of solutions, has been worked out. 


Theory of Liquid-liquid Potentials. — Nernst (Zeit. für Phys. Chem. 4 
page 120, 1880) was the first to show that in the case of electrolytes a different 
of potentia] necessarily arises between two solutions in contact which gradually 
diminishes, until the solutions are completely mixed. The general theory, 
worked out by Planck (Ans. der Physik, Vol. 40, page 561, 1890) is complicated. 
Jt leads, however, to simple formule in the following special cases. 

. Gase I. — The junction is between two dilute solutions of the same soluk di 
2: Touma concesiralians cy and cs, both ions of the solute having the valency fi; 


K x: ic 
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for example, a-HCI — c-HCl or a-ZnSO4 — c2-ZnSOu. The potential rise þe- 
tween solutions 1 and 2 is given by the equation 


RT lc = la e 
loge 


WF lc + la 
o oog T -——— fe f logo ^ == volts, 
n lc + la 


where R = the gas constant; T = absolute temperature; F = the Faraday = 
96,540 coulombs; # = valence of ions; Zc and /a the mobilities of the cations 
and anions, respectively; and cı and c» the concentrations (or, more exactly, 
the corresponding osmotic pressures) of the ions in the two solutions respectively. 

It follows from this formula that the potential at a liquid junction approaches 
zero if the electrolyte is composed of two ions which migrate with nearly equal 


. Ieeites and increases as the difference in their velocities increases. Thus 


K and Cl ions have nearly identical mobilities, and hence between any two so- 
lutions of potassium chloride there exists only a very small potential difference. 
For a concentration ratio of ro to 1 the potential difference at 18? C. is only 
0.0004 volt. This theory also explains why liquid-liquid potentials are great- 
est between acids or between alkali solutions, for hydrogen and hydroxyl ions 
possess relatively great mobilities. 

Case II. — The liquid junction is between solutions of two different solutes, 
each containing two ions of the same valence z and at the same concentration. 
Here again the process of diffusion gives rise to potential difference between 
solution 1 and solution 2, the value of which may be computed by the formula 


RT es les + Ia, 
nF C Ie, + lay 
a 5.660168 T logo 2 Ic, t+ bay 
n lc, + las 


where ley /4, and Zen Ja, are the mobilities or migration velocities of the cations 
and anions in the two solutions respectively. The above formule as well ag 
the general formula for mixed electrolytes have been satisfactorily verified by. 
experiment. 

For most recent work see Trans. Faraday Soc. Vol. 8, p. 86, 1912. 

Theory of Metal-liquid Potentials. — By extending the conception of 
the process of solution of solids in liquids to the case of metals, which pass into 
solution only as positively charged ions, Nernst (Zeit. f. Phys.«Chem., 4, 129, 
1889) developed an osmotic theory of metal-liquid potentials. This applies 
to all kinds of electrodes which are reversible in the thermodynamic sense, or 
which from an experimental standpoint are non-polarizable. For all such 
reversible electrodes Nernst has shown that the potential from metal to guid 
may be expressed by the relation 


volts, 


RT, Pw ` 
e= np Eey > 
- — T logio LH volts 


where again R is the gas constant, T the absolute temperature, s the valence of 
the metal ions, F the Faraday, p the partial osmotic pressure of the metal ions 
present in the solution and Py a constant characteristic for each metal, 
which depends upon the temperature and solvent, but is independent of the 
Dature of the solute. 


de 
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Electrolytic Solution Pressure. — The constant Pag in the above for- 
mula is called the “electrolytic solution pressure of the metal M." Since e=0 
when P m = f, the electrolytic solution pressure Pag may be regarded as equal to 
the osmotic pressure of the metal ions which would be just sufficient to prevent 
the metal electrode from dissolving or passing into the ionic form, in which case 
there would be no development of a potential difference at the metalJiquid 
junction due to this cause. Hence the numerical value of P for a given metal 
and solvent may be considered as a measure of the tendency for the metal to 
dissolve in the solvent, i.e., to pass from the metallic to the ionic form. Thus 
the alkali and alkali-earth metals, which pass readily into the form of ions, 
have a very high electrolytic solution pressure, while the noble metals like gold, 
silver and platinum have a very low solution pressure. From this point of view 
the electrolytic solution pressure of a metal may be taken as a measure of its 
place in the electrochemical series. The only method thus far proposed for 
obtaining the value of Par is by computation from Nernst’s formula for electrode 
potentials given above. The value to be assigned to e depends upon the ex- 
perimental determination of the “absolute” difference in potential (see next 
paragraph) between the electrode and the solution with which it is in contact. 
At present there is some question as to whether the actual difference of potential 
between the electrode and solution may not be partially due to the phenome- 
non of selective absorption of the ions, which is not taken into account in the 

above formula. For this reason the values of Par frequently computed from 
the measured electrode potentials are open to question. See Le Blanc's Lehrbuch 
der Elektrochemie, pages 230-235; Lehfeld, Phil. Mag. 48, 430, 1899. 

Absolute Electrode Potentials. — On the assumptions that the poten- 
tial difference between a metal and a solution is zero when the surface tension 
of the metal is a maximum and that this condition is fulfilled in “dropping 
electrodes,” or may be obtained in a properly adjusted Lippmann capillary 
electrometer, the absolute potential rise from the solution to the mercury in 
the normal calomel electrode has been found to be e = 0.5600 + 0.0006 (+ — 18°C.) 
volt. It is in terms of this value for the normal calomel electrode that “abso- 
lute" electrode potentials have been expressed. On account of the uncertainty 
attaching to the interpretation of this value it is better for the present to 
adopt the arbitrary value zero as the potential drop at the calomel electrode. 


BIBLIOGRAPHY. — History of Electrochemistry: Ostwald, Elehim- 
chemie, ihre Geschichte und Lehre, 1896; Entwicklung der Elektrochemie, 1910. 
Electrochemical Data: Landolt, Bórnstein, Roth, Tabellen, 1912; Koh 
rausch and Holborn, Leitvermógem der Electrolyte, 1898; Tables Annuelles 
Internationales de Constantes. Text-Books: Allmand, Applied Electrochem- 
istry, 1912; Förster, Elektrochemie Wasseriger Lösungen, 1905; Haber, Tech- 
nische, Elektrochemie, 1898; LeBlanc, Electrochemistry, German Ed. 1911; last 
English Ed. 1907; Lehfeldt, Electrochemistry, 1904; Lorenz, Elekirolyse Gesch- 
molzener Salze, 1906; Nernst, Theoretical Chemistry, English Trans, 1911; 
Thompson, Applied Electrochemistry, 1911. Reviews: Jahrbuch der Elektro- 
chemie, from 1894 on. See also Bibliography in Electrochemical Processes. 
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* ELECTRODYNAMOMETERS. — (See also Ammeters; Balances, Cur- 
ug rent; Wattmeters.) One of the most reliable and accurate laboratory instru- 
Sez ments for current and power measurements, particularly a-c. measurements, 


icin is the electrodynamometer. 


This instrument depends upon the action of one circuit carrying current 
upon another carrying the same current (see Electricity and M. agnelism, Prin- 
ciples of). The working parts of the instrument consist of two coils, one fixed 
and the other movable. 


SIEMENS ELECTRODYNAMOMETER. — The simplest form of electro- 
dynamometer is that devised by Siemens, shown diagrammatically in Fig. 1. 
The coils are arranged at right angles to one another as shown, the heavy lines 
representing the fixed coil and the light lines representing the 
movable coil. The force of attraction or repulsion is propor- ^ 
tional to the current in the fixed coil times the current in the 
moving coil, and consequently if the same current flows in the 
two coils, the deflection is proportional to the square of the ii 
current. This force is balanced by the torsion of a spring. By 
turning the torsion head at the top of the instrument the coils 


are kept at right angles. The torsional force is proportional — 

to the angle D through which the head is turned; hence the . . 

current is Fig. 1. Siemens 
I-K VD. l f Dynamometer 


where K is a constant which is obtained by sending a known current through 
the instrument. When arranged with separate binding posts for the current 
or fixed coil and for the potential or swinging coil, as shown in Fig. 2, the instru- 
ment may be used as a wattmeter for either direct-cur- 
rent or alternating-current power measurements. The 
power in watts is then 


P= RRD, 


where K has the same value as before, and R; is the total 
resistance of the potential circuit, including the coil and Non induetive 
external resistance R. This power includes the loss in — 
the potential circuit, which is V2/R, where V is the Fis. a Dynamometer 
impressed voltage; this correction is usually small. Sruneter 

Uses of Siemens Electrodynamometer. — The instrument may be cali- 
brated on direct current and may be used to measure either direct or alternating 
current or power, since when properly designed its readings are independent 


. Of frequency and wave form. High-grade standard wattmeters suitable for 


the precise calibration of commercial indicating wattmeter or watt-hour meters 
on alternating current and non-unity power-factor circuits are made on the 
electrodynamometer principle (see Wattmeters). 


Design of Siemens Electrodynamometer. — The movable coil is usually 
suspended by a silk thread. Attached to the coil, at the point of suspension, 
is a spiral spring, the other end of which is attached to a movable collar. 
This collar carries a pointer which moves over a scale and denotes the angle of 
torsion of the spring. A second pointer is rigidly attached to the movable coil 
and registers with a fixed mark on the scale, when the fixed and movable coils 
are at right angles. The current is led in and out of the movable coil through 
mercury cups. 

Dynamometers and wattmeters for use with alternating current should have as 
little metal used in their construction as is practical, as eddy currents will be 
set up in the metal parts that will influence the coil system and change the con- 
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stant of the instrument. The case and supporting frames should therefore be 
of insulating material. 


Range of Siemens Electrodynamometer. — Commercial instruments of 
this type for measuring currents are not suitable for measuring currents of les 
than o.o2 ampere. Precision wattmeters (q.v.) built on the same principle may 
be used to measure power of tbe order of 1,000,000 watts on unity power factor. 


Sources of Error. — The interaction of the earth's magnetic field and the 
current in the movable coil may be appreciable when the instrument is used 
for direct-current measurement unless the movable coil is perpendicular to the 
earth's field. This action may be detected by sending a direct current through 
the movable coil only; any deflection will be due to the earth's field. 

When the instrument is used to measure alternating currents the earth’s 
field has no effect. However, eddy currents induced in the various parts of 
the windings or case, or in neighboring conductors, may produce a disturbing 
influence. This may be tested by sending an alternating current through 
the movable coil only, the other coil being open; any deflection will be due to 
eddy currents. The "zero" position of the pointer should also be such that 
there is no mutual induction between the two coils when in the “zero” position. 
This can be tested by short-circuiting one coil and sending an alternating current 
through the other; any deflection will be due to mutual induction. 

The instrument can be used for measuring the power input to circuits of low 
power factor only when the self induction of each coil and of the external so- 
called *non-inductive" resistance (see Fig. 2) is negligible (see Fleming, Hand- 
book of the Electrical Laboratory and. Testing Room). 


Degree of Precision. — When properly calibrated and properly used the 
readings of a good Siemens electrodynamometer may be relied upon as accurate 


to within 14o per cent for a full-scale deflection. The smaller the deflection the 
less the percentage accuracy. 


Rowland Electrodynamometer. — This instrument is identical in principle 
with a Siemens electrodynamometer, except that instead of noting the angle 
through which a torsion head must be turned, the moving coil is allowed to 
deflect and the deflection is noted by means of a telescope and scale. Its 
chief application is for measuring small alternating currents and small amounts 
of power in alternating-current circuits. It is seldom used except in special 
investigations requiring a high degree of precision or for the measurement of 
alternating quantities of small magnitude; e.g., alternating currents of the 
order of 0.1 ampere or power of from 0.01 to 1 watt. Its uses are fully described 
in Rowland’s “Physical Papers," Johns Hopkins Press, Baltimore, 1902. 


COSTS. — A simple Siemens electrodynamometer suitable for measuring 


currents of from 0.025 to 5 amperes costs about $75. A Rowland electrodyna- 
mometer with shunt box costs about $450. 


BIBLIOGRAPHY. — Fleming, J. A., Handbook of the Electrical Laboratory 
and Testing. Room, London, 1901; Gerard, E., Mesures Electrique, Paris, 1905; 
Argmagnot, H., Instruments et Methodes de Measures Electrique Industrielles, 
Paris, 1902. 


— (H. Penner AND H. R. Ranken] 


Sr ES e 


Electrolysis of Grounded Structures 475 


i: ELECTROLYSIS OF GROUNDED STRUCTURES. — (See also 


Electrochemical Processes Industrial; Electrochemistry, Principles of.) The follow- 


«ım Ing discussion will be limited to the electrolysis of grounded structures, that is, 
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to the corrosion of metal work in the earth, due to the action of stray, vaga- 
.. bond or leakage currents from the grounded rails of electric railroads. 


MINIMUM VOLTAGE TO PRODUCE ELECTROLYSIS. — The 
conduction of current through moist ground is almost cntirely electrolytic, 
ordinary or metallic conduction being almost, if not entirely, negligible. 
Electrolytic corrosion occurs whenever current flows from metal into the 


- ground, regardless of whatever difference of potential may exist between 


. different parts of the circuit. In order that current may flow, however, it 
is in general necessary that the difference of potential between anode and 
; cathode exceeds the algebraic sum of the e.m.f.'s of combination and separa- 


; tion of the compounds involved in the electrolytic process. An iron anode 


in a soil containing iron salts in solution will be attacked when the e.m f. is 
infnitesimal. Where hydrogen is liberated, polarization occurs and it is the 
p.d. between cathode (the metal where the current leaves the ground) and 


: ground that determines the danger of the anode (the metal at which the cur- 


rent enters the ground) being corroded. 


CORROSIVE EFFICIENCY AND PASSIVITY. -— When an electric 
current is passed through an electrolyte, the mass of the anode dissolved may 
be calculated theoretically by Faraday's law (see index). In practice this 
amount may be exceeded, or the reverse. The term “anode efficiency " or 

" corrosive efficiency ” is used to designate the ratio of the actual to the theo- 
retical mass of the anode dissolved. The corrosive efficiency is usually less 
than roo per cent owing to the occurrence of secondary reactions. Thus the 
Corrosion of iron, which primarily occurs by the formation of ferrous salts, 
should theoretically occur at the rate of 1.045 grams per ampere- -hour. Owing, 


, however, to the production of ferric salts as well, the corrosive efficiency is 


usually lower than 5o per cent, especially with weak currents. Under certain 
conditions corrosion does not take place at all; this is spoken of as a condition 
of "passivity." Passivity is usually due to the formation of a film of insol- 
uble oxide or other substance, but sometimes to more complex causes. 


ALTERNATING-CURRENT ELECTROLYSIS. — (J. L. R. H ayden, 


Trans. A.I.E.E., Vol. 26, p. 221.)  Alternating-current electrolysis is not 
a phenomenon like direct-current electrolysis, on which definite quantitative 
general laws can be formulated, but is of the character of a secondary effect, 


that is, the action of the positive half-wave is not quite reversed by the : 


action of the negative half-wave, leaving a small difference rarely exceeding 
one-half per cent of the electrolytic action of an equal direct current. 

Alternating-current electrolysis, when expressed quantitatively, or in per cent 
of the action of an equal direct current, varies very greatly with the chemical 
character of the electrolyte. Nitrates tend to increase electrolytic corrosion; 
carbonates and, in general, alkalis of the soil decrease it. In general, lead is 
attacked more than iron. 

Alternating-current electrolysis, under conditions representing as nearly as 
seems feasible the conditions of lead cables in the soil, does not appreciably 
depend upon the current density, but is practically independent thereof, except 
indirectly, i in that very high current densities may, by an increase of temperature, 
give an increased corrosion. 

- In general, electrolytic corrosion by alternating current increases with de- 
crease of frequency. This increase with decrease of frequency does not follow 
a general law, but depends largely upon the chemical character of the electro- 
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lyte. In general, ammonium salts and nitrates seem to give a very great ine [iram 
crease of electrolytic corrosion with decreasing frequency, while carbonates and fakte 
soils with alkaline reaction, as containing cement, may give little or no increase liz xn 
of corrosion with decreasing frequency. : üt 


A direct current of 1.5 per cent of the alternating current gives practically 
complete protection against the electrolytic action of the alternating current. [min 


DISTRIBUTION OF EARTH CURRENTS. — The distribution of stry 
currents in the earth depends not only upon: the resistance of the earth but 
also the resistance and distribution of the conducting structures in the earth. 

Earth Resistance. — As the earth conducts electrolytically, its specific re- 
sistance can be calculated from the concentration of the salt solutions it con 
tains. Such calculations are, however, generally useless, as, even with moderate 
specific conductance, the extent of the current path in the earth is so great 
that its resistance is very low, except near the electrodes. The effect of the 
electrodes is to concentrate the current streams into limited areas, thereby in- 
creasing the effective resistance of the earth. It is, therefore, obvious that the 
resistance of the earth depends more upon the electrode area than anything else. 

The resistance of the earth is low when the electrodes consist of consider- 
able lengths of track rails. This is particularly noticeable in the case of single 
phase lines, due to the skin effect and inductance of the rails. Thus J. Dalziel 
and J. Sayers (Inst. Civil Engineers, London, 1909) found that, on the Midland 
Railway, the current did not continue along the rails for any considerable 
length, but within a few hundred yards of the car sank gradually into the 
earth to re-enter the ballast at a very short distance from the power station. 
H. F. Parshall found that on a line eight miles long, the earth-return current 
was 60 per cent of the total. Probably the most exact data of this kind are 
those due to A. W. Copley (Trans. A.I.E.E., 1908, Vol. 27, p. 1171), who 
stated that on the New York, New Haven & Hartford Railroad the percentage 
of current in the earth is 25 per cent on the four-track sections and 60 per cant 
on the single-track sections. 

This condition is not confined to single-phase systems; Claude (L’Edairage 
Electrique, p. 141, Vol. 24, 1900) found that in complicated direct-current net- 
works the stray current was from 25 per cent to 30 per cent of the total. 

Electrolytic Zone. — When a drop of potential occurs in a track rail, the cur- 
rent spreads out from it into the soil in much the same way that the leakage 
lines of magnetic force from a long electromagnet spread out into the air; that 
is, almost the entire leakage current is confined to a limited zone of the earth, 
the extent of this zone depending upon the potential drop in the rails them- 
selves. The stream lines of the current will tend to crowd into a pipe or cable 
sheath (on account of their low resistance) if these conductors are within this 
zone, but this tendency rapidly diminishes as the distance between these con- 
ductors and the rails increases. Compare with the tendency of an iron bat 
to become magnetized when placed in the leakage field of an electromagnet; 
the induced magnetization rapidly diminishes as the distance of the bar from 
the magnet isincreased. Conductors at a comparatively short distance from the 
rails are, therefore, not liable to electrolysis unless the difference of potential 

between them and the rails is large or the leakage path of the current from 
the rails to the conductors is of low resistance. Thus in England, where the 
drop in the grounded return is limited to a total of seven volts, Messrs. Cunliffe 
found experimentally that the electrolytic zone is confined to within three 
feet of the track. 

Potential Readings. — Random readings between rails and pipes give 10 
definite information about electrolytic conditions. .. As a matter of fact, a difer- 
ence of potential between a pipe and rail at any point is often greater the lets 
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waar: the stray currents at that point. To illustrate this, we may assume a pipe to 
garg be outside the electrolytic zone and, therefore, safe from electrolytic corrosion. 
iar Uf, at any point, the rail is at the same potential as the pipe, the potential of the 
rail at every other point will differ from the pipe. Also, if the part of the rail 
which is at the potential of the:pipe happens to be at some distance from the 
power station, the pipe will be positive to the rail at all points between the 
earthed point and the power station. Hence the fact that the pipe is positive 
2^ to the rail does not indicate that it is subject to electrolysis. A more important 
£::2* illustration is the case of a pipe carrying little current itself but connected to some 
nauwi distant pipe which is carrying considerable current. In such a case, a pipe may 
ich. be highly electropositive to the rails and yet be quite innocent of electrolytic 
sist tendencies. These illustrations are merely specific cases of the general prin- 
s etr ciple that potential readings are useless unless taken with reference to the resist- 
tes ance of the earth between rails and conductors, which in turn depends upon the 
s bë direction and distribution of the current stream lines. As most electrolytic sur- 
Wiw veys made in the past consisted of potential readings taken without respect 
ie dn: to the direction of the current flow, they gave no indication of the earth currents 
sint and afforded no criterion of electrolytic conditions. i 

(mE? The equipotential surfaces in the earth are, of course, perpendicular at all 
iz points to the current stream lines. If the earth currents were steady, it would 
ik, I2 be possible to determine their direction and distribution by testing for equi- 
mcr potential points in the earth and plotting current stream lines therefrom. 
yu Unfortunately in most practical cases the equipotential surfaces are in constant 
gis! Motion owing to the fluctuations of current in the track rails. 

jur The inevitable conclusions are, that random potential readings between 
anto track rails and pipes, etc., in the earth, cannot be of any use, and that it is 
uic Generally impossible to plot the current stream lines. 


STRUCTURES AFFECTED BY CORROSION. — Stray currents can 
Set up corrosion of the rails, rail spikes, cross-bonds, steel columns, etc., through 
which they escape into the earth, and they can set up corrosion of gas and 
"m Water pipes, cable sheaths, building structures, etc., which they may enter and 

leave in their course through the earth. The protection of the former class of 

deo oe Is entirely the concern of the railroad company which originates 
e earth currents; not so with the latter class, which is often of great concern 
iaa the municipalities or public-service corporations which own them. Elec- 
yk” trolytic surveys should, therefore, be made with a clear understanding of which 
class of property is under suspicion of danger. As a rule, electrolysis is most 
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destructive to the grounded metal of the railroads; foreign pipes, cable sheaths, 
n 2 ae being affected in comparatively rare instances. Of all properties foreign 
wie o the railroads, the thin sheaths of telephone cables are most susceptible to 
sa E electrolytic. corrosion. 
mi: 
d z Measurement of Leakage Current in Grounded Return System. — 


v" d columns and foundations of elevated structures and subways, rail spikes, 
e" elici: negative cables and bonds are the parts most likely to be attacked 
s olytically. 
x y e case of the elevated railways of New York City, after about nine 
iat? fea baa with the steel structure a part of the return system, it was 
sai? bete Gt to remove all metallic connections in the Borough of Manhattan 
m Fn n the track rails and structure and to install negative feeder cables to 
m | pensate for the conductivity thereby sacrificed. . 
Sem : v en of rail spikes, while happily rare, is a matter of such grave con- 
ji "apes o the railroads and public that it should be carefully watched for. It 
rs when ties are old. and water-logged or when improperly treated with 


"icu : : : fee . 
fit’ preservative, Timber is ordinarily classed with the non-conductors, because, 
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when dry and well-seasoned, it has a high dielectric strength and practically im | 
finite resistance. When green or moist, however, it becomes an electric com [24 Su 
ductor of comparatively low resistance. The resistance along the grain is [: 
much less than across it, and porous woods, such as oak, are better conductors 
than the non-porous woods such as pine. The conductivity of wood is due 
primarily to the presence in its pores of electrolytes formed from the salts 
found in natural timber, from preservatives and from salts originating from 
coal fumes or ashes. The flow of current, from the rails and spikes into the tics, 
fills the pores of the wood with iron salts, which add to the electrolytic con 
ductivity and permit the leakage of more current. The effect is, therefore, 
cumulative, the leakage current increasing until the pores of the wood are cour 
pletely saturated with electrolyte. Cases have been known where spikes were 
pitted more than half way through and where the rail flanges were badly 
corroded. Ties creosoted by the hollow-cell process, which leaves the fibers 
empty, are particularly likely to acquire high electrolytic conductivity, Red 
oak treated with zinc chloride is also a bad tie from the electrolytic point of 
view. i 
Columns of elevated railroads, subways, passenger stations, etc., are best 
tested for electrolytic trouble by means of a sensitive galvanometer used in the 
following way. Iron clamps with pointed tips are fastened to the column at 
points four or five feet apart, care being taken that the points penetrate the 
paint and make metallic contact with the steel. Wires are run from thes 
clamps to a galvanometer and the deflection noted. The galvanometer having 
been calibrated, this gives the drop of potential in the column. The cros 
sectional area of the column being known, its resistance may be calculated 
from the known resistivity of steel (usually rr times that of copper). The 
potential drop, divided by the resistance, gives the flow of current in the column. 
Knowing the direction of flow, its amount and the efficiency of corrosion, the 
actual damage being done by electrolysis may be calculated as a definite weight 
of metal per annum. This method is being pursued with great success on the 
Electric Zone of the New York Central Railroad, the galvanometer employed 
being a Queen & Co’s E-8010 with tube E-8011, a calibration resistance and 
a tripod. A deflection of one scale division is equivalent to about 0.00000} 
volt. Considering an average column with a resistance of 0.000,004 ohm for 
a 4-foot length, a deflection of one scale division corresponds to three-fourths a 
an ampere. Where the columns are to be encased in concrete, permanent test- 
ing terminals should be provided, preferably in the form of small iron pipes 
screwed into the steel and ending flush with the concrete. 


Measurement of Leakage Current in Pipes, Cable Sheaths, etc. —1t 5 
not uncommon to find potential readings taken between different systems o 
pipes, without regard to the location of the connections, the results being recorded 
as differences of potential between those systems of pipes. The potential of 8 
‘pipe system, however, may vary from point to point, and consequently suth 
‘readings have no significance unless the points between which the potential 
difference is measured are specified. 'The significance of potential readings 
between specific points is that they afford an indication of the potential gradi- 
ent normal to the tracks and thereby help to determine the electrolytic zone. 

Making use of all possible connections to the pipe, the potential difference 
between these points and the anode end of the grounded system should be 
determined as described below and the limits of the “ electrolytic zone” astet- 
tained by noting where the potential gradient in the pipe becomes negligible. 
For this purpose, water hydrants and water pipes constitute the best connec 
tion points. dE 

Potential readings between points on the same pipe line or cable sheath att 
sometimes made the basis of potential curves showing the drop in the pipe ot 
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sheath. Such potential curves may be very significant when taken from cable 
sheaths, but are of little use for pipes on account of the variable joint resistance 
of the latter. Thus in case of a cable sheath of uniform resistance along the 
entire length tested, where the potential curve is flat, the sheath carries no 
current; when it is a straight sloping line, the sheath carries current without 
giving current to or taking current from the earth; where it changes its slope, 
current is either entering or leaving the sheath. 


Hering's Method. — The current in a pipe may also be measured by 
the following method. (C. Hering, Trans. A.1.E.E., June, 1912.) The fun- 
damental principle is as follows. Let P, Fig. 1, be a part of an underground 
pipe which has been uncovered and through which an 
unknown current 7 is flowing. Let D be a sensitive gal- 
vanometer, millivoltmeter or any other suitable form of 
detector; there should preferably be no variable resist- 
ance like an unbonded pipe joint between the two con- 
tact points. Let A be an ammeter, B a few battery cells 
and R an adjustable resistance; the shunt circuit containing them is connected 
as shown, anywhere outside of the points of application of the voltage detector, 
the farther away the better; they may even be on the other side of a joint. 

To find the current flowing in the pipe adjust the resistance R until D reads 
zero; then the current due to the battery B will be exactly equal and opposite 
to the current in the pipe. Hence the reading of the ammeter A gives the 
current in the pipe. 

If D is a galvanometer with proportionate deflections, instead of a mere de- 
tector, then by taking a deflection immediately after the shunt circuit has been 
opened a reading proportionate to the drop of voltage for that current will be 
obtained. The instrument D is thereby calibrated to read the pipe currents 
directly and can be used for this purpose thereafter; the test with the battery 
current is therefore merely of the nature of a preliminary calibration, and need 
be carried out only once for each station. 

Instead of attempting to adjust the current in the shunt to bring the voltage 
D to zero, it is often more convenient to use a regular measuring instrument 
for D instead of a mere zero detector, and to pass a definite current through the 
shunt, say 10, 50 or roo amperes, reading the two deflections of D when this 
current is on and when it is off; this had best be repeated several times. The 
difference between these two readings then corresponds to the current in the 
pipe. The best current to use is that which will reduce the original deflection 
as much as possible. By thus using the difference between a large and a small 
deflection the errors due to a loose zero, which are so common with highly 
sensitive instruments, are reduced. 

Methods for overcoming fluctuating currents are given by Hering in the paper 
cited above. 

- Having thus calibrated the voltmeter V at each of two neighboring stations, 
the currents which enter or leave the pipe between them may be determined, 
with the fluctuating currents, by taking the readings of the two instruments 
simultaneously by means of visual or telephonic signals, preferably at times 
When the currents are momentarily steady. — s 

Measurement of Current Leaving Pipe at Any Point. — The strength 
of the current at the point where it is leaving the sheath may be determined by 
the following test, which involves the use of a temporary bond in the form of 
a stout copper cable, electrically connected through an ammeter with both 
Sheath and rail. Let 


V = total drop of potential in the rails from éheir anodic center to the point 
where the temporary bond is connected. 


7 
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By “ anodic center of the rails" is meant the center of gravity of the leak- 
age current leaving the rails. 


v = difference of potential between the sheath and rail at the bonding point 
prior to the insertion of the bond. 

n = same, after the insertion of a bond which carries J amperes. The current 
in the bond is read from the ammeter. 


Ny 

Then the earth current, 7, after the insertion of the bond will be Ste] 
tso oh 
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The earth current. from the pipe, without bonding, would be kin 
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For example, suppose the total drop in the rails to be roo volts and the differ- 
ences of potential between the pipe and the rails at the bonding point to be five 
volts before the bond is inserted, and one volt after. Suppose the current in 
the bond is found to be 5o amperes. 


| Tih 
Then Rett 
V = 100. 9-5. n= I. I= 50. | 
I 100— Qo 
= = o = 0.19 
5 I00-1 like 
4 50 2 12am imatel - 
| 5 23 251 peres, approximately. | s 
Without bonding, the current would be P 
: X 
100 — p: 
um z (50+ 12) = 59 amperes approximately. ~ 


"The above formula is based upon the following assumptions: 


(1) That the drop in the rails V is not affected by the insertion of the bond. 
(2) That the area over which the current from the pipe or sheath enters the 
earth is short. For proof of formula, see Elect. World, 1910, Vol. 55, p. 407: 


PREVENTION OF ELECTROLYSIS. — Electrolysis may be partially 
or wholly prevented by the use of bonds, concrete coverings, paint, tape ot 
braid, or by employing boosters, or by insulating the return circuits. 


Protection from Electrolysis by Bonding. — Bonds are not only usei 
for testing purposes; they may be applied permanently to reduce the earth 
currents. There are certain effects, however, which may render their us 
jnadvisable. 

1. If one piping system is connected to the rails or bus, a difference of 
potential will be established between it and all other underground metallic 
structures and it will, therefore, attract current from the latter and expose them 
to electrolytic danger. A bonded piping system thus becomes a part of the 
trolley return circuit and the owner may become a party to whatever damage 
may occur in the others. 

2. A considerable current in a gas pipe is a serious fire hazard and in 4 
lead cable sheath is a menace to continuity of service. 

4. Electrolysis is promoted at all imperfect joints and connections. 
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In spite of these objections bonds are very largely used to protect cable 
sheaths from corrosion. To be most effective, the sheath should be connected 
to the negative bus by an insulated cable and the bus itself should be con- 
nected to the track rails by insulated cables only. 


Protection of Steel by Concrete. — The conductivity of concrete depends 
upon its porosity and wetness. Tests have shown that when wet the specific 
resistance may be as low as 20 or 30 ohms per yard cube and when dry, as great 
as 2000 ohms. The extent to which concrete prevents corrosion depends upon 
its chemical composition and porosity. Some cement protects iron by forming 
a protective coating of silicate of iron (E. Noillion, Proc. Inst. Mech. Eng. 


` 1905, p. 485). The corrosive efficiency of steel in concrete is extremely variable, 


depending largely upon the nature of the electrolyte with which the concrete is 
impregnated, and upon the applied e.mf., being much less with low than with 
high electromotive forces. . For example, a reduction of e.m.f. to one quarter 
may reduce the corrosive efficiency to one half of one per cent of its former 
value. This subject is being investigated very thoroughly by the Bureau 
of Standards. The following tests show values of corrosive efficiency for 


. unpainted iron obtained by some experimenters. 


Thick- Amperes 


Nature of | 1988C0n7| per sq. Volts | Corrosive | Time of 


electrolyte cep in. of 


Name of 


anode to| efficiency, | test, i 
experimenter 


cathode| per cent days 


Variable 8 , : C. F. Burgess 
3 per cent salt l 
solution... . Variable 8 ) C. F. Burgess 
Fresh water. . 0.00164 | Variable| Over 60 A. A. Knudson 
Salt (sea) ..... 0.00164 | Variable} Over 41 A. A. Knudson 
| Average 33 x G. Schaffer 


Below 50°C. the efficiency of corrosion is very small, but above that tempera- 
ture, rises rapidly. Increasing the current density does not materially change 
the corrosive efficiency at any given temperature. If the heating effect of the 
current is sufficient to raise the temperature to 50°C. (= 122°F.), or more, 
active corrosion begins. Below 50°C., the iron remains passive or nearly so, 
provided that there are present no foreign ingredients of marked corrosive 


. tendencies, such as salt or calcium chloride. The addition of 0.33 per cent 


by weight of calcium chloride increased the efficiency of corrosion from prac- 
tically zero to 80 per cent. 
The exact cause of passivity at ordinary temperatures is not fully under- 


^ stood, but it is at least partially due to the concentration of calcium hydrate 


near the cathode surface by the current, where it comes in contact with the 
carbon dioxide absorbed by the water from the air, with resulting precipitation 
of calcium carbonate which fills the pores of the concrete, interposing a high 
resistance. 

' Briefly stated, concrete affords some protection to steel work, but, in every 


` suspected case, determination should be made of the current flow and corrosive 


efficiency. 

Salt should never be used in concrete if there is the slightest probability of 
action by electric currents, since the addition of even a fraction of one per cent 
of chlorine is sufficient to increase the rate of corrosion a hundred fold. 
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Destruction of Concrete by Electrolysis. — Some experimenters have 
found that where iron imbedded in concrete becomes an anode, not only is 
the iron corroded but the concrete also is cracked. This action is due to the 
internal stress set up by the increase of volume which the iron suffers when it - 
changes to an oxide or salt. The current has no ditect effect upon the concrete 
at the anode even when sufficiently strong to liberate chlorine from the brine 
used to impregnateit. (C. E. Magnusson, Trans. A.I.E.E., June 1911). Mthe |; 
cathode, however, the concrete becomes softened and loses its bond with the | 
electrode. See papers by E. B. Rosa, B. McCallum & A. S. Peters, Nat. Asst. 
of Cement Users, 1912, and abstracted in Eng. News, 1912, Vol. 68, p. 1162. 
No action, however, occurs on concrete through which current flows, except at 
the electrodes. 

: Protection of Steel by Paint. — Experiments by M. Toch, C. E. Magnusson, | 
$ G. H. Smith and others have shown that unpainted steel imbedded in con- 
3 crete can be electrolytically corroded at the anode, but that a good insulating 
paint applied to the steel prevents such corrosion. Acid-proof paints with tar 
or asphalt base such as are commonly used to protect steel imbedded in con- 
crete are usually effective. A typical paint of this kind has the following com- 
position: 16 parts coal-tar paint, 4 parts Portland cement, 3 parts kerosene. 
When the p.d. between cathode and ground does not exceed 5 volts the cot- 
rosive efficiency of an anode, so protected, is usually less than 1 per cent. . 


Protection of Sheaths by Tape or Braid. — H. W. Fisher found that elec- 
trolysis is not prevented by covering the lead with a weatherproof tape ot [on 
braid saturated with insulating compound. With such coverings the elec |: 
trolytic action is apt to be concentrated in spots and thus eat through the lead 
more quickly. For the same reason, lead-covered cables, laid in wooden boxes 
filled with pitch or bitumen, deteriorate rapidly under electrolytic action. 

The Laclede Gas Company of St. Louis (Elect. World, 1911, Vol. 57, 
5 p. 1103), however, have had favorable experience with tape protection. Theit 
: | wrought-iron pipe, in sizes from 3 to $ inch, was coated with a tar and pitch 
mixture, heated and thinned sufficiently to flow easily, and onto this a 4-inch 
paper ribbon was wrapped spirally, its edges overlapping. This paper cover: 
ing was then tar painted and again wrapped with paper, the process being re- 
peated until four successive coats were applied. Pieces of pipe thus insulated 
were placed in the ground under the most distinctive conditions of electrolysis, 
along with other lengths not so treated. After being taken up at the end of 
| two years the unprotected pipes were badly pitted and almost consumed, 
E while the insulated piping was practically the same as when laid. Although 
2 no test has yet been made carrying the insulated pipe to total disintegration, 
it is believed that pipe so treated will have its life at least doubled, and if this 
ig true an expenditure for insulation equal to that of the cost of the bare pipt 
| is justified. Only service runs are being so treated, the cast-iron mains being 
E less subject to corrosion and electrolysis than the service pipes. The tar and 

paper coating is very hard when cooled, and the pipe lengths need to be handled 
with no more care than bare pipe (J. L. Fitzhugh). 
. Protection by Booster. — It is often proposed to render grounded metal 
work electronegative to the rail return by means of a booster, but such pro- 
posals are seldom carried into execution on account of the expense they involve. 
Thus L. B. Stillwell (Trans. A.I.E.E., 1907, Vol. 26, Part 1, p. 265) said: 
“The plans of the Hudson Company contemplate the use of a booster to pr 
vent possible electrolytic damage to the metallic shells of the tube tum 
destined to connect the Borough of Manhattan and the Jersey Shore. The b 
terborough Rapid Transit Company is also proposing to use them for a similar 
BM e ?. ennection with the tubes under the East River." It was, howeve 
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x A scheme recently adopted with success at Karlsruhe, Germany, involves the 
zoei! use of a booster which does not have to carry the main current and which is 
i therefore comparatively small. At places where there is danger for gas pipes 
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or water pipes, electrodes are placed in the earth in the neighborhood of the 
Pipes and these electrodes are connected to the positive pole of a low-voltage 
generator or storage battery, while the pipe to be protected is itself connected 
‘ with the negative pole. In this way electric current is forced to enter the pipe 
from the earth so that anodic destruction of the pipe is impossible. The power 
consumption is said to be insignificant. (Geppert & Liese, Elek. Kraftb. u. 
i. Bahnen, Feb. 14, 1912.) 

Boosters are used to prevent the pitting of condenser tubes, especially where 
salt water is used for cooling. An example of such an installation is in the 
Power Station of the Long Island railroad on the East River, New York 
(Street Railway Journal, 1906, Vol. 27, p. 545). 


Protection by Insulated Returns. — The only certain way of eliminating all 
electrolytic trouble is by limiting the drop of potential in the grounded con- 


, ductors to a moderate amount, as is done in Great Britain by the Board 
x Of Trade. This can be most economically effected by the use of insulated 
; Negative feeder cables tapped into the rails at intervals, as described under 
.; Distribution, and by G. I. Rhodes (Transactions of ihe A.I.E.E., 1907, Vol. 
«i 26, Part 1, p. 247-263). Such a system is equivalent to a large number of 
V substations, as far as its effect upon the Potential drop in the rails is concerned. 
, The maintenance of efficient bonding is a most important factor in limiting 
. the drop of potential in rails and, therefore, in preventing electrolysis. 


BIBLIOGRAPHY. — A complete bibliography of the subject up to 1908 is 


4; given in a paper by W. H. Gee, Electrolytic Corrosion, Jour. Inst. El. Eng., 


5X 1908, Vol. 41, p, 425. In addition to these references and those given in the 


text, the following more recent papers should be consulted: Burgess, C. F., 
Electrolylic Corrosion of Iron in Concrete, West. Soc. Eng., 1911, and Elec. World, 
IQt1, Vol. 57, p. 827; Chapman, C. M., The Effect of Electrolysis on Metal 


* Imbedded in Concrete, Eng. Cont., 1911, Vol. 35, b. 90; Cunliffe, J. G., and M. G., 
| Vagabond Currents, Jour. Inst. El. Eng., Sept. r909; Del Mar, W. A., Eleciric 
? Power Conductors, Chap. IX. N. Y., 1914; Miller, W. H., Electrolysis of Ou 


Pipes, Elec. W., 19010, Vol. 45, p. 1667; Nicholas, N. J., Tests of the Effect of Elec- 
tric Currents on Concrete, Eng. News, 1908, Vol. 60, p. 710, and roro, Vol. 64, p. 
590; Schaffer, G. B., Corrosion of Iron Imbedded in Concrete, Eng. Rec., rġro, Vol. 


; 62, p. 132; Toch, M., The Electrolytic Corrosion of Structural Steel, Jour, Am. 
| Electrochem. Soc., 1905, Vol. 8, b. 133; 1907, Vol. 9, p. 77; 1908, Vol. 14, p. 


207; 1900, Vol. 15, p. 351. 
[W. A. DEL Mas] 
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ELECTROMAGNET WINDINGS. — (See also Electricity ond Map 
nelism, Principles of; Electromagnets, Lifting and Plunger; Generators; Motors’ 
Transformers.) Any coil or winding carrying an electric current forms an elec- 
tromagnet; the term electromagnet is also generally used for such a coil, par- 
ticularly when it has a magnetic core, whether it is actually carrying a current 
or not. The winding of most electromagnets is in the form of a cylindrical 
helix of one or more layers; such a winding is called a solenoid. This winding 
is usually built up on a bobbin, which may be fixed rigidly to a magnetic core, 
or the core or part of it may be movable, in which case the electromagnet is 
called a plunger electromagnet. The electromagnet may also be built upona 
horseshoe shaped core, with a movable yoke or armature" which is attracted 


to the core when a current is established in the winding. See Electromagnets, 
Lifting and Plunger. 


DESIGN AND CONSTRUCTION OF WINDINGS — The problem 
is to construct a coil which, for a given voltage across its terminals, will produce 
a given number of ampere-turns, and which will not overheat. Usually one or 
more of the dimensions of the coil are also fixed by the conditions under which 


the coil is to be used. "The following factors must be taken into account in 
designing a winding: 


Insulation from Core; Design of Bobbin. — When the core is fixed, two 
washers of hard rubber or vulcanized fiber are forced on at either end of the core. 
The core is then insulated with a wrapping of paper, mica or oiled linen, and is 
then ready to be wound. When the core is movable, the two end washers are 
forced on to the ends of a brass tube or a tube made of the same material as the 
washers. When a metallic tube is used the washers are sometimes made of the 
same metal. In the case of a quick-acting plunger magnet a metallic bobbin, 
if used, should be slotted, in order to avoid eddy currents; this also applies to 
all forms of alternating-current electromagnets. 


Insulation of Wires; Insulation Between Layers; Baking. — The vire 
may be insulated with a cotton, silk or asbestos wind or by a coating of 
enamel. In high-voltage solenoids the various layers of wire are insulated 
from each other by paper, mica or oiled linen wrappings, or the entire winding 
is divided into several sections separated by vertical washers of insulating 
material. The wound coil may. be further insulated by dipping it into an ir 
sulating varnish in.a vacuum or at atmospheric pressure, after which it is either 
air-dried or baked. : | 

Aluminum wires and ribbons are used extensively by some manufacturers, 
especially abroad. In this case the layer of oxide on the wire is the only insule 
tion which is used, but inasmuch as this insulation cannot be destroyed by heat, 
the coils can be run at much higher temperatures, which is of special value for 
lifting magnets and similar devices. The oxide layer will stand a potential 
stress of about o.5 volt. See article on Use of Naked Aluminum Wire in Eledro- 
magnets, by H. F. Stratton, Elec. Wld., 1912, Vol. 60, p. 400. 


Temperature Rise of Winding; Watts per Square Inch. — The rise ú 
temperature of the winding will depend primarily upon the average rate at 
which heat is developed by the electric current and the amount of exposed sut- 
face from which this heat can be radiated; the temperature rise will also depend 
upon the depth of winding, the circulation of the air, etc. The hottest spot m 
the winding should never reach a higher temperature than 9o? C. When the 
interior of the winding is at 9o? C. the temperature of the external surface, 35 
measured by a thermometer, will usually be much less, as will also the averag? 
temperature measured by the change of resistance method. 
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As a rough approximation a solenoid winding should be so designed that the 
average power developed will not exceed 0.5 watt per square inch of radiating 
surface for an open winding, and will not exceed o.7 watt per square inch of 
radiating surface for an iron-clad solenoid. In figuring the radiating surface 
of an open winding, the surface of the hole through the solenoid is not included, 
and the end surfaces are included only when the solenoid is short. By the radi- 
ating surface in the case of an iron-clad solenoid is meant the surface of the 
winding which is in contact with the iron. A radiation of o.5 watt per square 
inch and o.7 watt per square inch for an open and an iron-clad winding respec- 
tively corresponds roughly to an average temperature rise of approximately 
60° C.; for other rates of radiation the temperature rise will be approximately 
proportional to the watts per square inch radiated. 

For short-time service, i.e., when the solenoid is energized only for short inter- 
vals with long intervals between the applications of power, the thermal capacity 
of the solenoid will permit of a greater dissipation of energy in the winding 
without overheating it. 


Space Factors; Round Versus Square Wire; Layer Versus Haphazard 
Windings. — By the space factor of a winding is meant the ratio of the space 


guo occupied by the conductors to the total space occupied by the conductors, the 


insulation on the conductors and the voids between conductors. The space 
factor for strips and square wires is greater than for round wires, but strip and 
square wires are not extensively used in small sizes because of the increased 
amount of insulation required for a given section of conductor, and because of 
the tendency of such wires to twist in winding so that they lie upon their corners 
instead of upon their faces. However, for conductors of larger section than 
No. ro B. & S. gauge, square wire is often used. 

In winding wires larger than No. 18 B. & S. it always pays to wind thcm care- 
fully in smooth layers (*layer" wound), but for smaller sizes used for open 
solenoids (as distinguished from iron-clad solenoids) the gain in space factor 
does not as a rule warrant this care and the wires are wound in a more or less 
haphazard fashion ('"haphazard" wound). For iron-clad solenoids, however, 
a layer winding is always used, for economy of material requires that the wind- 
ing space be kept as small as possible. The dotted curves A and B in Fig. 1 
for haphazard windings are taken from an article by F. A. Willard (Elec. Wid., 
1906, Vol. 47, p. 823). ! 

Round wires are sometimes so wound that the wires of one layer lie ih the 
hollows between the wires of the layer underneath; the wires in this case are 
said to be embedded. Objections to this procedure, however, are that each 
layer must be started from the same end and the insulation on the wires becomes 
tightly compressed and therefore is less effective; in most instances the extra 
labor and the diminution of insulating quality offset the small gain in space 


v factor, which seldom exceeds 3 per cent. 


The space factor s for a layer winding of round wire without embedding, and 
making no allowance for extra insulation between layers is 


st d E (x) 
4\d+2 


where d is the diameter of the conductor and ¢ the thickness of insulation. 


. Values of s for various sizes of wire and various thickness of insulation are given 


by the curves in Fig.1. The “over-all” space factor, including the allowance 
for the space occupied by the extra insulation, if any, between layers, is equal to 
the value of s from these curves multiplied by (1 — e), where ¢ is the ratio of the 
space occupied by this extra insulation to the total winding space. 
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Thickness of Insulation. — Magnet wire is usually referred to as “s 
Space Factor — 8 


of layers of insulating threads wrapped around it. D 


covered," “double covered" and “triple covered 
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* * For double covered " multiply these thicknesses by 2, and for triple covered 
multiply by 3. , 
Winding Calculations for Direct-current Solenoids. — Round solid wires 
are assumed throughout. Let 
$ = space factor, from Fig. 1. "n 
k = ratio of specific resistance of conductor used to that of standard an- 
nealed copper at 20? C. For copper of 100 per cent conductivity 
at 20° C., k = 1; for copper of any other per cent conductivity, say 
C per cent, at any other temperature, say /? C., 
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k= T + 0.004 (£— 20). See alsa Wires and Cables, Bare, and 


Lo 

j 

pz - Wires, Resistor. 

E Á = eross section of wire in circular mils (= square of diameter in thou- 
p sandths of an inch). 

4 3,270,900 $ P 

» n= S = number of conductors per square inch, the square inch 
E being taken perpendicular to the direction in which the wire is 
P wound. 

jé s UT sk = resistance of the winding per cubic inch of the winding 
i space, excluding the space, if any; eccupied by extra insulation be- 
: j tween layers; p is in ohms. 


~ 


Y = 9,271 $+ 9,040 = wap of the winding (copper and cotton insulation) 
per cubic inch of the winding space, exclusive of the space, if any, 
occupied by extra insulation between layers; w is in pounds.* 

E = impressed volts. mE rs 

(NI) = ampere-turns, where N is the total number of turns and Z the current 
in amperes, » l 

j ' * This formula also helds approximately foy other kinds of insulation and for most 

# alloy resistance wires. Calling £. the specific gravity of the conductor and &; the 

i! specific gravity of the insulatiop, the exact formula is 

5 w= 0.0362 (g. — 8i) s 4- 0.0284 £i. 


Underhill gives £i as 1.6 for asbestos, r.4 far cotton, and 1.0 for silk. 
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p = allowable watts per square inch of radiating surface (may be taken 
approximately as o.5 for open and 0.7 for iron-clad solenoids, se 
above). 

S = radiating surface, in square inches, calculated as described above under 
Temperature Rise of Winding. 

} = mean length of turn in inches (see Fig. 2 for a simple solenoid). 

T = depth of winding space in inches (see Fig. 2), excluding the space 
occupied by the extra insulation, if any, between layers. 

L = length of winding space in inches (see Fig. 2). 

V = LIT = volume of winding space in cubic inches, excluding space occu 
pied by the extra insulation, if any, between layers. 
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The problem is usually to find the size of wire and necessary winding space 
for a coil which will give, without overheating, a required number of ampere- 
turns (NI) at a given impressed voltage E. The diameter of the core or spool 
is also usually known, or at least must not exceed certain fairly well-defined 
limits, depending upon the service for which it is to be used. The procedure is 
then to assume a neasonable value for the mean length of turn J. The size of 
wire is then immediately fixed by the relation 


BUD. (2) 
1.16 E 


Tal 


From Fig. 1 the corresponding size of wire (A. W. G. or B. & S. gage) and the 
corresponding space factor s may then be found. 


The volume V and radiating surface S of the coil must then satisfy the relation 


LTS _ RNM 


nes EM (3) 
i 1,470,000 ps 


The length L and depth T of the winding space must be so chosen that this rela- 
tion will be satisfied; as a rule this can be done only by cut and try. Note that 
changing the depth T of the winding space will also change the mean length of 
turn /, unless the diameter of the core or spool is so altered as to keep } constant. 
The cross section of the wire varies directly as ?, as shown by equation (2), and 
therefore the value of the space factor s to be used in (3) will depend upon }, but 
only to a slight extent except in the case of very small wires. 

Having determined the cross section of the wire (A), the mean length of tum 
(1) and the dimensions (L and T) of the winding space so that both (2) and (3) 
are satisfied, the total number of turns in the winding will be 


N -nLT = DESI, W 


and the current is then equal to the given number of ampere-turns divided by N 
and the total length of wire is equal to NI. i 


The total resistance R and total weight W (including insulation) of the wire 
may then be found directly from a wire table, or may be calculated from the 
formulas 

kN 1,100,000 SkLTI 
l Reala ed ~ -p (5) 


W = wV = (0.271 s + 0.040) LTI. (6) 


See note at bottom of preceding page regarding w. 
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Vua Calculation of Open Solenoid of Circular Cross Section. — In the 

siai case of a coil wound on a spool of diameter D, see Fig. 2, the mean length of 
. tum is/2 - (D-- T). Assuming that the 

sit outside cylindrical surface of the winding 
. is the only radiating surface, which is only 

ism approximately true, as pointed out above, 

3a See (D+2T)L. Whence, putting 

qat 


ANI? 
MT mE (7) 
s mde 1,470,000 ps 
M the required length of coil for a given diameter of core D and depth of winding 
oa vu) D» Tis 
wu (D+ T)O 
ter dus L- NEED (8) 
um tT 


xi EE When L is given instead of T, then the required depth of winding is 


dun Ë T 
:Tro. op) EOD 
r-i|(&-2)+y ($ 2E gl (9) 


In either case, the number of turns, total resistance, weight, etc., are found as 
described above for the general case. 


Example. — Required to design an open solenoid ro inches long and 

oft having an internal diameter of 1.5 inches, to give 12,000 ampere-turns at 110 
23 volts, the heat developed not to exceed o.5 watt per square inch of radiating 
surface (taken as the outside cylindrical surface of the coil). Assume a mean 
length of turn equal to ro inches, then from (2) the required cross section of the 
wire, assuming copper at 70° C., is A = 1130 cir. mils. From Fig. 1 the space 
factor is then s = 0.62, assuming single cotton-covered wire with 2-mil insula- 


ao tion wound in layers. From (7) the value of Q is then Q = 380, whence from 
A gi (9) the required depth of winding is T = 2.36 inches. The actual mean length 
jii y of turn is then /= 12.1 inches which substituted in (2) gives for the cross séc- 
n^ tion of the wire required, A = 1368. This wire section gives a space factor, see . 
ue Fig. 1, of s = 0.63, which agrees practically with the value s = 0.62 used above. 
kp The nearest commercial size of wire is No. 19 B. & S., having a cross section of 
Y 1288 cir. mils. If this size of wire is used the actual ampere-turns will be NI = 
n 11,300. From (4) the total number of turns will then be N = 14,700, and from 


(5) the total resistance will be R = 143 ohms. The current is then J = 0.77 
amperes. The total weight of the winding is then from (6), 


W = 60 pounds. 


BIBLIOGRAPHY. — See Bibliography in article on Electromagnets, Lifting 


aft! and Plunger. 
, [H. PENDER AND R. G. Hupsow] 
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' shape and dimensions, the formulas for pull given below may be relied upon to 
- give the actual pull with an error of less than + 1o per cerit, the actual pull usually 
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ELECTROMAGNETS, LIFTING AND PLUNGER. — (See ols 
Electricity and Magnetism, Principles of; Ebectromagnal Windings.) A solenoid 
provided with a movable magnetic core, or with a fixed core and movable “arma- 
ture," serves as à very convenient means of causing an electric current to pro- 
duce a direct mechanical pull This principle is utilized in various forms 
of lifting magnets, relays (q.v.), contacters (see Switches), electric brakes, 
clutches, etc. In the paragraphs following are given the formulas required in 
calculating the pull of various kinds of electromagnets in terms of their dimen- 
sions and ampere-turns, and also a brief statement of the applications of the 
various types. . 
Approximation of Formulas; Leakage Factor. — fh applying the formulas 
given below, it should be noted that in general the! effect of magnetic leakage 


is neglected. The leakage factot varies so greatly with the different forms of | 


electromagnets that it is impossible to go into this matter in detail in the limited 
space available for this article. The designer, in making an allowance for leak- 
age, has to rely chiefly upon this previous experience with other magnets of the 
same general form and dimensions. Merely as a rough guide to the designer 
who has not had this experience, it hay be stated that for magnets of reasonable 


being less than the calculated pull. Under certain conditions the agreement 


between the actual pull and calculated pull may be much «loser than the differ- 
ence just stated. 


SIMPLE SOLENOID AND PLUNGER. — The simplest type of electro- 
magnet is a simple solenoid, as shown in Fig. 1, consisting of a‘cylindrical coll of 
‘circular or rectangular section and an iron phimger which fits into the inside of 
this coil. When current passes through the coil the plunger is attracted. 


DM 


Fig. 1. Fig. 2. 
Variation of Pull of Simple Solenoid During the Stroke. — The pull of 
the simple solenoid varies between approximately zero when the plunger is at 
the lower end of the coil and a maximum which is nearly constant over a> 
proximately 40 per cent of the length of the coil; “The maximum is reach 
when the plunger has entered the coil a distance of approximately 40 per cent. 
When the plunger has entered the coil 8o per cent of its length, the pull de 
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frame, so that in reality the magnet represented is.a- 
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creases again, reaching a value of about 0.6 of the maximum pull when the 
plunger is even with the top of the coil The approximate pull variation is 
shown in the diagram, Fig. 2; of course the actual variation is a smooth curve, 
such as shown by curve A in Fig. 6. 


Calculation of Pull of Simple Solenoid. — The calculation of the exact pull 
of such a magnet is very complicated, being dependent not only upon the ampere- 
turns, but also upon the shape of the coil, the size and length of the plunger and 
the induction in same. For practica] purposes the maximum pull, when the 
plunger is at least as long as the coil, can be represented by the formula 


cANI 


8 


1 = 


pounds, (1) 


where c= the pull in pounds per square inch per ampere-turn per inch of 
coil length, 
A = the area of the cross-section of plunger, in square inches, 
I = the current in the coil, in amperes, 
N = the number of turns in the coil, 
ds = the length of the coil, in inches, 


It has been found by the author that c varies between 9 X 107% and 10.5 X 1074, 


For practical purposes sufficiently close results are obtained if c is taken equal to ` 


1072. The formula shows that the maximum pull is directly proportional to 

the current, which makes this type of magnet especially suitable for relays and 

instruments which should be very sensitive. 

The pull at any point in the stroke may then be expressed by the formula 

107? ANI i | 

R= um ek pounds, (2) 

8 7 

where k is a factor which gives the ratio of the pull at any point of the stroke to 

the maximum pull; Fig. 2 gives the approximate value of k at various points 

of the stroke. i ^» d 


IRON-CLAD ELECTROMAGNET WITH FLAT-END PLUNGER, — 
The simple solenoid is a very inefficient type of magnet, because a large per- 
centage of the reluctance of the magnetic path is ` 
found in the long air path outside the coil. There- 
fore, the plunger magnet is modified by putting an 
iron return circuit around the outside of the coil, 
thus reducing. considerably the reluctance of the 
path and increasing the work which can be ob- 
tainéd with a certain amount of power, and with 
a certain expenditure of energy in the coil. Fig. 3 
shows this type of ''iron-clad" magnet. In its 
highest position the plunger strikes against the - 


special form of magnet with stop, which is described - 


below. If it is desired to have the pull decrease 4 Fig. 8. | 


towards the end of the stroke, a hole similar to the ; | 
one on the lower erid is drilled in the upper end of the frame, and the plunger 
permitted to protrude’ throügh it. — Ey Que 2 

Use of Stop to Increase Pull. — The total pull on a plunger depends on the 
total number of flux lines which pass through it. For a given number of ampere- 
turns the total number of flux lines may be increased by decreasing the reluctance 
of the magnetic circuit. This reluctance may be still further reduced by using 


~ 
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a. plug or stop in the upper part of the solenoid of such a length that the air-gap 
is central to the cofl for the maximum travel which is required. ‘This form is 
shown in Fig. 4. 

Pull of Stop on Plunger; '"Air-gap Pull." — 
The pull P» between the stop and plunger may be ex- 
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P= aes pounds, (3) n ti 
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where B is the flux density in the air-gap * perpen- 
dicular to the end surface of the plunger, in lines 
(maxwells) per square inch, and A the area of the 
end of the plunger, in square inches (see Electricity ; 
and Magnetism, Principles of). The value of B may Fig. 4. 

be calculated from the ampere-turns of the coil and 

| the dimensions of the magnetic circuit in the same manner as the flux due to the 
: field coils of a generator is calculated; see Generators, Direct-current. Or, 


| neglecting leakage and the reluctance of the iron part of the path, B may be 
4d calculated approximately from the formula 
| | 19 NI 
Baci. lines per sq. in., () 
la 

i Ik 
| 
| 


where NI is the total ampere-turns of the coil and Za is the length of the air-gap 
in.inches. Combining (3) and (4) gives 


IW? 
|  Pe=1.4X 10774 (F) pounds, (5) 


a 


This pull of the stop on the plunger is usually referred to as the “air-gap pull." 
The actual variation of this air-gap pull with the length of the air-gap, for a 
particular magnet, is shown in curve B, Fig. 6. - 

Total Pull of Iron-clad Solenoid with Stop. — The total pull of the iron- _ 
clad solenoid with stop may be looked upon as due to two components, the 
solenoid effect P; given by equation (2) and the pull P$ between stop and plunger 

. given by equation (5); hence the total pull is 


—f 
P=107ANI ( + EOM pounds. 6 
8 a’ , E 


When the air-gap is short and at the center of the solenoid k= 1. The varia- 


tion of this total pull with length of air-gap for a particular electromagnet is 
shown in curve C, Fig. 6. 


IRON-CLAD SOLENOID WITH CONED PLUNGER. — It will be 
noted that for a given air-gap pull P», the ampere-turns required are directly 
proportional to the length of the air-gap. If, therefore, for the same stroke the 
length of the path for the magnetic lines through the air-gap can be reduced, 
the pull for the same ampere-turns will be increased, or if the pull remains con- 
stant the ampere-turns to obtain it can be decreased. This is accomplished by 


* Strictly, B in this formula is the actual air-gap flux density;less the flux density 
which would be produced by the solenoid were there no iton whatever in its magnetic 
circuit. This correction, however is smaller than the probable error in calculating B 
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coning the end of the plunger, as shown in Fig.5. For such a magnet the stroke 
should not be much in excess of the plunger diameter, as the leakage increases 
considerably with longer strokes, and this defeats 
the object of the coning. As the induction in the 
iron plunger is greater than the induction in the air- 
gap, there is a limit to the practicable value which 


cast steel for a cone angle of 19 degrees. 


“ Air-gap Pull” on Coned Plunger. — In the pa pe 
following it is assumed for simplicity's sake that a 
uniform flux at right angle to and distributed over 
the entire surface of the cones passes between plunger 
and plug. This is not strictly correct, especially for 
long strokes and the pull calculation is therefore only Fig..5. 
approximately correct. 

Let 


may be given to the cone angle; this limit is about 
E o 
reached for cast iron for a cone angle of 28? and for Les £ i X la7L sinat 


l = length of stroke, in inches, 
A = total cross-section of plunger, in square inches, = rr? where r is the 
radius of the plunger, see Fig. 5, 
a = angle of the cone, in degrees, see Fig. 5, 
NI = total ampere-turns of coil. 


Then the flux density in the plunger is 


3.19 NI 


Pi Tinta 


lines per sq. in. (7) 


and the air-gap pull in the direction of the stroke is 


2 
P,=1.4X 10774 ( | pounds. (8) 


l sin a 


The solenoid pull, as found by experiment, is practically the same as for a flat- 
end plunger, equation (1). Whence the total pull on the coned plunger is 


14X d 


= 1072 
P: IO ani(# Punta 


| pounds, (9) 


where I; is the length of the solenoid winding assuming the gap at the center of 
the solenoid (k = 1). 


Note that / sina = lai is the “effective” length of the air-gap, i.e., the length 
perpendicular to the surface of the cone. Hence, comparing with equation (6), 
it is seen that the pull on a coned plunger for the same effective air-gap is the 
same as on a flat-end plunger, but the length of the stroke is increased in the 

i I m ; us 
ratio of ac Comparing equation (7) with equation (4), it is seen that this 
advaritage is gained by increasing the ux density in the plunger by the 


For small air-gaps, therefore, the coned plunger becomes satu- 


I 
square of — 
-sin æ 


rated much more quickly for the same current than does the flat-end plunger, 
and the leakage and the reluctance of the iron part of the path produces an 
appreciable effect, causing the pull to become almost constant for small air- 
gaps instead of increasing as shown by the approximate equation 9». This 
effect is clearly shown by the curves D and E in Fig. 6. 
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A= Solenoid Pull 


4- B= Air gap Pull, Flat-end Plunger 
"MH C= Total 
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Fig. 6. Pull Curves of D-C. Magnet. — Length of solenoid 3 inches; internal diameter of 
solenoid 134 inches; external diameter 294 inches; . diameter of plunger 134 inches; 
angle of cone 20°; stop projects I aS inside coil; number of turns 300} current 57 
amperes. . - J 


HORSESHOE-TYPE ELECTROMAGNETS. a Anotliet type a electro- 
magnet which is used quite extensively i is the horsashos-type sleceromen 
shown in Fig. 7. This magnet is not suit- 
able for very long air-gaps, because the 
leakage increases very rapidly. with increas: 


n 


— ae 

ing distance between armature and poles. .. jm) [| 

The total pull on the “armature” K of ^ do = 

l such a magnet, neglecting the leakage, may = t7 
} be expressed approximately by the relation EN [-1 
| E 


ons 
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P=28X 107A MD ^ pounds, | 
: à m (19) | 


where A= cross-section of each jole puen 
square inches, NI = total ampere-turns, 
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la = length of each air-gap in inches, and /' = length of air-gap equivalent to the 
reluctance of the iron. This last depends on the permeability and dimensions 
of the iron part of the circuit; calling /; the mean length of this iron circuit and 
p its permeability, and assuming the mean cross-section of this path to be the 
same as the cross-section A of each pole, then /' = J;/u. A more exact calcula- 
tion of the pull may be made by calculating, as for a generator field (see Genera- 
lors, Direct-current), the ampere-turns required to establish a given flux density 
of B lines per square inch in the gap, and then applying equation (3) to de- 
termine the pull. 


Applications of Horseshoe Type.— This type of electromagnet is fre- 
quently used where it is only desired to hold a weight after the armature has 
come into contact with the poles. A modified form of this magnet whereby 
the winding is put on the yoke connecting the two poles 1s used extensively as 
a no-voltage release on hand starters for direct-current motors (see Starters, 
Motor) and in larger sizes this type of magnet is used for hfting rails, tubes and 
similar material. 


Concentric Lifting Magnets. — A still further modification of this 
horseshoe magnet has two concentric poles and the winding is arranged con- 
centrically between the two poles. 'This type of magnet is used as a lifting 
magnet, either in circular or rectangular shape. 

These lifting magnets are especially suitable for lifting pig iron, billets, skull 
crackers and other magnetic material. The material to be lifted forms in this 
case the armature of the magnet. The magnetic frame consists of a bell-shaped 
structure forming the outer pole with a central projection forming the inner 
pole, the coil being arranged ring-shaped and located concentrically between 
the inner and outer pole. A circular plate of non-magnetic material mounted 
between the inner and the outer pole, protects the coil from injury. The voids 
inside the coil winding are usually filled up with impregnating material, which 
also serves to make the magnet waterproof. 


Magnetic Disc Brakes. — A similar magnet is used for magnetic disc 
brakes. The magnet is usually mounted on the end plate of the motor and at- 
tracts a disc-shaped armature which operates against a spring. When the disc 
is under the influence of the spring pressure and the magnet deénergized, it 
presses against a series of stationary and movable discs, the latter being con- 
nected with the motor shaft, and causes friction between these parts, which 


tends to retard and stop the motor. The movement of the armature on these © 


disc brakes is very small, being of the order of 14 inch. 


Magnetic Clutches. — Of similar construction are magnetic clutches. 
In this case the magnet is mounted on. the end of the shaft of the driving machine, 
whereas the armature, which consísts of a circular ring, mounted to & hub by 
means of a somewhat flexible connection, is connected with the driven member. 
When the magnet is energized the disc is attracted and takes part in the rota- 
tion, thereby driving the second shaft. A pair of collector rings are provided 
t@ convey the current from the stationary wires to the rotating magnet. In this 
case also the movement of the armature is very slight. In order to make the 
brake release quickly a non-magnetic material is often provided between the 
magnet and the armature which prevents sticking, due to residual magnetism. 


SPEED OF MOVEMENT OF PLUNGER. — In order to obtain quick 
action, the flux, upon closing the circuit, should reach its full value in as short 
& time as possible. The flux being a function of the current, the speed depends 
upon the rapidity with which the current reaches its full value. The time 
tequired for the cutrent. to reach its full value depends upon the quotient of the 
inductance L divided by the “‘effective” resistance R of the circuit. The larget 
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this ratio a which is called the “time constant" of the circuit (see Transient 


Electric Phenomena), the longer the time required for the current to reach its 
full value. The inductance L is proportional to the square of the number of 
turns in the solenoid winding and inversely. proportional to the total reluctance 
of the circuit. The effective resistance R depends not only upon the d-c. or 
ohmic resistance of the winding, but also upon the eddy currents and hysteresis 
loss set up when the current is changing. 

In Fig. 8 is given current-time curve showing the change of the current during 
the switching-in period of a direct-current magnet. It will be seen that, after 
the closure of the circuit, the current first rises to a certain value which corre- 
sponds to a flux just sufficient to cause a movement of the armature and lift the 
plunger. As the plunger moves 
the flux increases, thereby caus- 
ing a counter electromotive 
force, which tends to reduce 
the current. This counter e.m.f. 
depends upon the speed of the 
plunger. In the case shown the 
current drops off continuously 
until the plunger strikes against 
the stop, at which moment it 
has a value of approximately 
one-third of the value which 
started the motion of the : : € 
plunger. After the plunger has Fig. 8. eee of D.C. 
come to rest, the current again 


increases and gradually reaches the value which is dependent upon the terminal 
voltage and the resistance of the coil. 


Methods of Obtaining Quick Action. — To reduce the eddy-current effect, 
the cross-section of the magnet frame should be as small as consistent with 
other considerations. Where very quick action is required it is sometimes 
advisable to slot this frame at right angles to the direction of the eddy currents 
or laminate it similar to transformers. In such cases it is also advisable to 
eliminate the brass tube on which the coil is very frequently wound and which 
. acts as a guide for the plunger, or to slot this brass tube parallel to its axis. It 
is also advisable to slot or laminate the plunger. 

Another method of obtaining quick action is to impress at the start a high 
voltage on the coil and insert resistance into the circuit of the coil as the plunger 
rises, in order to protect the magnet from overheating. This reduces the ampere- 
turns at the end of the stroke, which is permissible in most cases, because usually 


the pull of the magnet increases very rapidly toward the-end of the stroke, as is 
indicated by the formulas given above. 


ALTERNATING-CURRENT ELECTRO MAGNETS. — Electromagnets 
for producing a mechanical pull may also be designed to operate on alternat- 
ing current. The flux in an alternating-current magnet passes through zero 
twice per cycle. The pull, which varies with the square of the current, there- 
fore becomes zero twice every cycle, and it can be shown that it also varies 
according to a sine curve when the current is sinusoidal. The average eflec- 
tive pull is one-half of the maximum pull. Whenever the pull is less than 
the load, there is a tendency for the plunger to move away from the stop, and 
- this causes rattling or humming of the magnet. This humming may be over- 


come in different ways, one method being to use a ‘shading coil," described 


below. 
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effective value of the pull. 
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Polyphase Electromagnets. — It can be shown that if three magnets are 
used and each is supplied with current from one phase of a three-phase source, 
or if two magnets are used and each is supplied with current from one phase of a 
two-phase source, then the resultant pull will be constant at any moment, and 
if the plungers are rigidly connected there will then be-no chattering. The 
most common form of three-phase magnet is shown in Fig. 9. This consists 
of a core having three poles and a plunger of similar construction. Over each 
pole there is wound a coil which is supplied from one of the three phases of 
the circuit. There are various modifications of the polyphase magnet, but 
their general principle is the same. In calculating the total pull, the pull of 
each pole is figured separately and the several pulls, which are equal to one 


another, are combined vectorially, since they differ in time phase (see Alter- 
nating Currents). 


Calculation of Pull of Single-phase Electromagnets, or of One Phase 
of Polyphase Electromagnets. — The formulas for pull given above for direct- 
current electromagnets also hold 
for alternating-current magnets, 
provided J is taken as the effec- 
tive value of the current, B as 
the effective value of the flux 
density and P as the average or 


In contrast to the d-c. elec- 
tromagnet, the flux in an a-c. 
electromagnet for a given im- 
pressed e.m.f. is approximately 
constant (irrespective of the 
length of tbe air-gap. This is 
due to the fact that the oppo- 
sition to the flow, of current 
through the winding is due al- 
most entirely to the back e.m.f., 
due to the alternation of the flux, 2 
and only to a very small extent Fig. 9. 
to the resistance of the winding, 
the action in this respect being similar to that of a transformer (q.v.) or induc- 
tion motor (see Motors). The back e.m.f. being practically equal to the im- 
pressed e.m.f., the flux producing this back e.m.f. is also proportional to the 
impressed e.m.f., and is therefore practically constant when the impressed e.m.f. 
is constant. 

Since the flux remains practically constant, the current 7, as may be seen 
from equation (4), must vary approximately proportionally to the length of the 
air-gap Ja; this proportionality holds only approximately, since equation (4) 
neglects the magnetic leakage and the reluctance of the iron part of the magnetic 
circuit. The actual variation of the current with the length of the air-gap for a 
particular a-c. electromagnet is shown in Fig. 10. 

Using the same notation as used above for d-c. electromagnets and in addition 
putting E = effective value of impressed voltage per phase, and f = frequency 
of impressed voltage in cydes per second, the current taken by each phase of 
the magnet, neglecting the iron losses, leakage and reluctance of the iron part 
of the magnetic circuit, will be 


1o Ela RN 
I= Pr»! amperes. a I) 


À more accurate calculation of the current, taking into account the losses and 
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the magnetic leakage, may. be effected by the method used for calculating the 
current in a transformer (see Transformers). 
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Fig. 19. Pull and Current Curves of A-C. Magnet. —Length of solenoid 5 inches; 
internal diameter of solenoid 3 inches; external diameter 416 iorhes; diameter d 
plunger 236 inches; stop projects 114 indbes inside of coil; turns 144; voltage £20 
frequency 60 cycles per second. 
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Substitution af the value of the -current given by (11) in equation (6) for the 
total pull on a plunger with a flat end gives the approximate formula 


10E/Rl 72E 
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This equation also applies to a coned plunger, when J, is ‘taken equal to the length 
of the airgap perpendiodar to the face of the cone. 

Fig. 10 shows the pull curve of an alternating-current magnet with flat-end 
stap amd phmger. it will be noted that the current is roughly proportional # 
the air-gap. The solenoid pull reaches a maximum atan sirdgap of about 24 
inches and then falls again approximately proportional to the air-gap; the ait- 
gap pull is constant over a wide range of the travel. ` The result is a total pull 
curve which has a maximum at approximately 214 inches and which drops unti 
mae ef sopreximately 94 inch is reached. and from there an tt merous 
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dt again, due to the increase of the air-gap pull, the latter being caused by the 
ution of the leakage flux as the air-gap decreases. 


2 Limiting Flux Density and Losses in A-C. Electromagnets. — Attention 
., Rust be paid to the fact that the-iron losses, similar to those of the transformer 
|| increase with the flux density and therefore the design must be such that the 
| flux density is not too high. The flux density in the iron in the case of a flat- 

|! end plunger, from equation (4), which neglects the magnetic leakage and 

\ reluctance of the iron part of the magnetic path, is deb 


6 X 19 | 
B = E 7 .  maxwells per sq. in. (13) 


| ai in the case.of a coned plunger, under the same assumptions, from equation 
| : 1.6 X 107 E ] 

B = maxwells per sq. in. I 
ge . E JNÀ sina Hg (14) 


— where qa is the cone angle, see Fig. 5. mE 
These relations are ‘approximate only. The magnetizing component of the 
exciting current, and from it the flux density can be more accurately calculated 
by the methods employed in- the design of transformers or induction motors. 
\ See Transformers and M ators, Polyphase Induction. 
4 The iron and copper losses can also be calculated by similar methads, and fram 
..  these'losses the energy component of the exciting current can be determined. 
| The total current and power factor of the electromagnet can then be deduced. 
p? Shading Coil for Single-phase Electromagnets. — The humming of single- 
ase magnets may be greatly reduced by introducing a so-called “shading 
| coil” in the pole face, This shading coil is nothing more than a short-circuited 
secondary winding, consisting of one or more turns, which encloses only part of 
L the total flux passing through the plunger. Due ta 
| the leakage reactance of this turn, the current induced 
In itis out of phase with the inducing flux, so.that at 
the moment when the inducing flux, due to the main 
“winding, is zero, there still remains a flux due to the: 
' current in the shading coil, which flux produces a 
pull, The result is that the combined pull from the = 
, Main flux and the shading coil flux never becomes. E 
48^ zero, Fig. 11 shows the arrangement of the shading 
s% coil, This coil is mounted in the plunger or in tha 
i" Plug close to the pole face, in order to reduce the 
length of the path for the magnetic lines which are 
interlinked with the shading coil, Naturally the 
shading coil has no effect with long air-gaps, and it is . 
ù therefore imperative that a good magnetic contact be 
obtained when the plunger is in the sealed position to 
get the greatest possible effect of the shading coil. 
Incidentally the shading coil also increases con- 
y% siderably the maximum pull for a given impressed . ' . 
emf, as the minimum pull is also due to the com- — Fig. 11. Shading Coil. 
à! bined main and local flux. As an example, a plunger 
p magnet without shading- coil, which gave a minimum pull of zero and a max- 
jf imum pull of 28 pounds, had, after the introduction of the shading coil, a 


4^ minimum pull of 18 pounds and a maximum pull of 143 pounds. 


T COSTS, WEIGHTS AND DIMENSIONS OF ELECTROMAGNETS. 
By ~ Due to the great variety in the designs, it is not possible to give unit costs 
s" c 


Plunger 
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of electromagnets. The subject of the most economical magnet design has been 
discussed by Wikander (Trans. A.I.E.E., 1911, Vol. 30, p. 2019), but unfortu- 
nately the most economical design will usually be found not to be suitable for 
practical purposes, because it results in a magnet which is too long compared to 
its diameter, and which usually cannot be incorporated in the machine with 
which it is to be used. Therefore, magnets as they are found in practical appli- 
cation deviate greatly from the most economical design. Also for the same 
energy output (usually expressed as inch-pounds or foot-pounds) there is as 
much as a 1 to 3 variation, depending upon the service conditions as to speed 
of operation, stroke, etc., which they have to meet. The following table of 


costs, weights and dimensions of some typical electromagnets is given merely as 
a rough guide. 
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ELECTROMETERS. — (See also Electrodynamometers; Volimeters: Watt- 
meters.) An electrometer is primarily an instrument for measuring potential 
differences, but under certain conditions may also be used as a wattmeter; in 
the latter case it is usually called an electrostatic wattmeter. The deflection 
of the instrument is due to the attraction or repulsion of electrostatic charges. 
It may be used for either direct- or alternating-current measurements. 

There are a great variety of forms of electrometers. On account of the care 
required in its use, the ordinary quadrant electrometer is seldom employed 
except for laboratory purposes, but various modifications of the electrometer 
provided with pointer and scale so as to be direct reading are used commer- 
cially for high voltage measurements. Such instruments are known as electro- 
static voltmeters; for description see article on Volimeters. 


Electrometer versus Galvanometer or Electrodynamometer. — The 
advantage of the electrometer over the galvanometer or electrodynamometer is 
that it takes no current when used for constant (d-c.) voltage measurements. 
Due to its electrostatic capacity, however, it does take a certain amount of 
charge which should always be allowed for if the capacity of the electrometer 
is appreciable compared with any other capacity which affects its reading. 
Also, when used for a-c. measurements, the charging current taken by the 
electrometer should be allowed for, if this charging current is appreciable. 
This charging current is usually considerably less than woüld be taken by an 
electrodynamometer of the same degree of sensitiveness. 


KELVIN QUADRANT ELECTROMETER (Fig. 1). — Two brass quad- 
rants a and a’ are connected together and two quadrants b and b’ are con- 
nected together and these respective pairs are well in- 
sulated from one another. The “needle” z (a light alum- 
inum vane) is suspended by a silk, silvered quartz or other 
fiber and insulated from the quadrants. 

A light aluminum vane v is suspended from the needle 
by a fine conducting wire and dips into a conducting solu- 
tion, usually 6o per cent sulphuric acid, which serves as a 
means of connecting the needle to any external source of 
p.d. or to the ground. If a conducting suspension is used 
this may be employed to connect the needle to the external 
Sourc of potential. The sulphuric acid also keeps the air Fig. 1. Quadrant 
dry in the case containing the quadrants, and the motion: Electrometer 
of the vane in the acid damps the vibrations of the néedle. 

he suspension carries a mirror m by means of which.the deflection of the 
needle may be read. - á (3 


_ Formulas for Quadrant Electrometer. — In order to obtain a straight 
line calibration curve the needle must be properly shaped and must be sus- 
pended midway (vertically) between the two quadrants and must have a sym- 
metrical zero position with respect to the two quadrants. Under these conditions 
When the two pairs of quadrants are charged to potentials Va and V» and the 
needle to the potential V4 above any fixed potential, say that of the ground, 
the angular deflection is . "um i | : | 


D«L(V,-Vy) (v«- Fats), 
K | 2 
where K isa factor, which is practically a constant. The value and ‘constancy 


of A factor K should be determined by calibration. =. . . 
ere are three ways of using the instrument, as indicated in the diagram; 
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Fig. 2. E isa known voltage, V the p.d. to be measured, aand b the two pairs 


of quadrants and s the needle. in 
Case I. © V=B4 VE —2KD. (See footnote.) a 

' Tln 
Case IT. V= L— | ‘ “i 
Case III. V2 VaKD. | EM ax 


Cases I and II are applicable to measurements of constant (d-e.) potentials tn 
only. Case III may be used for i 
the measurement of either alter- | 
nating. or direct potentials. In 
the case of alternating potentials 
V is the effective value. 

Range of Quadrant Elec- 
trometers.— The range of a 
quadrant electrometer when ¥ 
used as in Case I or II depends 
upon the maximum voltage E 
which can be impressed between 
the two pairs of quadrants and between the quadrants and the needle, andalo | à; 
upon the fineness and material of the suspension fiber. ‘Cage III is not ap 
plicable to the measurement of very low voltages. Electrometers can be pur] ai 
chased suitable for measuring direct voltages as low as about. 2 volta, and s ' 
high as 50,000 volts, and for alternating voltages as low as uU 2 volt andas |. | 
high as 25,000 volts. i Xi 

Extension of Range by Use of Auxiliary Gdenes (Fig.3).— 1 
connecting the p.d. to be measured across two condensers in series and ina i 
ing the voltage across only one of them, the instrument may be used for the 
measurement of high voltages of practically any magnitude. The connections 
are as shown in Fig. 3. If the condensers have no leakage, then 


V= v, Cy+ Cte 
Ca 


where V, is the voltage read by the electrometer, C, and a. the capacities of 
the two condensers and c the capacity of the condenser formed by the electrom 


Y 


Electrometeg , 


Fig, 3. Electrometer Range Ex- Fig. 4. ‘Electrostatic Waumeae 
|. ^ ` tended by Condenser LE 


eter quadrants end eede: u C nd Cs are. large compared with c, then ¢ 
may be neglected, but the larger Cı and C2 the greater will be the charge (and 
therefore the charging current, in case of : an a-c., measurement) taken by the 
measuring circuit. 
Quadrant Electrometer as Electrostatic Wattmeter (Fig. 4).—The 
l . quadrant electrometer may be used to measure witha fair degree of precision 
* Use the — sign if V is less than E, the + sign if V is greater than E, and call the de 


A Lian m^hcibtTue ih evarv ease. 
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very small amounts of power, of the order of 1 watt, when the voltage giving 
this power is Sooo voltsor more. It therefore serves as a very convenient means 
of measuring the power foss in small samples of insulating materials at high 
voltages. See paper by E. H. Rayner, Jour. Inst. Elec. Eng., 1912, Vol. 40, p. 3. 

The commections used by Rayner are shown in Fig. 4. Risa non-inductive 
resistance. "The needle of the electrometer is connected to the middle point of 
the high-tension winding of the transformer. On the assumption that the charg- 
ing Current of the electrometer and the difference im phase between V and E may be 
negledted, the powet supplied to the load is 


2K 


where K iis the instrument constant and D the deflection. The range of the 
Instrument as thus used depends upon the value of R, the higher R the smaller 
the amount of power which may be read. 

However, the higher the value of R the greater the phase difference between 
E end V if the toad current is out of phase with Y, and therefore for small power 
measurements when the load has a low Power factor e.g., when it is & condenser, 
an allowance must be made for this difference in phase angle. Also, when the 
charging current of the electtometer is comparable in magnitude with the load 
current a Correction must also be applied en this account. These corrections 
are discussed in detail in Rayner's paper. . 


COST. — An ordinary Kelvin quadrant electrometer suitable for measur 
thy potentials of from 400 to 1360 volts costs approximately $150. 


BIBLIOGRAPHY — Eric Gerard, Mesures Electrique, Paris, 1908 ; G. D. 
Aspinall Parr, Elecirical Engineering Measuring Instruments, N. Y. 1903. 


.. [H. PENDER AND H. R. RANKENJ 
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ELECTRON THEORY. — (See also Electricity and Magnetism, Principles 
of ; Electrochemistry, Principles of.) Maxwell’s assumption of a displacement 
current producing magnetic effects similar to those due to an ordinary œn 
duction current is fully justified by-the existence of electromagnetic waves 
(q.v.) whose properties are now well known. In free space these waves travel 
with the velocity of light; this fact leads to the conception of light waves as 
being the same as electromagnetic waves, only of shorter wave lengths. How- 
ever, when this theory is applied to waves in material media, the optical con- 
stants as calculated from the theory are found not to agree with the values 
determined experimentally. The electron theory, namely, the assumption that 
in every body, whether charged or uncharged, there exists electricity of both signs 
distributed not continuously but on diserete particles, was first. introduced* to 
account for these discrepancies. . 

Not only does this theory account for these discrepancies in a satisfactory 
manner, but it also leads to a simple explanation of such phenomena as metallic 
conduction, the discharge of electricity through gases, the corona effect, etc. 


NATURE OF THE ELECTRONS. — The smallest negatively charged 
particle that it has been found possible to detect is called an electron; the 
smallest positively charged particle was also originally ‘called an electron, but 
this name is now usually reserved for the smallest negatively charged particle. 

Properties of the (Negative) Electron. — The results of all experiments 
justify the following assumptions regarding the electron. 

1. The charge carried by a single electron is the smallest possible charge 
which can exist in nature and no charge of electricity can be produced which is 


not an integral multiple of this charge.. The value of the charge carried by 4 
single electron is approximately | 


e =4.9X 107 | cg. electrostatic units 


(= 1.6 X 107? c.g.s. electromagnetic units). This charge is also equal to that 
carried by the hydrogen atom in electrolysis. The charge on an electron may 
be looked upon as the “atom” of electricity. (There is also considerable 
evidence indicating that the electron is electricity pure and simple, having no 
mass in the ordinary sense; see below.) 

2. The "effective" mass of an electron may be defined as the force required to 
give it unit acceleration.t All experiments indicate that the “effective” mass 
of an electron, as thus defined, is approximately l 


m = 8.9 X 107% -~ grams, 


provided the electron is not moving with a velocity greater than one-tenth the 
velocity of light; for velocities greater than one-tenth that of light the “ effec- 
tive" mass of the electron increases with increase in velocity (see below). 
The mass 8.9 X 1072 is about one-seventeen hundredth (14700) that of a by- 
drogen atom. 

Unless otherwise stated, wherever the expression “mass of an electron" is 
used in this article, it is to be understood that this effective mass is meant. 

3. An electron having a charge e and moving with velocity v produces the 
same magnetic field as an elementary length ds of a conduction current of 
strength i, where ev = ids. (See Electricity and Magnetism, Principles of.) 

4. Every neutral atom of matter contains at least one electron which is held 
in position by forces analogous to elastic forces, that is, an electron may oscillate 


* H. A. Lorentz: Proceedings of the Amsterdam Academy, 1878. 
` t That is, f = ma, where f is the force, a the acceleration; and fs = í is the “effective” 
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within the atom, or may be displaced by an impressed electrostatic field. The 
electrons are always of the same nature irrespective of the substance in which 
they exist. 

5. Anelectron may be forced from the atom by the influence (mutual repul- 
sion) of a “free” electron moving at a high velocity in its immediate vicinity. 
This action is usually spoken of as a bombardment, or collision, although it is 
not necessary to assume that the free electron actually hits the atom. 

6. When an electron is expelled from an atom the atom manifests the prop- 
erties of a positively charged body. 

7. In every substance there exists in addition to the electrons within the 
atoms a certain number of “free” electrons, i.e., electrons which can move freely 
in the inter-atomic spaces; these free electrons may also pass from one sub- 
stance to another. Under certain conditions, e.g., in a gas at ordinary pres- 
sures, a free electron may attach to itself one or more atoms or molecules. 


Properties of the Positive Particle. — Experiment also justifies the follow- 
ing assumptions regarding the positively charged particles: 

I. The smallest positive charge that it has been found possible to produce is 
numerically equal to that of an electron, viz., 4.9 X ro~! c.g.s. electrostatic 
units. 

2. The smallest possible positive charge is always associated with a particle 
having a mass of the same order of magnitude as that of an atom, this mass 
being never less than that of a hydrogen atom. 

3. The positively charged particle may be looked upon as an atom from which 


one or more electrons have been expelled; its mass therefore depends upon the. 


nature of the atom. A “free” positively charged particle may also attach to 
itself one or more neutral atoms or molecules. 


Relation between Electrons and Ions. — The term “ion” is usually 
reserved to designate any charged body having a mass of the order of magnitude 
of that of a molecule or atom. In this sense an electron is not an ion, but the 
positively charged particle is an ion. If, however, the electron becomes attached 
to an atom or molecule, then this combination forms an ion. In the case of the 
discharge of electricity through gases at low pressure, the electron, although it 
is not attached to an atom or molecule, is sometimes called an ion. See also 
Electrochemistry, Principles of. 


APPLICATIONS OF THE ELECTRON THEORY. — The hypothesis 
of electrons, as sketched above, leads to a simple explanation of marty of the 
electrical and optical properties of matter which are otherwise inexplicable. In 
the following paragraphs will-be taken up briefly some of the applications which 
best illustrate the utility of the electron theory. 

Variation of Optical Properties with Wave Length. — The change of 
refractive index with wave length and the occurrence of selective absorption, 
emission and reflection can be explained on the assumption that in general 
there exist in a given molecule several kinds of electrical systems each capable 
of vibrating with a definite period. The simplest sort of such electrical system 
is an electron which is subject to forces of restraint varying directly as the dis- 
placement of the electron from its position of equilibrium and also to forces of 
an energy-dissipating character. If, in any one substance, the assumption is 
made that there exist electrons of as many different periods of vibration as there 
are wave lengths for which the' substance absorbs selectively, it is possible to 
account for the variation with wave length of the refractive index in a very 
satisfactory manner and for selective absorption, emission and reflection. 

Zeeman Effect. — If a body capable of emitting radiation selectively, for 
example a sodium flame, is placed in a magnetic field and the light given out 
is examined by means of a spectroscope, the spectrum lines are found to be 
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broken up into three or more components if viewed perpendicularly to the lise 
af magnetic force, and into two or mere components if viewed along the lines of 
force. In the former case, when there are but three component lines, the lings 
are plane polarized, the plane of polarization of the middle component (which 
. has the same wave length as the original line) being at right angles to the planes 
of polarization of the other two components; in the latter case, when there are 
but two component lines, the two components are circularly polarized in opposite 
directions. These phenomena are known as the Zeeman effect. 
-Jf it is assumed that the electrons in the molecules of a, substance normally 
vibrate harmonically, the simple type of Zeeman effect (ie. a line broken up 
into only three or two components) can be readily accounted for. Moreover, 
the observed distance between the component lines when a given spectrum line 
is split up under the action of a magnetic field is fowad to agree with the dir 
tance as calculated on the assumptions of the electron theory. Or, stated 
otherwise, quantitative measurements of the Zeeman effect give a rans of 


Sate . € " i i 
determining the ratio x that is, of the charge carried by an electron to its mass, 


and the ratio as thus determined is found to agree with the determinations af 
this ratio by other methods. 

. By making proper assumptions as to the influence upon any electron of its 
neighbors it is possihle to explain satisfactorily many of the complicated types 
of Zeeman effect. 

- Faraday Effect. — When a ray of plane-polarized light is passed through a 
trensparent substance in a magnetic field, the field being parallel to the ray, the 
plane of polarization is found to be rotated. This phenomenon is known as the 
Faraday effect. 'The explanation of this effect in terms of vibrating electrons 
offers no difficulties. See Campbell's Modern Electrical Theory. 


Electrical and Thermal Conductivity. — One of the fundamental assump- 
tions of the electron theory is that in conductors there are many electrons which 
are free to move about among the molecules besides those electrons having 
fixed positions of equilibrium. It is likely that these electrons are not always 
the same ones; the molecules are probably continually gaining and losing 
electrons. It is reasonable to.assume that the more free electrons (on the avet- 
age) in a body the better electrical conductor it is. According to the kinetic 
theory of matter, the molecules of all substances not at the absolute aero of 
temperature are in a state of ceaseless agitation; if the assumption is made 
that the free. electrons share in the motion of the molecules, then the more free 
electrons there are in a metal the more rapidly will kinetic energy be communi- 
cated from any molecule to neighboring ones, that is, the better conductor of 
heat the metal will be. am x F | 

In order to deal quantitatively with the matter some assumption as to numer 
ical values must he made; the one that has been made is that the mean kinetic 
energy of the electrons is equal to the mean kinetic energy of the molecules 
Using the above assumption and also making one as to the relation betwee 
the number of electrons per unit volume and the temperature, it has heen 
found possible to explain: x. Joule'a law for the production of heat in a or 
ductor carrying an electric current; 3. the Wiedemann-Frana law, which state 
that for pure metals the ratio of the thermal to the electrical conductivity i 
independent of the nature of the metal and is proportional to the absolute tet 
perature; 3. the Peltier and "Thomson effects. The theory alsa throws mud 
light on the nature of the Hall effect. 


Electrolyais. — Faraday’s laws of electrolysis (see Electrochemistry, Prinibi . 


of) are readily explicable in terms of the electron theory. It is only necessary 
to assume that each positive univalent jon in the solution is an atom from which 
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one electron has been expelled, each positive bivalent ion is an atom from which 
two electrons have been expelled, etc., and that each negative univalent ion is 
a neutral atom to which one electron has attached itself, each negative bivalent 
ion is a neutral atom to which two electrons have attached themselves, etc. 


Magnetic Properties. — The magnetic properties of bodies may be explained 
in terms of the electron theory by assuming that the electrons in the molecules 
of magnetic substances revolve in orbits within the molecule, thus making each 
molecule produce a magnetic field similar to that produced by a single turn of 
wire carrying an electric current. 


Cathode Rays. — When an electric discharge is passing in a vacuum tube, 
at a certain value of the pressure of the gas contained in the tube it is noticed 
that a greenish phosphorescence occurs on the walls of the tube. By placing 
solid bodies in the tube it is found that the phosphorescence is due to something 
proceeding in straight lines perpendicularly from the surface of the cathode. The 
name “cathode rays” has been given to this agent which produces the phos- 
phorescence. These rays are deflected by both electric and magnetic fields and 
communicate a negative electric charge to an insulated conductor. The assump- 
tion that these “rays” consist of a rapidly moving stream of electrons leads to 
& simple explanation of their properties, both qualitatively and quantitatively. 
The amount of the deflection of the rays, under the action of magnetic and 
electrostatic fields, can be calculated on the assumptions of the electron theory, 
and a comparison of the calculated with the observed deflections shows the two to 


; ; . € 
bein close agreement. Or, stated otherwise, the ratio "EL calculated from the 


observed deflections is found to agree with the value of this ratio determined 
from otber data. 


Kanalstrahlen. — If the cathode of a tube producing cathode rays is per- 
forated, faint luminous streaks are seen to proceed through these perforations in 
a direction opposite to that of the cathode rays. The name “kanalstrahlen”’ 
has been given to this phenomenon (the German name is very generally retained 
in English). These rays are also deflected by both electric and magnetic fields 
but to a lesser extent and in relatively the opposite direction from the deflection 
of cathode rays, and communicate a positive charge to an insulated conductor. 

In terms of the electron theory these rays are positively charged ions. Cal- 
culations from actual measurements, making this assumption, show that the 
charge carried by each of these ions is numerically equal to that of an electron, 
and that the mass of each ion is never less than the mass of a hydrogen atom, 
but may be greater, depending upon the nature of the gas and the pressure in 
the tube. That is, the cathode particle is an electron traveling in one direction 
and the kanalstrahlen particle is what is left of the atom which has lost an 
electron, traveling in the opposite direction. 


Ionization of a Gas. — Gases at or near atmospheric pressure are normally 
very good insulators, i.e., have an extremely high insulation resistance. How- 
ever, a gas may be rendered a fairly good conductor in a number of ways, viz., 
by passing X-rays through it, letting ultra-violet light fall upon a metal plate 
immersed in it, subjecting it to the influence of the rays given off by radium, 
passing it close to a flame or a hot piece of metal or by establishing in it a brush 
discharge or corona (q.v.). A gas rendered conducting in any of these ways is 
said to be “ionized.” E 

Interms of the electron theory the conductivity thus given to a gas is attributed 
to the breaking up of some of the molecules of the ga% into positive and negative 
ions. To account for the observed facts it is necessary to assume that, at 
pressures of 20 cm. or over, by barometer, the electrons and positive ions thus 
formed immediately attract molecules to themselves just as an electrified rod 
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attracts dust particles. Since the force of attraction is independent of the sign 


Wr y, 
of the charge both the positively and negatively charged particles thus produced s 


è eden 
would act in very much the same manner. In gases at low-pressures, however, bm 
the electron, or the positive ion, would rarely come within attracting distance of a tiim 
molecule and even if it did collect molecules about itself a-collision with a molecule te 
would probably reduce it to its simplest form at once. A collision in gases at ' 


Te 
high pressure probably has the same effect but the ion very soon reforms owing Š 


to the greater number of molecules in its vicinity. 


Ionization by Collision— Theory of the Corona. — The electron theory 
assumes that at least a few free ions (positively charged particles or electrons 
with one or more molecules attached) exist in every substance. The fewer 
these free ions, the better the insulating properties of the substance. Under 
the action of an electric field these ions are given a velocity which depends upon 
their mass and upon the distance which they can travel before colliding with 
other molecules or ions. In the case of a gas the “mean free path” is relatively 
large, being greater the less the density. 

The ions present in a gas may therefore acquire, under the action of an electric 
field, a very considerable velocity. When one of these rapidly moving ions 
comes very close to a molecule of the gas it exercises a large force of repulsion 
on the electrons in the molecule and may thereby expel one or more electrons 
from the atom. The electric field therefore causes a large increase in the num- 
ber of ions present in the gas and consequently the conductivity of the gas is 
largely increased. 

This is the probable explanation of the formation of the corona (q.v.), granting 
the existence of a few free ions in the gas to start with. The existence of these 


ions is rendered extremely probable by the fact that all gases in the natural 
state have an appreciable conductivity. 


Formation of Clouds in Dust-free Ionized Gas. — If a dust-free gas 
rendered conducting by any of the methods described above is saturated with 
water vapor and then subjected to an adiabatic expansion, it is found that a 
cloud of small drops will form and that the drops will be charged. By observing 

the rate of fall of these drops under the action of gravity alone and also undet 
the action of gravity and a known electric field, the charge’ on each drop can 
readily be calculated. (See J. J. Thomson, Conduction of Electricity through 
Gases.) This charge is found to have approximately the value 4.9 X 107” elec 
trostatic units or some exact multiple of this charge. Small drops carrying electric 
charges are also very commonly produced in the process of spraying a liquid. 
The charges carried by such drops have been investigated by numerous ob- 
servers and have always been found to be exact multiples of the charge 49X 
10-1? electrostatic units. These experiments are the justification for assuming 
that the charge of an electron is 4.9 X 107" c.g.s. electrostatic units. 


MASS OF THE ELECTRON. — Since to account for the various observed 
facts noted above it is necessary to assume that a moving electron produces 4 
magnetic field (which assumption is in accord with the experimental fact that 


a moving charged body of finite dimensions produces a magnetic field), it follows 
that the toi energy of motion of an electron is- 


W - 1 ma? + We, 


where the term 4 mov? represents the energy which would be required to give 
the electron a velocity v if 4 had no electric charge whatever, and We is the energy 


stored in the magnetic field established by the motion of the charge carried by 
the electron. This expression may also be. written 


1% (mo-+ me) 2, 
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where m, = 2 W./v®. The quantity mo is the ordinary or mechanical mass of 
the electron; the quantity me is called the “electromagnetic mass” of the 
electron. The latter, however, is more analogous to the coefficient of self- 
induction than it is to mechanical mass, since it is part of the expression for the 
energy of the magnetic field established by the moving electron. 

The total “effective” mass of the electron is then > 


m = mo + Me. 
. . * * * . *. € 
Since it is the total “effective” mass that enters into all calculations of 2: from 


experimental data, it is impossible by direct experiment to determine mo and 
Me separately. However, Mme can be calculated in terms of the charge e and the 
velocity, provided certain assumptions are made regarding the distribution of 
charge in the electron. Several different formulas have been proposed, based 
on different assumptions, regarding the distribution of the charge. ATI these 
contain a constant term independent of the velocity, and this constant term, 
within the limits of experimental error, is found to be equal to the total mass m 


vo . € 
calculated from experimental determinations of the ratio - and íhe charge e, pro- 
vided the velocity of the electron is less than one-tenth that of light (see next 


paragraph). Hence the mechanical mass mo of the electron is negligible, within | 


the limits of experimental error, compared with the electromagnetic mass me. 

The above considerations are the basis of the assumption, now generally 
made by physicists, that the mass of the electron is entirely electromagnetic 
ie. that the electron is electricity pure and simple. In fact, some physicists 
go ‘farther and try to explain all mass in terms of electricity. A satisfactory 
theory of this kind, however, cannot be developed until the properties of the 
positively charged particle are better understood. See J. J. Thomson, The 
Corpuscular Theory of Matter. 


Variation of the Mass of the Electron with Velocity. — When the 
velocity of the electron approaches that of light both theory and experiment 
indicate that its electromagnetic: mass increases. The formula which best 
satisfies the experimental facts is that deduced by Lorentz, viz.. 


8.9 X 107% 
Me = — = 


where 9 is the velocity of the electron and V the velocity of light. For y less 


than 0.1 this formula gives a value for me constant to within an error of x per 
cent. Since the mechanical mass of the electron (if there is such) is negligible 
compared with me, the above formula also represents, within the limits of 
experimental error, the variation of the total effective mass with velocity. | 


BIBLIOGRAPHY. — Campbell, N. R., Modern Electrical Theory (Cam- 
bridge University Press, 1913); written as an argument for the electron theory 
and sets forth at considerable length all the significant facts of the case. 
Thomson, J. J., Conduction of Electricity through Gases (Cambridge University 
Press, 1906); this book is a mine of information on everything pertaining to 
the conduction of electricity through gases. Thomson, J. J., Cor puscilar Theory 
of Mailer (Constable and Co., London; Scribner, New York, 1904); gives an 
account of the structure of the atom and other matters of a similar nature. 
Rutherford, E., Radioactivity (Cambridge University Press, 1912); detailed in- 
formation on radioactive processes. 
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ELECTROSTATIC PRECIPITATION OF SUSPENDED PAR- 
TICLES. — (See also Electricity and Magnetism, Principles of.) Gases con- 
taining particles of matter suspended in them, like smoke or smelter fumes, may 
be purified electrically, the particles being deposited and recovered, The proc- 
ess has been applied with success to a number of installations, by the Inter- 


national Precipitation Co. of San Francisco, operating under the patents of 
F. G. Cottrell. 


Principle. — The essential features of the process are as follows: 

Two insulated electrodes are placed in a gas containing suspended particles, 
one electrode being a flat plate of iron or lead and the other a wire covered 
with a fuzzy semi-conductor such as asbestos. In some plants, the charging 
electrode is made of wire gauze through which the particle-laden gas is forced 
to escape. In passing through the gauze the solid particles become electrified 
and are drawn to the flat electrode. The electrodes are connected to the ter- 
minals of a source of direct current, between which is maintained a difference 
of potential of 20,000 or more volts. The discharge from the fuzzy surface 
of one electrode electrifies the suspended particles with charges of the same 
sign. The result is that the particles are repelled from the fuzzy electrode 
and attracted to the flat plate, on which they are deposited, "The source of 
current is a transformer and a commutator driven by a synchronous motor. 


Typical Installations. — This process is in use for the deposition of fumes 
from smelter plants, powder factories, cement plants, etc. . The first commercial 
installation was at the works of the Du Pont de Nemours Powder.Co. at Pinole, 
Cal., where sulphur trioxide fumes were deposited electrically. One kilowatt at 
a transformer voltage of 6600 volts was consumed in depositing the fumes from 
100 to 200 cubic feet of flue gas per minute. The next installation was at the 
Selby Smelting and Lead Co. (Vallejo Junct., Cal.), where several tons of 
lead fumes mixed with arsenic and sulphur trioxide issued daily from the stacks. 
A stack, which gave forth about 5000 cubic feet of gas per minute, was treated 
by suspending lead plates 4 inches wide and 5 feet long, four inches apatt in 
several rows, the flue being 4 feet square. Between the plates were suspended 
lead-covered iron wires covered with a fuzzy coating of mica. These conduc- 
tors were supported on two sets of insulators. The power consumption was 
2 kilowatts. An installation at the Balaklala Smelter Works (Coram, Cal) 
was tested with the result that 85 per cent of the solids in the gases were shown 
to be deposited. At the Coulton Cement Works, Cal., 20 tons of cement dust 
per day were deposited from flue gas at 450°C. _ l 


BIBLIOGRAPHY. — Cottrel, F. G., The Electrical Precipitation of Sus- 
pended Particles, Jour. Ind. and Eng. Chem., 1911, Vol. 3, p. 542; Eng. and Min. 
Jour., 1908, Vol. 86, p. 375; Jour. Elect. Power and Gas, 1911, Vol. 26, p. 375 
and 1911, Vol. 27, p. 165; Smoke Precipitation, Trans. AIME., 1912, Bull 
67, p. 667. (These articles relate to practical installations.) Lodge, O., The 
Electrical Deposition of Dust and Smoke with Specia} Reference to the Colection 
of Metallic Fumes and a Possible Purification of the Atmosphere, Journ. Soc. 
Chem. Ind. 1886, Vol. 5, p. 572. (This article contains a good historical bibli- 
ography and treats of experimental stages.) Strong, W. W., Electrical Precipi- 
tation of Suspended Matter in Gases, Jour. Franklin Inst., 1912, Vol. 174, p. 239 
Patents, U. S.: Walker, A. O., 1886, No. 342,548; Cottrell, F. G., 19%, 
No. 895,729. l ' l 
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ELEMENTS, CHEMICAL. — (See also Electrochemistry, Principles of; 
Weights of Materials; Heat and Heat Effects.) An element is a substance which 
cannot be further decomposed. into simpler substances by amy known means of 
chemical analysis. At the present time about 100 elements (including the 
radioactive elements) have been discovered. Recent investigations in radio- 
activity have proved that substances now regarded as stable elements may be 
undergoing a process of transformation, the rate of which is, however, too slow 
to be detected by any known means. In the case of other highly radioactive 
elements the rate of spontaneous transformation is relatively great; thus it has 
been shown that helium is an elemént resulting from the disintegration of 
radium and the unstable elements formed in the process of its breaking up. 
The "life" of these unstable elements varies from a few minutes to many 
years. 


Atomic Weights. — Elements always combine in definite proportions (or 
simple multiples of these proportions). It is possible to assign to each element 


;; .& number such that the relative proportions (by mass) in which two or more 


elements combine are simple multiples of these numbers. The minimum com- 
bining mass or weight of oxygen has been chosen as 16, for certain practical 
reasons, and in terms of this standard the smallest combining weights of the 
other elements are determined by experiment. The numbers thus obtained are 
called “atomic masses" or more commonly “atomic weights." Formerly 
the atomic weight of hydrogen was taken as unity, in which case the atomic 
weight of oxygen equalled 15.98. On the atomic theory the atomic weight 
is proportional to the mass of the atom. The values of the atomic weights of 
the elements, as revised to 1913 by the International Committee on Atomic 
Weights, are given in the following table. 

The Periodic Law.— The most important relation between the atomic 
weights was discovered by Mendelejeff and Lothar Meyer and is known as the 


Periodic Law. This states that “the properties of the chemical elements. are 


periodic functions of their atomic weights! Thus the elements may be arranged 
according to ascending values of their atomic weights in groups or families in 
each of which the chemical and physical properties of the elements are related. 
The existence and properties of several elements have been predicted by the 
aid of this law before their discovery. 
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INTERNATIONAL ATOMIC WEIGHTS, 1913. 
| 
Element Element Sym- | Atomic 
bol | weight 
Aluminium....... : Molybdenum.............. Mo 96.0 
Antimony........ : Neodymium.............. Nd | 144.3 
Argon............ Neon cuoio iu v2 Ne 20.2 
Arsenic........... : Nickel................Lse. Ni 58.68 
Barium........... Nitron (radium emanation); Nt 222.4 
Bismuth......... i : Nitrogen. ................. N 14.01 
Boron............. 2 Osmlitmic usitas ees vs Os 190.9 
f Bromine.......... f Oxygen.......... eese O 16.00 
: Cadmium........ Palladium................. Pd 106.7 
i Caesium...... Phosphorus.......,........ P 31.04 
7 Calcium.......... Platinum.................. Pt 195.2 
| Carbon........... Potassium................. K 39.10 
Cerium........... Praseodymium............ Pr 140.6 
» Chlorine.......... Radius ioo Ra | 226.4 
| Chromium....... Rhodium.................. Rh | 102.9 
Cobalt........... Rubidium................. Rb 85.45 
: Columbium...... Ruthenium................ Ru | 101.7 
p Copper........... Samarium................. Sa 150.4 " 
| | Dysprosium...... Scandium.................. Sc 44.1 i. 
b: Erbium. ......... Selenium. -n.n Lao. oona Se | 22] | h 
i Europium........ Silicon CRT RS Si 28.3 
L Fluorine.......... SIVE. C dris ees cea deua Ag | 107.8 
i Gadolinium...... Sodium. ..............000- Na 23.00 
5 Gallium.......... Strontium................. Sr 87.63 
| Germanium...... Sulphur................... S 32.07 
à Glucinum........ Tantalum................. Ta | 181.5 
a Gold. dese Tellurium. eese. Te |1275 
d Helium.......... Terbium...............00. Tb | 159.2 
: | Holmium......... Thallium.................. TI 204.0 
E Hydrogen........ 1.008| Thorium................6. Th | 232.4 
T Indium........... Thulium.................. Tm | 168.5 
1l Iodine............ TIS rcu e ek D RAS $n 119.0 
M Iridium. . ........ Titanium... a...se. Ti | as 
i Iron. 5o dee Tungsten... oenen W 184.0 
| Krypton.......... Uranium.................. U 238.5 
E Lanthanum Vanadium................. V 51.0 
Ea Lead. ciober Er. 207.10 | Xenon...............eesse. Xe 130.2 
PM Lithium.......... i 6.94 | Ytterbium (Neoytterbium) Yb | 172.0 
i | Lutecium......... X ULDIUTB pcs ie oS ezds Yt 89.0 
* i Magnesium 24:32. | Zine «cese € Zn 65.37 
pen Manganese........| Mn 54.93 | Zirconium................. Zr 90.6 


Mercury....... Hg 200.6 
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ELEVATORS, ELECTRIC.— (See also Hoists; Motors, Industrial A pplica- 
lions of.) Elevators may be divided in two general classes, freight and passen- 
ger. The former requires a comparatively slow speed, about 75 feet per minute 
and, as a rule, only an infrequent starting and stopping. The passenger elevator, 
on the other hand, requires a speed of from 250 to 500 feet per minute. The 
lower speed is used for local elevators which may be called upon to stop at every 
floor. Ability to start and stop the elevator quickly and economically is here 
of the greatest importance, and the hoisting speed is of minor importance. 
Express elevators require a much higher speed, but as they generally must oper- 
ate as locals for a number of the upper floors they are often of the two-speed 
type. 

Power Required. — The horse-power of an elevator motor depends on the 
load to be raised, the speed of travel and the elevator efficiency, that is, the com- 
bined efficiency of the motor, the gear and the drive. It is customary to counter- 
balance the weight of the cage, and if it is under or overbalanced this amount 
must be added or deducted from the live load to get the actual load. 


H = - 
va ee 33,000 X (Efficiency) 


An efficiency of 0.50 is generally used in problems of this kind. 

As the load is intermittent the motors are generally rated on the basis of 
$5? C. rise, with full load for one-half hour. The starting torque should be from 
2 to 244 times full-load torque. 


Direct-current and Alternating-current Systems are both in pened use 
for elevator service. With the direct-current system the adjustable-speed motor 
having a small percentage of compound winding is best adapted for obtaining 
the best control and.a smooth acceleration. The series winding is cut out by 
the controller at normal speed, but is necessary in starting, insuring a smooth 
quick start, and it is furthermore of great value in the subsequent control of the 
motor. The best results will be obtained with about 10 to 15 per cent series- 
field winding. 

Very successful service is also obtained with the alternating-current system. 
Squirrel-cage induction motors should, however, only be selected for slow- and 
constant-speed freight elevators and where the impairment of the line regula- 
tion, caused by the high-starting currents, can be overlooked. For large capacity 
elevators the squirrel-cage motor is entirely unsuitable, as it cannot be thrown 
directly on the line without inserting a primary starting resistance. This, 
however, cuts down the applied voltage and decreases the starting torque. 
Where squirrel-cage induction motors are used they must be of the high-resist- 
ance rotor type so as to provide for a high starting torque. 

The polyphase-slip-ring type of induction motor has proven to be very satis- 
factory for elevator service for speeds up to about 250 or 300 feet per minute, 
This type of motor has a high starting torque characteristic, and suitable sec- 
ondary control can readily be provided that will insure a smooth acceleration. 
For higher speeds two-speed machines are as a rule desirable, which eliminates 
the alternating-current motor. Dynamic braking (see Cranes) is also desirable 
with high-speed elevators, and in order to accomplish this with alternating- 
current motors, it would be necessary to provide a small motor-generator set to. 
supply a direct-current excitation to the primary winding of the motor. There- 
fore, modern high-speed elevators are, as a rule, of the direct-current type. 

Elevator Controllers must fulfill the most exacting service requirements. 
They must insure a smooth acceleration, afford positive speed control under 
widely varying loads, bring the elevator quickly, but smoothly, to a stop, or 


(Unbalanced load in lb.) X (Speed of elevator in ft. per min.) 


. the braking effect of the current generated in this local circuit js available to 
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from high to low speeds, regardless of load. Accurate stops at the landings A 
must be made and devices should be provided to protect against slack cable, | 2! 
overtravel, overloads, failure of voltage, etc. Controllers may be of the ful- | *& 
magnet type, the semi-magnet type or the mechanically operated type. High | 8% 
speed passenger elevators running from about 200 to 600 feet per minute are | 53 
practically always installed with full-magnet controllers. Hee 
Direct-current Control Equipment. — With a direct-current equip- vay 
ment the car is started by moving the car switch or car-controller handle directly ni 
to the full on position. This releases the solenoid brake, after which the motor H 
starts with full field strength and with resistance in the armature circuit. After ds 
the motor has started, the contactors on the contactor panel automatically cut t m 
out the dynamic brake resistance, the armature resistance and the series field, i 
when the motor reaches its normal speed. Current relays limit the current |. 
taken during the acceleration to a predetermined value. An overload circuit i 
breaker is provided which opens the circuit, while running, in case an abnormal i 
current would tend to flow. "This overload circuit breaker is generally inter- i 
locked with the car switch in such a way that should the motor be stopped by | ^ 
the action of the circuit breaker relay, this can be reset from the car by merely = 
moving the control lever to the off position. ‘The control equipment is generally 7 
arranged to give two speeds — one, a range of from rest up to the normal speed ny 
of the motor, secured by cutting out the armature resistance step by step, anda ^ 
higher range, up to twice normal speed, secured by inserting resistance in the | ~” 
shunt field of the motor. d 


In stopping, the controller handle can be brought back to the second point, 
giving half speed, and then to the first point, which introduces the resistance in 
series with the armature and shunts the armature with the dynamic brake 
resistance which is relatively low. Jn this way it is possible to give a slow land- 
ing speed of about 25 per cent of the normal speed and which does uot vary very 
much with the load in the car. Moving the control handle to the off position 
stops the car. It causes the motor to be disconnected from the circuit at the 
same time applying the solenoid brake, which is actuated by a spring or weight. 
'The coil of the dynamic brake is connected to the motor armature so that this 
circuit is kept closed in stopping until the motor comes practically to rest, and 


assist the mechanical brake. 


Limit switches actuated by the elevator winding drum are provided to stop 
the elevator at predetermined limits of travel, In addition to these, overtravd 
switches are also ordinarily provided in the elevator hatchway as an extn 
precaution. These switches are arranged to open the control circuit on ovet- 
travel of the car. The first-named switches are generally connected so that 
after the car has been automatically stopped at either limit of travel, it is possib 
for the operator to start the car in the reverse direction only. When the hatc- 
way-limit switches open, it is, however, generally impossible for the operator to 
reverse the car without first going to the elevator machine, thus insuring atte 
tion to the cause which made it necessary for the hatchway-limit switch to 
operate the car. 

An auxiliary switch which will automatically stop the motor in case the abl: 
slackens from any cause, such as the breaking of the cable or the catching of the 
cage, is also generally provided. It is mounted on one side of the winding drun 
and operated by a cross arm extending across the drum. Should the cable be 
come slack the movement of the cross arm will serve to trip the switch, openi 
the control system and stopping the elevator. The slack-cable switch camo 
be automatically reset, but after having tripped out must be reset by-hand thi 
also obliging the operator to go to the source of trouble before the elevator au 
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Alternating-current Control Equipment. — As with the direct-current 
system there are also many types of controllers made for the alternating-current 
system. The best types are those known as the full-magnet controllers, which 
are automatic in operation and controlled from a car switch in the same manner 
as the direct-current type. As stated above, alternating-current motors should 
preferably not be used for speeds over 250 or 300 r.p.m., because it is not feasible 
to employ dynamic braking. This means that the car must be slowed down 


and stopped by the application of the solenoid brake alone, and the speed must - 


therefore be one that will permit of this being done with safety and comfort 
under all the widely varying conditions met with in elevator service.’ 

A complete alternating-current control equipment generally comprises a con- 
tactor panel, a car switch, one or more limit switches, a slack cable switch and a; 
solenoid brake. The solenoid brake is designed to be connected directly to the 
motor terminals, and when the circuit to the motor is closed the solenoid is 
energized and the brake retracted. Upon the opening of the main-line circuit, 
whether this is done intentionally in operating the elevator or is the result of 
accident, the solenoid is deénergized and the brake is instantly applied. The 
brake should be designed so as to permit of a gradual rather than an instanta- 
neous braking effect, so as to avoid jarring the car by stopping it too suddenly. 

The acceleration is accomplished by a number of alternating-current contac- 
tors, these being so connected as to cut a section of resistance out of each of the 
three phases of the rotor circuit simultancously, the rate of acceleration being 
Boverned automatically by a number of current-limit relays in the rotor circuit. 


Energy Consumption. — In all elevators, particularly in those electrically 
operated, the use of power increases in proportion to the number of starts and 
stops. This is a natural result of the use of the electric motor, in which the 
largest part of the energy is required for the process of acceleration, the next 
largest for electrical and mechanical retardation, and a lesser amount for the 
actual running speed, with a small proportion devoted to the continuous exci- 


tation of the field. It therefore follows that in this form of elevator, which is 


now so widely used, the main part of the consumption of power is directly re- 
lated to the number of stops and starts which result from the number of persons 
carried.. The diversities in results which have been reported from time to time 
as to the consumption of current by electrical elevators may therefore be attrib- 
uted to variations in traffic conditions. The results of a series of tests made 
upon the operation of a one-to-one traction elevator in a ten-story building as 
de by R. P. Bolton (4.S.M.E., 1910) are given in the table on the follow- 
page. i 

SPECIFICATIONS FOR ELECTRIC ELEVATORS.* — The following 
oe = intended to assist in writing specifications. See also article on 

Performance.—Where elevator is to be situated. Purpose, i.e., whether for 
passenger or freight service. Characteristics of current supply. Length. of 
An and number of stops. Full running speed and number of feet traveled 
tom rest to full speed. Noiselessness outside of spaces occupied by machinery. 


aximum kilowatt-hours per car mile. (This is often supplied by bidder for 
a given schedule.) ae 


: Machinery.— Type of hoisting machinery. Who supplies supports and fram- 
Ing for machines. Details of drum and shaft materials, and minimum diameter. 
W. usually of grey cast iron and shaft of forged open-hearth steel.) 
S orm and gear details. The worm shall be of open-hearth steel and the gear 

"Sphor bronze. Motor details (see artides on Motors.) Method of taking 
up thrust of shaft and drum. Details of brake. E : 


* By W. A. Del Mar. 
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ENERGY CONSUMED BY AN ELECTRIC ELEVATOR AT VARIOUS 
LOADS AND STOPS 


Machine: One-to-one Electric Traction. 
Total Weight of Car: 3956 pounds; Overbalance: 1060 pounds. 
Capacity: 2500 pounds at a speed of 5oo feet per minute. 


enr 

Stops | Up Iand 9 I, 5and 9 ent 
at Cy, 
floors D ` 9 du 9 sand 1 Y 
own an , S 

No. zu 
Lege 

Distance .. tor ft. 6 in. one way or per trip = 52 trips per car mile ly 
d. 

o rn 

Load, Ib...| OPEF=| 666| 1060] 1360| 2010| 2360| 2660| OP] 666| roóo| zorol 2660) | 3: 
ator ator ti 

ps dd menester by 
Kw-hr. pet 2.345 |2.075|1.945| 1.87| 2.15|2.495| 3.22| 3.09 |2.855| 2.52/2.915 3.85 “ny 
car mile.. " 

tn 

Up I, 3, 5, 7 and 9 1, 2, 3, 4, 5,6, 7, 8and9 in 

Stops at : ~| do 
floors No. i 
Down 9, 7, 5, 3 and 1 9, 8, 7, 6, 5, 4, 3 2andt i: 

EM 

tt 

Distance........... ror ft. 6 in. one way or per trip = 52 trips per car mile. fy 
"m BEE 

Load, lb............ Operator | 666 | ro6o | 2010 | Operator | 666 | 1060 | 2010 " 

— rne |__| OI" ME BE 


Kw-hr.percar mile} 4.9:  |4.185 |3.975 | 4.25 | 7.285 | 6.75 | 6.7.| 145 


Safety Devices.—(a) Centrifugal governor: When the speed exceeds a stated 
speed, the car shall be gradually retarded. (b) Machine governor: When speed 
of car reaches a certain amount, greater than that at which the centrifugal 
governor acts, and less than that required to throw tbe safety clutches on the 
car, the circuit breaker shall open. (c) Limit stops, upper and lower: When 
the car approaches the limits, the controller circuit shall be automatically 
opened, and the brake applied. (d) Circuit-breaker details. 


Cables.— Description, diameter and minimum number. The number of cables 
shall be sufficient to prevent any slipping of the cables on the drum when the 
car is operated under maximum load and contract speed. 


Switchboard and Wiring. — Details of switchboard. Details of controller 
cable, which should be extra flexible and insulated with the best quality 
rubber. 


Shaft Equipment. — Description of shaftway inclosures, with drawings 
Elevator pit; general description; -whether elevator contractor will find it 
ready for use and whether any machinery may be installed below the pit. Pent 
house; general description; whether elevator contractor will find it ready fot 
use, and whether any machinery may be installed outside or above penthouse 
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inclosure. Beams for support of sheaves, guides, governors, bumpers, etc. 
Description and drawings. Whether to be supplied by elevator contractor. 
Buffers under elevator, description. Counterweights, description; the material 
is usually grey cast iron. Shaftway fittings, including supports, oil buffers, 
grating for overhead sheaves, material of sheaves (usually tough grey cast iron), 


bearing boxes, drip pans, guide rails. The guide rails are usually steel tees of a” 


stated weight per foot. The details of their attachment to the shaft structure 
should be specified. Doors, details. 


Car. — Details of construction, including statement of sides where door or 
doors are required. Safety clutch, details. Slack-cable device, details. Coun- 
terbalan&e chains shall be attached to bottom of car to compensate for weight 
of elevator cables. 


Cage. — Details of construction, fireproofing, floor details, including finish of 
floors at edges, folding gate, lighting, emergency door, etc. "There shall be no 
strain on the cage when the safety devices operate. Operating equipment, 
induding controller, emergency switch, lighting switch, safety lever, annun- 
dator in connection with signal system, etc. 

Control System.— Control mechanism, description. Number of speeds by 
controller. Car to stop upon release of lever. Controller shall be out of way 
of passengers, yet allow operator to keep one hand on the gate while the other 
18 on the switch. Provision shall be made to operate the car from the switch- 

ard when not being operated from within. If the operator reverses while 
the car is running, the reversal of direction shall be gradual and without shock 
to passengers. The following operations shall be accomplished by controller: 
(à) Make and break circuit and reverse motor without destructible arcing at 
contacts or flashing at brushes. (b) Give easy acceleration of car independently 
of operator; stopping or starting without shock or jar. (c) Lift brake, cut 
out starting resistance quietly and operate fields by successive steps in starting. 
(d) Apply brake and cut in special field resistance in series with armature in 
Stopping in order to attain a retardation of the car prior to the pressure of the 
brake shoes upon the brake pulley. (e) Other control will be considered. 


Signaling and Indicator System.— Details of signaling system. Signals 
shall indicate correctly the position of the car whatever the motions of the 
latter. The indicator system shall give the operator in the car a clear signal 


showing what floor to stop at and whether passengers want to go up or down. 


General Matters. — Details of test. Instruction by contractor in use of 
equipment. During the operation of the cars in the shaft and before its final 
completion, the contractor shall install on the cars a 6-inch gong, which will ring 
automatically at each floor up and down the shaft as a warning signal. Lubri- 
cation details. Painting details. Tools to be supplied. 


V SIBLIOGRAPHY. — Baxter, W., Electric Elevators, Pow. and Eng., 1909-10, 
En 31, p. 255 ff., Vol. 32, p. 30 ff.; Carle, N. A., Horse-power of Motors for 
aca Elevators, Pow. and Eng., 1908, Vol. 29, p. 1081; Patterson, W. H., 
i gee Elevator Controllers, Elec. Jour., 1912, Vol. 9, p. 333; Popcke, 

E 5 Selection of A-C. Motors for Elevalor Service, Elec. Jour., 1911, Vol. 8, p. 
un ; Kirschgasser, G. J., A-C. M otor-operated Elevators, Elec. Rev., 1911, Vol. 
59, P. 244; Bolton, R. P., Operating Conditions of Passenger Elevators, ASME., 
1910, Vol. 32, p. 1295; Barnum, T. E., Elevator Control, A.I.E.E., 1911, Vol. 30, 
- ur Thider, J. D., Electric Elevators for High Buildings, Jour. W. Soc. Eng., 
by A a 13, p. 353; Sever, G. F., Power Consumption of Elevators Operated 
Oei and D-C. Motors, A.LE.E., 1902, Vol. 19, p..429; Tweedy, E. F., 
Vol ee aaa of the Modern Passenger Elevator, G. E. Review, 1913, 
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ENDOSMOSE OR ELECTRIC OSMOSIS. — (See also Electrochen 
tstry, Principles of.) An electric current flowing through a porous partition, 
or capillary opening, filled with conducting liquid causes a flow of the liquid 
through the partition or opening. This phenomenon is known as endosmose 
‘or electric osmosis (see Electrochemistry, Principles of): 
_ The quantity of a given liquid which is carried through a given porous dia- 
phragm in a definite time varies directly with the current strength and is inde- 
pendent of the area and thickness of the diaphragm. The quantity varies with 
the nature of the solution, being greater with liquids of high specific resistance. 
The direction of flow is from positive to negative electrode. . 


Applications of Endosmose. — Endosmose may be utilized to remove water 
from wet substances, Thus if a wooden box be equipped with perforated metal- 


lic plates at opposite ends and be filled with wet turf and current circulated 
through the turf from one end to the other, water will ooze out of the perfora- 
tions of the cathode plate. Endosmose is utilized in tanning processes to accel- 
erate thé passage of tanning fluids through the hides, and efforts are being made 
to utilize it for drying peat, extracting sap and similar purposes. 

Endosmose of Negative Feeders. — If clectric conductors covered with a 
saturated braid or a number of such braids be made the cathode of a water bath 
and say 110 volts applied between anode and cathode, the braid will blister ina 
few minutes and the blisters will finally burst, grounding the conductor to the 
water. The same action goes on at lower voltages at a proportionately lower 
rate, but with equal certainty. Consequently weatherproof conductors other: 
wise uninsulated are useless for negative feeders on railway circuits. No action 
is observable if the wire be made the anode instead of the cathode. The same 
phenomenon is said to be observable with rubber insulation, but the writer has 
tried several samples of high-grade American compounds made with go per cent 
of Para rubber and obtained no signs of endosmose after subjecting them for a 
week to a pressure of 110 volts. C. H. Wordingham (Elect. Engineer, London 
Vol. 26, 1900, p. 93) found, however, that certain makes of rubber are porous 
and water may enter and eventually destroy the whole of the rubber on the 
üegative conductors. For this reason insulation of low specific resistance stiould _ 
füevet bé used on negative feeders- For the same reason it is not practical to 
tüaintain à negative contact rail on electric railways, below earth potential, as 
the irisülatórs soon become saturated with moisture and thereby eae con- 
ductots. Thus S. B. Fottenbaugh, relating the experience of the ‘Tube Railways 
in London, says: 

i, That the difference of potential between the positive conductor and earth 
is always normally considerably greater than the potential existing between the 
negative conductor and earth. 

8. That á teversal of polarity is always instantly accompanied by a cohslder- 
able increase in thé normal leakage ctirtert betwéen the positive and negative 
cotiductor: 


4. The insulation of the negative conductor to earth catinot be indefinitely 
rhainteined, | m | 

Effect of Éndosmose on Tusulatión Measurenients. — When testing 
wires having Insulation of low specific resistance, endosmose may further lowet 
the resistance if the wire is negative to the water. bath. 
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‘i EQUATIONS. — (See also Complex Numbers; Errors of Observation; Loga- 


ips’ rithms; Vectors.) The subjects treated in this article are 
as Quadratic Equation 


s u P. 519 
ad Cubic Equation 519 
| Simultaneous Equations 520 
par Determinants for solving simultaneous equations 521 
vga Equations of Common Curves 523 
sp Differential Equations 524 
"^" QUADRATIC EQUATION. — The solution of 
Tog ax*-- be+c=0 
pee V "N 
mie [s = bx Vb— 4ac 
nee? l l 26 
xS " . . . 
"t i CUBIC EQUATION. — The solution of the general cubic equation of the 
y orm 
? e ax + 3 bx* 4- 3cx 4-d 5 o (1) 
T0 
dé is obtained as follows: Put 
ju | y=ax+b 
| H=b— ac 
Yu G = ad — 3 abc + 263 | 
x * then (1) becomes ; 
bà ¥— 3Hy+G=0. | (2) 
be 


5; The nature of the roots of this equation depends upon the algebraic sign of H 
4,5 and the relative numerical magnitudes of G and H. | 
i 


wo Case I - H positive and G numerically less than 2H VH. (G may be 
a# either positive or negative.) Put | i 


ye : G ' 
24 $ = Ž sint Laval , 
r | 3 L2#VH 

x then the three roots of (2) are | 
d yi 2 V H sing 

| 3y:— 2 VH sin ($+ 120) (3) 

Ww | | 0 Paa VH sin ($ — 120) i 

; and all three roots are real. | : 

" Case II. H positive and G numerically greater than 2 H VH. Put 

pa 
d u = Y cosh— |-55- 
E 2H val. 


Ü EE plus sign to be used when G is positive, the negative sign when G is negative 
T m cosh 3 % positive in either case, © ~ | 
hen the three roots of (2) are ` 


i a n= 7E 2 V E cosh u | 
T o | gost WH cosh u-L- V — 3 H sinh u pins EC : 
ý | yee te VH cosby- V —3Hsinhw mE | 


o i ] 
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the upper signs to be used when G is positive, the lower when G is negative. 
The first root in this case is real, the other two being complex quantities. See 
articles on Complex Quantities and Hyperbolic Functions. 


Case III. H negative and G any value. Put 


wa? sinh | Ti] 
3 2HV—H 


the positive sign when G is 
Then the three roots of 


the negative sign to be used when G is positive, 
negative, thus making sinh 3 u positive in either case. 
(2) are: 
y= 2 Y — H sinh u 
ya = V — H sinh w+ V3 H cosh u (5) 


3-4 V —H sinh u— V3H coshu 


the upper sign to be used when G is positive, the lower sign when G is negative. 
The first root in this case is real, the other two complex quantities. T 
Note that in each case the sum of the three roots is zero. Also, in the specia 


case when G = 2 H VH , the angle ¢ is 30°, and therefore from (3) the three 
roots are VH à VH and —2 VH ; this also follows from (4). 


Examples. — Case I. 
ys — 6 y+ 2=0. 


H = 2 and is positive and G= 2 and is less than 2 g VH. 


m c 2 | 
=~ sin | ——= | = 6.90° 
ES i 3 |; vA 

whence ji--L0.3399; y= 2.2018; ys= — 2.6018. 

Case II. | 

P m 
H = 1 and is positive and G = 4 and is greater than 2H VH. 
u= = sh 2= 0.439 


whence yı = — 2.196; y2= 1.098 + 0.785 V1; ys = 1.098 — 0.785 V 7E 
. Case III. 
5*4-6y40T2270. 


In this case, ° H=—2 and G=2 


u= = sinh! 2 _ = 0.1155 
3  =—-4V2. 

y= — 0.3275 - | 

ys = 0.1638 + 2.467 V —I 

ys — 0.1638 — 2.467 v —1 


SIMULTANEOUS EQUATIONS. — Given s independent equation f 


4 unknowns, these ” equations fix the values of each-of the # u dd 
o solve such a set of simultaneous equations in x, y and 2, 58» solve € 


PU 
"t 
L4 
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‘the three equations for x in terms of y and z. Equating these three values 


for x gives two equations in y and z. Solving each of these two equations for 
y in terms of z and equating these two values of y gives a single equation in z. 
The solution of this last equation then gives the value of z. Then substitute 
this value of z in either of the equations in y and z, and solve for y. Then 
substitute these values of y and z in any one of the original equations and solve 
for x. 


Determinants. — In the case of linear simultaneous equations (i.e., when 
x, y and z occur only to the first power), the equations may be solved by deter- 
minants. This method is a considerable time saver when the number of un- 
knowns is greater than three, but when the number of unknowns is three or 
less the straight substitution method is preferable. 

The determinant of a set of simultaneous equations is formed by writing 
the equations one below the other with the same unknown in the same relative 
position in each. The block of numbers forming the coefficients of the un- 
knowns is called the determinant. For example, the determinant of the equa- 
tions "E 
| w+ e+ yt z=6 


w+ Yt 32=4 

w1-2x4-3y =] 

W+3x+ 223 

is 

di i I L I y 
NS Oo I 
D=|" 
. 12.3 O 

I 3 01 


The values of any one of the unknowns, say y, is found by writing a second 


determinant, Dy, exactly like the determinant D, except that the constants form- - 


ing the right-hand members of these equations are substituted for the coefficients 
of y in the determinant, that is 


Dy- 


[E T 
Qn bh DH 
fM O W H 


Q hh OQ HM 


Then | y 


and similarly for the other unknowns. 
The value of any determinant is found by making use of the following rules: 


(1) If a determinant has two equal rows or columns, it is equal to zero. 

(2) To any row or column one may add or subtract any number of times any 
other row or column without altering the value of the determinant. 

(3) To multiply any row or column by a number i is the same as multiplying 
the determinant by that number. 

(4) If all the terms in a row or column except one are zero, the determinant 
reduces to one of a lower order which may be obtained by striking out the row 
and column which intersect at the term in question, and multiplying the.whole 
by that term, changing the sign of this term, however, if it is removed by an 
odd number of terms from the principal-diagonal.. The principal diagonal:is 


522 


the line of terms beginning at the upper left-hand corner and ending at the 
lower right-hand corner. Thus, 
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I2 8 8 :85 
3 4 4 9 

=—3/3 6 9 
o 300 643 
67 4 3 


the principal diagonal being that with the figures 1, 4 oand 3. It is immaterial 
whether the distance from the diagonal is counted along a row or a column. 
(5) The value of a determinant of the second order is 


a b 


es |= 01 — anh 


The reduction of determinants is effected by altering the terms according to 
the above rules until a row or column is obtained in which all terms but one 
are zero. This enables a reduction of order to be effected in accordance WI 


rule 4. Reductions are continued ugtil one of the second order is obtained. 


i Example. — By rule (2), the determinant D given above may be 
written as follows, the top row being subtracted from each of the others. 


Y I I I 

O -—I 2 
D= 

o I 2-1 

o 2 =i o 


By rule (4) this reduces to 


l E o 2 
By rule (3) this may be written 
-a o 4 
D= I 4 4 —2 
2X2 


By rule (2), adding the top row to each of the others, this reduces to 
- o 4 | 
4 a 
op mI 4 


2X2 
which by rule (4) reduces to 


Du —— 


2x2| — 4| 


whence by rule (5) D-—b(4x4T1X2)7—9-. 
Similarly, Dy = 21. | e 
and therefore yu — Adem 2.333+ | 

Similarly, W= 13.33, $5 2.667, £55 2.838- 


NU 


F4 
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xN* ^ EQUATIONS OF COMMON CURVES. 


a T 
i Straight Line. — 
| * 
uim 
X 
y, hee 
Nod qz 
or y -zxtan6- b. 
, a 
e gt 
TD 
"T : -»' 
iiv Circle. — 
yen d 


"s ai yte Rm. 


Ellipse. — 
x2 
zr a =r. 


Y 
[] 
Parabola (Vertical). — | | 
y= kx? P 
where & is a constant. LX 
Parabola (Horizontal). — 
y= k vx | 
where k is a constant. X 
Hyperbola.— . 
xe “ys ; b 
a pT IN 
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Rectangular or Equilateral 


Hyperbola. — 
yet 
Y 
P 


FE 


where & is a constant. 
Catenary. — 
I 
ym [cosh kx — | 


where & is a constant. The length of arc 
from O to P is 


x 
A= : sinh (kx). x 
See tables in article on Hyperbolic Functions. 
Sinusoid. — 
X 
y= A sin (ax 4- 0). 
oT 
d 


DIFFERENTIAL EQUATIONS. — Differential equations of the following 
forms are met with in the theory of alternating and transient currents. 
. The following notation is used: €= 2.7183 . . - = base of natural 1 
of logarithms; x, y, u, w are variables. A, @, y, and @ are integration constan 
Other letters represent known constants. 


dy (1) 
ds ay. 
Solution: | | y= Ae". 
D yn Í 
dx 
Solution: y-Ae€ 7". NN 
dy 
1777! (3) 
Solution: y= 2 [x — 4e]. 
a 
er 
d*y 2 | W 
, dx? d 
Solution: |» y= sin (ax + 9). 
MR POUR One E ctl 
dy, A (9 
— = gry, 


dx? 


Solution: y = A sinh (ax + 4). 


my 
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d 
P9 au? t a) yao, (6) 
Solution: | 
Case I. a? positive: — y= Ae"? sin (ax + 9). 
= Case II. a? negative: — y = Ae—“ sinh (ax + $). 
Case III. a? = 0: — y= A (x+h). 
d J 2 2 | 
Ta baa + tt + a?) y= B sin (wx +6). (7) 
The complete solution of this equation consists of the solution of No. 6 plus 
the term — u 
4 | (22i TU )sia (wx 4- 0 — 6), (a) | 
where 
ô= tan la 


a? + uz — o? 


For each additional síne term added to the right-hand member of the equa- 
tion, there will be a corresponding term of the same form as (a) in the solution. 


= 
| 
d”y d^—y dy : 
j Jan t Onm gaat + a gy tay = B sin (wr +0). (8) 
Solution: 
e y= Aye LA, o. o o Ane"? 4- KB sin (wx-- 0+ ô), 


© ^— where m, m, etc., are the s roots of the equation 

ee m? + dn— m+... am+a=o, 
and k and ô are found by substituting the KB sin (wx +0 + ô) by itself in the 
given differential equation and equating the coefficients of sin (wx + 0) and 


cos (wx + 0) respectively on the two sides of the resulting equation. When 
the second member of the differential equation is a constant, B, the sine term in 


the solution becomes simply = 2, 


4 
Note that all of the E equations are —7 special cases of the general 
equation (8). 
| 2s Id*y 
A d ud = 5 . 
TI ta Pje 1A (9) 
The complete solution $ this Nn contains an infinite number of terms of 
the form 


ym e~) [4167? sin (wx + net di) + 42€ 7"? sin (wx — nz + d2)], (a) 


~ where Aj, ds, As, $2 and two of the four constants w, s, m and n are integration 
constants (fixed by the terminal conditions). The values of m and s» in terms 
of w and s are 


mi c Vab cos L5, | 
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where | 
a= V(s + gq)? + o, e= tan~ a 
\s +g 
b= V(s—g)ttor, y= tant (A 


The values of w and s in terms of m and n are 


VFG a+8 

Q) = nc. 

VFG . a+8 

Pee A 

where A | 

F = V (n+ cq? 4- me, a= tan - ) 
E "n +q 
G= V (n — cg? + mè, 7 8- t|: M 


The solution ot equation (9) may also be written as a series of terms of the 
form 


y = Mec C? sin (vx 4- e+ u), " 
where | " 
A. E a LET 
M = —- V cosh 2 (mz+ y) + cos 2 (nz 4- 0), 
V2 P 
tan w= tanh (ms 4- y) tan (ns 4- 0), l | " 


where A, œ, y and 0 are integration constants, and the relations between the 
other constants w, s, m and # are the same as above. 
In the special case when g = o, the solution of equation (9) is 


= MA (wx t nt) + A (es nz) (o 


where fi and f» are any two arbitrary functions and w and n are connected by the 
relation 


T—4dyo (10) 
E Solution is an infinite series: : 
(ax)! , (ax)® , (ax) 

T Aie e SO E (303 * Ge (402 LEE | n 


This series i$ absolutely convergent for all values of x, but for ax >t the 
following approximate series is more convenient and sufficiently accurate. 


eo E I gi E 32.52.72 


a — —— 
OE id * 


ax  2(160x)? 3! (16.ax)8 + 4! (16 ax)* 
` Ss [WCA. Det Mar] 


ERROR 
UT 
eh 
tsm 
Ss y 
EL 


denn 


at 


Errors of Observation §27 


ERRORS OF OBSERVATION. — When a quantity is measured with all 
possible accuracy many times in succession, the numbers expressing the results 
are found to differ by amounts, which, although generally small, are occasionally 
considerable in comparison with the quantity measured. Though these differ- 
ences may be decreased by improved methods, better instruments or greater 
skill, they can never be entirely removed. They are known as the errors of 
observation. The following formulas, which are derived from the Theory of 
Least Squares, apply to such errors and not to errors which can be eliminated 
by correcting mistakes of the observer or defects of instruments or methods of 
observation. That is, they apply only to errors which may be either positive or 
negative, the chance of a positive error occurring being exactly the same as the chance 
of a negalive error occurring. 

Weighted Observations. — Sometimes in spite of the care with which ob- 
servations are taken, there are reasons for believing that some observations 
are better than others. In this case the observations are given different 

“weights” or numbers expressing their relative practical worth. A mcleniee 
observation is an observation multiplied by its weight. 


PROBABLE VALUE OF SEVERAL OBSERVATIONS. — The most 
probable value of a quantity which is observed directly several times with 
equal care is the arithmetical mean of the measurements. 

` Example. — The length of a room Gn teet) is measured ten times with 
the following results: 
20.05 20.06 13:08 19:99 . 20.00 
20.07 20.01 20.05 ` 19.93 19.98 


The arithmetical mean of these lengths i is 20.01 feet, which i is | accordingly the 


probable length of the room. 
The most probable value of a quantity which is Sissoved directly several 


times, but where the observations have different weights, is equal to the sum of 
the weighted observations divided by the sum of the weights. 

Example. — In the above example if the fourth and fifth observations 
are twice as reliable as the others, and the seventh three times as reliable, the 
most probable value would be the sum of 20.05, 20.06, 19.98, (19.99 x 2), 
(20.00 X 2), 20.07, (20.01 X 3); 20.08, 19-95 and 19.98, divided by 14, which is 
equal to 20.07, which happens in this instance to agree with. the ees 
average. 

PROBABLE ERROR OF ANY ONE OF SEVERAL OBSERVA- 
TIONS. — The probable error of a number of direct abservations made with 
ius çare is found by the following formula: | 


XD a a mE "E s 


where 


n = number of observations; - 
f = probable error of a single observation, 
. v= residuals found. by subtracting each measurement from the arithmetical 
mean. . 
Example. — In the example cited above, #= ro. . The values of ʻi in 
the order, of the observations given above are as followa: l l 


(oe Ween seek wort "pasé 
+ 0.06 o- + 0.04 — 0.06 — 0.03 


uie 
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The sum of the squares of these quantities is 0.0152. The probable error in 
any one of the ten observations is 


f = 0.6745 yez = 0.0277. 


The probable error of each of a number of direct observations, where the 
observations have different weight, is found by the following formula, in which 
p represents the weight of an observation. 


2 
= 0.6745 V. c 


Example. — In the example cited above for weighted observations, the 
values of v are the same as the values of v in the preceding example. ment 
The values of pv? are as follows: 


0.0016 0.0025 0.0009 0.0008 0.0002 
0.0036 ae) 0.0016 0.0036 0.0009 


and their sum is 0.0157. 
Hence the probable error of a single observation 


fı = 0.6745 V Z3 = 0.0282. 


PROBABLE ERROR OF THE ARITHMETICAL MEAN. — If 
r = probable error of a single observation, 
n = number of observations, 
ro = probable error of the arithmetical mean, 


r : 
fo = T for observations of equal weight, or 
n 


E 
Fama 
e 


"n 
ro= —7;—- for unequal weight. 
Vz D eq 1g 
Example. — In the example cited above for observations of equal weight, 
r= 0.0277 and n = 10, and ro = 0.0277 [V 10 = 0.0088. 
In the example cited above for observations of unequal weight, 
rı = 0.0282 and È p= 14, and ro = 0.0282 [ V 14 =0.0075. 


It should be noted that the probable error of the mean decreases inversely 
as the square root of the number of observations. 


Example. — The probable error in making a single reading of a watt- 
hour meter on an electric locomotive is 5 per cent, after all constant sources of 
error have been eliminated. If 25 locomotives are used, what will be the prob- 
able error in the total energy consumption obtained, by adding the watt-hour 
meter readings? Answer, one per cent. 


PROBABLE ERROR IN A RESULT CALCULATED FROM THE 
MEANS OF SEVERAL OBSERVED QUANTITIES. — Let Z =a sum 
er difference of several independent quantities. 

Let n, 72, rs, etc., be the probable errors in these quantities. Then the prob- 
able error of Z is equal to 


" V ri? + 722 + 13? 4+- etc. l 


——— Eee CO 
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Let Z = Az, where z is an observed quantity, and A, a known number. Let 

be the probable error in z. Then the probable error in Z is Ar. 

Let Z be the product of two independently observed quantities zı and zs 
whose probable errors are r1 and r2 respectively. Then the error in Z is equal to 


NV a?r2? + 2??r?. 


Let Z be any function of the independently observed quantities 21, 22, zs, etc., 
whose probable errors are ni, 72, f», etc. Then the probable error in Z is equal to 


J[dZ dZ dZ M 
24 ri -— 4: 
(2 ) i (= A (2 ) Parent 


METHOD OF LEAST SQUARES. — A set of simultaneous equations 
containing more equations than unknowns cannot have any exact solution unless 
the superfluous equations are deducible from the others. They may, however, 
have a most probable solution which is such that the sum of the errors remaining 
after corrections for the deduced values of the unknowns shall be a minimum. 
This result is obtained as sbown in the following example: 

$— t+ u= 3, 
35+ 26— 54= 5, 
4$d- t+ 4u= 21, 
— s+ 3b + 39 = 14. 
The coefficients of s are 1, 3, 4 and — xr. Multiplying by these coefficients: 
$— t+ 29 3, 
95 + 6 — 152 = 15, 
16s + 4¢-+ 164 = 84, 
S—3t—- 34W- — 14. 
Add these equations and obtain 27s + 6/ = 88. 
The coefficients of ¢ are — 1, 2, 1 and 3. Multiply the original equations by 
these coefficients. 
—S+ t— 2605 — 3, 
65 -+- 44— 10% = 10, 
4s+ t+ 4u= 21, 
— 35+ 9+ Qu = 42. 
Add these equations and obtain 6s + 15¢-+ u = 70. 
The coefficients of # are 2, — 5, 4 and 3. Multiply the original equations 
by these coefficients. 
2s— 2t+ 44-6, 
— 15$ — 108+ 25% = — 25, 
16s-+ 4t+ 16u = 84, 
— 35+ 9+ 9u= 42. 
Add these equations and obtain £+ 54% = 107. 
The equations 
275 -- 64 . = 88, 
6s-+15t+ %=70, 
E t+- 54 u = 107, 
are then solved in the ordinary way, the solution being 
$22.47, #=3.56, and u= 1.92. 


BIBLIOGRAPHY. — The subject of error of observation is very fully treated 
in A Text Book on the Method of Least Squares, by Mansfield Merriman. 
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EXPLOSIVES. — Explosives may be divided into two classes: progressive 
and detonating explosives. A progressive explosive is one which burns quxkly 
but not instantaneously. The inner parts of progressive explosives do not bum 
until the outer parts are consumed so that the combustion takes place gradually. 
The common progressive explosives are the charcoal and nitrocellulose powders. 
In detonating explosives the explosive reaction takes place almost simulta- 
neously throughout the substance. The explosive substance is then converted 
instantaneously into a gas of great volume. The common detonating explosives 
are guncotton, nitroglycerine, dynamite, explosive gelatin, picric acid deriva- 
tives and fulminate of mercury. 


Black Powder consists of 75 parts potassium nitrate, 15 patts charcoal and 
1o parts sulphur by weight. After being ground to a powder, water is added 
and the mixture is pressed into cakes and dried. The cakes are then broken into 
grains and sifted through screens. Prismatic perforated powder is made by 


pressing the granulated powder in moulds, the mixture being moistened in the 
process. 


Brown Powder consists of 80 parts potassium nitrate, 16 parts charcoal, 3 
parts sulphur and 1 part water by weight. In black powder the charcoal is 
made from wood, while in the brown powder the charcoal is made from rye 
straw, the resultant powder being slower burning than black powder. The 
process of manufacture is the same as with black powder. . 


Smokeless Powders. — These are commonly made of nitrocellulose powders, 
which differ from the black or brown charcoal powders in that the mixture isa 
chemical instead of a mechanical one. Nitroceflulose is obtained by treating 
cellulose, usually cotton waste, with nitric acid. The nitrocellulose is mixed with 
ether, being thus converted into a ''colloid," and assumes a form devoid ol 
cellular structure. This colloided nitrocellulose, when pressed into perforated 
prismatic grains, forms smokeless powder. The English smokeless powder, 
Cordite, is composed of 37 parts colloided nitrocellulose, 58 parts nitro- 
glycerine and 5 parts vaselin. | 


Guncotton is an uncolloided nitrocellulose containing about 12.9 per cent 


of nitrogen. It retains the complete cotton structure and can only be distin- | 


guished from cotton by its rough feeling.. It is compressed into cakes and 


when stored it is kept wet, as it is then non-explosive except. with a powerful 
detonator. . 


Nitroglycerine is a nitrate of glycerine and is made by treating pure glycerine 
with nitric acid. Commercial nitroglycerine is a yellowish oily liquid without 
odor. It has a sweet taste and burns the tongue. It is poisonous when ab 
sorbed through the mouth, nostrils or skin. It is expladed by shock, heating 
or friction. Nitroglycerine is seldom used in the pure state because of the dange 
in handling it. l . E 

Dynamite is a mixture of nitroglycerine and some solid substance, which 
may be either inert or active. The solid substances commonly used are kiesel- 
guhr, wood-fiber, wood-pulp, charcoal and cork, The mixture is pressed into 
« sticks” about one inch in diameter and 8 inches in Jength and is then wrapped 
in parafüned paper. It is usually light brown in color. Dynamite freezes at 
4° C. and is very insensitive to shock in the frozen state. | 


Explosive Gelatin, a mixture of colloided' guncotton and nitroglycerine, 5 
the most powerfuk explosive known, and. at ozdimary temperatures it is ES 
- dynamite. It ig a soft, gelatinous substance, yellowish) brown in color and is 
prepared in the form of cartridges like dynamite. 
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Picric Acid Derivatives form the base of many common explosives, among 
wi which may be mentioned Mellinite (French), Lyddite (English) and Maximite. 
Pictic acid is a crystalline substance possessing a very bitter taste. These 
explosives are generally used for charging shells, as they are not detonated when 


fired from a gun. 


Mercury Fulminate, formed by treating metallic mercury with nitric acid 


' and alcohol, is extensively used as an exploder with dynamite, guncotton, picric 


acid, efc. It is à gray crystalline substance of specific gravity 4.42. It is easily 


exploded by heat, an electric spark usually being employed. 


BIBLIOGRAPHY. — Weaver, E. M., Military Explosives, N.Y., 1912; 


Sanford, P. G., Nitro-explosives, London, 1906; Eissler, M., 


London, 1897. 


Modern Explosives, 


(IR. G. Hupson.] 
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EXPONENTIAL FUNCTIONS. — (See also Roots and Powers.) When 
the relation between any variable y and another variable x is such that v 
occurs as an exponent of one or more terms, y is said to be an exponential 
function of x. Of particular importance in connection with electric circuits are 
the exponential functions €" and 67, where e is the base of the natural loga- 
rithms (see Logarithms). 

€ may be obtained directly from the table of common logarithms (see Logo- 
rithms) from the relation that & is equal to che number whose logarithm to the 
base 10 is 0.4343 % (or more exactly 0.4342945 x), which may be written sym- 
bolically: 

E = logi"! (0.4343 x).. 
Similarly, 
I 


ers. 
logic! (0.4343 X) 


Example.— Find the value of &. We have 0.4343 X 10 = 4.343, 
whence e = 22,050. 2: 
For convenience, however, the following table giving the value of ë and 
e? from x = o to x= 6 is given. For larger values of x use the above rela- 
tions. Also note that for x <o.1 (see Series). 


é = 1 4+ with an error of less than 0.47 per cent, 
e-* = 1 — x with an error of less than 0.54 per cent, 


x? , 
é-i4xd 2: with an error of less than o.o16 per cent, 


2 
ec? -1-—X +7 with an error of less than 0.018 per cent. 


EXPONENTIAL FUNCTIONS € AND e^ 


0.00 - 0.89 


re | M — | ———— | |————-|————|1———— 1-————I0—7——7 


o.I e 1.I052|I.I163|1.1275|1.1388|1.1503 I.I618|1.1735|1.1853|1.1972/1.2093 
o.8781|0.8694|0.8607|0.8521 0.8437/0.8353 o. 8270 
o3 e 1.2214 1.2337| 1.2461|1.2586 1. 2712|1.2840|1.2969 1.3100] 1.3231 1.3364 
€ ]0.8187|0.8106|0.8025)/0.7945 Q. 7866} 0. 7788/0. 7711/0. 7634 0.7558/0.7483 
0.3 e 1.3499|1.3634|1.3771|1.3910|1.4049|I.4I9I 1. 4333| 1. 4477| 1.4623 1.4710 
e^ o.74080.7334|0. 7261/0. 7189 o. 71180.7047|0.6977|0.6907|0.6839|0.677! 
o4 | € 1.4918|1. 5068|1.5220|1.5373|1.5527| 1.5683 1. 5841|1.6000 1 .6161|1.6323 
€ |0.6703|0.6637 0.6570|0.6505|9.6440]0.6376|0.6313/0.6250 0.6188|0.61% 


0.6 1.82a1|1.8404|1.8589|1.8776| 1 .8965|1.9155 1.9348|1.9542|1.9739|1 9939 
e * |0o.5488|o.5434|0.5379 0.53260. 527310. 5220|0. 5169|0. 5117|o. 5066|0.5017 
0.7 rd 2.0138|2.0340|2.0544|2.0751|2.0959|2. 1170/2 1383|2. 15982. 1815|2.2034 
e  lo.4966|o. 4916/0. 4868 o. 4819 o. 4771|o. 4724 0. 4677/0. 4630 o 4584 0.453 
0.8 «= \2.2255|2.2479|2.2705\2 .2933 2.3164|2. 3396|2.3632|2. 38692. 41092.4351 
e-® |o.4493/0. 4449/0. 4404|0. 4360]0. 4317]0. 42740-4232 0. 4199/0 4148|0. 4107 
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EXPONENTIAL FUNCTIONS € AND e~ 0.90 - 3.09 
x ds ET 0.00 | 0.01 | 0.02 | 0.03 | 0.04 | 0.05 | 0.06 | 0.07 | 0.08 0.09 


—— ee |———— 


0.9 e* 2.4596|2.4843|2.5093|2.5345|2.5600|2.5857|2.6117|2.6379|2.6645,2.6912 


€ ?  |o.4066|0.4025|0.3985|0.3946/0.3906[0. 3867/0. 3829/0. 3791/0.3753|0. 3716 
I.0 ev 2.7183) 2.7456] 2.7732 2.8011 2.8292|2.857712.8864|2.9154|2.9447|2.9743 
€  |o.3679|0.3642|0.3606/0.3570|0.3535|0. 3499/0. 3465/0. 3430|0. 3396] 0.3362 
I.I rd 3.0042|3.0344|3.0649|3.0957|3.1268|3.1582|3.1899|3.2220|3.2544|3.2871 
€?  10o.3329/0.3296/0.3263|0. 3230|0. 3198]0. 3166/0. 3135/0. 3104/0. 3073|0. 3042 
L2 | e  ]|3.3201/3.3535|3.3872|3.4212|3.4556]|3.4903| 3.52543. 5609|3.5966|3.6328 
€^*  |o.3012|0.2982/0.2052|0.2923|0. 2894|0. 2865/0. 2837/0. 2808] 0. 2780/0. 2753 
L3 | €&  [|3.6693|3.7062|3.7434|3.7810,3.8190|3.8574|3.8962|3.9354|3.9749|4.0X49 
€~2 Jo. 2725/0.2698|0. 2671/0. 2645/0. 2618|0. 2592/0. 2567/0. 2541|0.2516|0.2491 
I4 | €"  |4.0552|4.0960|4.1371|4. 1787/4. 2207|4. 2631/4. 3060/4. 3492|4.3929|4. 4371 
€^*  |o.2466|o0.2441/0.2417|0. 2393/0. 2369]0.2346|0.2322]0.2299|0. 2276|0.2254 
1.5 d 4.4817|4.5267|4.5722|4.6182/4.6646]4.7115|4.7588/4.8066/4.8550|4.9037 
€ *  |o.2231|0.2209/0.2187|0.2165|0. 2144|[0. 2122| 0. 2101 |o. 2080|0. 2060/0. 2039 
I.6 e 4.9530|5.0028|5.0531|5.1039|5.1552|5.2070|5.2593|5.3122|5.3656|5.4195 
€^?  |o.2019|0. 1999|0. 1979/0. 1959|0. 1940]o. 1920|0. 19010. 1882|0. 1864(0. 1845 
L7 | €  ]|5.4739|5.5290|5.5845|5.6407|5.6973|5.7546|5.8124|5.8709/5.9299|5.9895 
€? 0.1827 0. 1809 0.1791|0.1773|0. 1755|0. 1738]|0. 1720/0. 1703/0. 1686/0. 1670 
1.8 e 6.0496/6. 1104/6. 1719/6.2339/6.2965|6.3598/6.4237/6.4883/6.5535/6.6194 


0.1653|0. 1637|0. 1620/0. 1604|0. 1588|o. 1572|0. 1557|0. 1541|0. 1526|0. 1511 
6.6859/6.7531/6.8210/6.8895/6.9588|7.0287|7.0993|7.1707,7.2427|7.3155 
0. 1496/0. 1481/0. 1466] 0. 1451/0. 1437|0. 1423|0. 1409/0. 1395/0. 1381/0. 1307 
7.3891/1.4633|7.5383/7.6141|7.6906|7.7679|7.8460|7.9248 8.0045|8. 0849 
0. 1353/0. 1340|0. 1327|0. I313|0. 1300|0. 1287/0. 1275|0. 1262/0. 1249|0. 1237 
8.1662|8.2482|8.3311|8.4149|8.4994|8.5849|8.6711/8.7583/8.8463|8.9352 
0.1225|0. 1212/0. 1200|0. 1188|o. 117710. 1165/0. 1153|0. 1142|0. 1130|O. XII9 
9.0250|9. 1157/9 .2073]9 .2999/9 .3933|0 . 4877/9 .5831/9.6794/9 . 7767/9 . 8749 
0. L108] 0. 1097/0. 1086/0. 1075/0. 1065]0. 1054/0. 1044/0. 1033/0. 1023/0. 1013 
9.9742] 10.074] 10. 176| 10. 278| 10. 381} 10. 486] 10. 591|10.697|10.805|10.913 
0.1003|0.0993|0.0983|0.0973|0.0963|0.0954|0.0944/0.0935|0.0926|0.0916 
I1.023| 1k .134/ 11. 246) 11.359] 11. 473] 11. 588/11. 705| 11.822] 11.941| 12.061 
0.090710. 0898/0. 0889] 0. 0880] 0.087210. 0863} 0. 0854/0.0846/0.0837/0.0829 
12. 182| 12. 305] 12.429] 12.554] 12.680] 12.807] 12.936] 13.066] 13. 197| 13.330 
0. 0821/0.0813|0.0805|0.0797|0.0789|0.0781|0.0773|0.0765/0.0758|0.0750 
13.464|13. 599|13.736|13.874| 14. 013|14. 154| 14.296| 14. 440| 14. 585| 14. 732 
0.0743/0.0735|0. 0728/0. 0721/0. 0714|0.0707]0.0699|0.0693|0. 0686/0. 0679 
14.880|15.029|15.180|15.333|15.487|15.643/15.800|15.959|16. 119| 16.281 
0.0672|0.0665|0.0659/0.0652|0.0646|0.0639|0.0633/0.0627/0.0620/0.0614: 
16.445|16 .610|16.777|16.945 17. 116|17.288|17.462|17:637|17.814|17.993 


*^7*572*7?*72^*27^57*72?17^7*^5* 5 


e~? 10.0608] 0.0602] 0. 059610.0590| 0. 0584/0. 0578] 0.0573|0.0567}0.056110. 0556 
2.9 | €  [:18.174|18.357| 18.541 18.728) 18.916] 19 . 106| 19.298) 19 . 492| 19 .688| 19,886 
€ * (0.0550/0.054510.0539/0.0534 0.6529|0.0523|0.0518/0. 0513|0.0508 0.0503 
3.0 | €"  |20.086|20.287|20.491|20.697|20.905|21. 115|21.328|21.542|21.758|21.977 
€ * ]o.0498/0.0493|0.0488/0.0483/0.0478|0.0474|0.0469|0.0464|0.0460|o .0455 


§34 Exponential Functions 


EXPONENTIAL FUNCTIONS e€ AND e* | 9. 10^ f.20 


0.00 | 0.01 | 0.02 | 0.03 | 0.04 | 0.08 | 0.06 | 0107 | 0.08 | 0.09 


40. 447|40.854|41.264| 4 .679| 42.098] 42. 321| 42 .948| 43. 380| 43. 816 44.256 
0.024710.0245|0.6242|0.02400.0238|0.0235|0.0233,0.0231 0.0228 0.0226 
44.701,45. 15045. 604 46 .063| 46. 525] 46.993] 47 -465| 47 .942|48. 424/48. 911 
0.0224|0.0221|0.0219|0. 0217/0. 0215]0.0213|0. 0gL1,0. 0209/0. 0207 0. 0204 
49 .402|49 .899| 50. 400|50.907| 51 . 419151 .935] 52.457 52.985] 53. 517|84-055 
0.02020.0200|0. 0198/0. 0196/0. 019540. 0193] 0. 0191| 0.01890. 0187 0.0185 
54.598|55. 147 5y. Tot| 55. 261| 56.8261 5Y .397| 577.974) 38.557] $9. 145189-740 
0.0183|0.0181|0.0180| 0. 0178| 0.017640, 0174| 6. 0172|0, 0171/0, 0169 0.016] 
60.340 60.947|61. 559/62. 118/62. 803163. 434/64. 012/64. 715 65. 366/66.023 
0.0166|0, 0164/0. 0162|0. 0161] 0. 0159]0. 0158/0. 0156 |0. 0155 0. 0153 0. O15 
66.686|67 357168. 033/68 . 717/69 . 408] To. 105| 70.810|71.522|'72.240 72.966 
9.01§0|0.0148]0.0147|0.0146|0.014410.0143|0.0141|0.0140|0.0138 0.0137 


73. 0074. 440| 75. 189|75 .944| 76 .708] 77.478) 78. 237| 79 .044|79 838 80.640 
0.0136|0. 0134|0.0133|0.0132|0. or30|0. 0129|0. 0128 |o. 0127/0. 0225 0.0124 


81.451|82.269|83.096|83.931/84.778|85.627 86.488,87. 357 86.235 89. 121 
o.0122|0.0120|o.o119|o. ox18]o. o117/0. O116| 0. OL14]0. 0113}0.0112 


90.017|90.922|91.836|92.759|93. 691194 -63295 . 583/96. 544/97. 514 98.401 
0. OLII|O. OLEO] 0. 0109/0. OLB] 0, OI07|O. Ox6|0. O105,0. 0104/0. 0103 0.0102 
102. 51| 103. $4] 104. 58| L05 .64| 106 . 70| 107.77 108.85 
0.0098|0.0097|0. 0096) 0. 00950. 00940. 0093/0.0991 
IO9.95|III:05|II2.1T I13.30| I14. 43 Ir5.58|116.75|117.92| 119. 10|120.39 
o. 0091|0. 0090] 0. 6089 |o. 0088| 0. 008'7}0. 008710. 0086 |o. 0088/0. 0084 0.0085 
121.51|122.73|123.97| 125. 21 126. 47| 127. 74] 129 .02| 130. 32 131.63|132.95 
o.0082lo. 0081/0. 0081/0. 0080] 0.0079] 0. 0078/0. 0078| 0.0077 0,0076/0.0075 
134.29 135.64| 137.00, 138. 38] 139 .77| 4 17| 142: 59 | 144. 03| 145.47 146.94 
0.0074 0.0074/0.6073;0.0072|0.0072]0. 00710. 0079/0. 0069 0. 0069/0. 0068 
148. 41 149.90| I5t . 41| 152.93] 154. 47| 156.02 157. 59 150.17 160.77 162.39 
0.0067] 0.0067|0. 0066; 0. 0065/0. 0065]0. 0064/0. 0063/0. 0063 0, 0062|0. 0001 
164.02|165.67| 167 . 34| 169 .02| £70. 72]172. 43/174. 6| 175.91 $71.68119.4 
0.0061|0.006010.006010.0059|0.0a59|0. 0058] 0.0057|0.60577|0.0056|0.0056 


181 .27|183.09 184.93 186.79|188.67| 190. 57| 192.48 | 194. 42| 196.37 199.3 
0.0055|0.0055/0.0054/0.0054/0.0053]0.0052/0. 0052 0.0051|0.0051|0.0050 


p 
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0.00 | 0.01 | 0.02 | 0.03 | 0.04 | 0.05 | 0.06 | 0.07 | 0.08 | 0.09 


©,0050)0,0049/0.0049/0.0048/0.0048]0.0047/0.0047;0.0047/0. 0046/0. 0046 
221,41 223.63,225.88 228. 15230. 44 232.76) 235.10 237.46|239.85 242.26 
iba bases Web's eine aes 0.0043) 0.0043, 0.0942|0.0042;0. 0041 
244.69 PHA PONE 254.68|257.24 259.82,262.43 265.071267.74 
Q.0041|0:0040|0.0040,0. 0040/0. 0039/0, 0039] 0.0038 0.0038] 0. 0033|0. 0037 
279, 43/273, 14:275.89/278.66| 287 . 46] 284. 29] 287. 15/290. 03/292.95/295.89 
0.0037/9.0037/0. 0036/0.0036/0, 0036/0, 0035/0.9035/0.0034|0. 0034|0. 0034 
2908.871301 .87! 304.90] 307.97 311.06|314. 191317. 35/320. 541323. 761327. 04 
0.6033/0.0033/0.0033,0.0032|0.0032|0.0032|0.0032,0.0031|0. 0031/0. O03I 
330. 30) 333.62! 336 .97| 340. 36,343. 781347 . 23/350. 72/354. 25 357.81, 361. 41 
0.603010.0030|0.0030|0. 0029|0.0029|0.0029/0.0029,0. 0028/0. 0028/0. 0028 
368.04 368. 71/372, 41/376. 15/379 .93|383. 75| 387.61 /391.51|395.44/309. 41 
0.0027,0.0027/0.0027|0.0027|0.0026]0.0026|0. 0026;0.0026 0.0025/0.0025 


A more complete table {s given in the Smithsonian Mathematical Tables, 
Hyperbolic Functions (No. 1872), by G. F. Becker and C. E. Van Orstrand, 
Washington, 1909. Semi-exponentials, i,e., values of e? and logi V4 €*, are 
given in Tables of Complex Hyperbolic and Circular Functions, by A. E. Ken- 
nelly, Cambridge, Mass., 1914. 

[W, A. DEL Mar] - 


FACTORIALS. — The multiple product represented by - 
s(n—1(n—-23)...aXaxXx 


is called "n factorial,” and is represented either by the symbol #! or a, The 
following table gives the value of s! up to n= ro. | 


1l- n 6!= 720. 
21-5 2. _ = 415 ,85040. 
3!- 6. |.  8!- 4032. , 
4-24. .' | 9! 362880. 

^ $S!-120. | "  ' tol = 3628800. 
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FANS. — (See also Blowers and Compressors; Draft, Mechanical.) For ven 
tilating and drying purposes and for producing mechanical draft, two kinds of 
fans are used, the disk fan and the centrifugal fan. 

Disk Fans. — À windmill reversed, that is, driven by power applied to the 
shaft, may be used to blow air in large volume at low pressure, and it is then 
called a disk fan. Such fans are in common use for blowing air into or out of 
a room for the purpose of ventilation. Usually they consist simply of a rapidly 
rotating shaft carrying four or more nearly flat blades slightly inclined to the 
plane of rotation. Sometimes these blades are given various curved forms for 
the purpose of increasing the efficiency of the fan. 


. Centrifugal Fans. — The older form of centrifugal fan is that of a paddle 
wheel, a rotating shaft carrying from four to twelve radial arms, to which are 
attached flat blades in axial planes. In modified forms the blades are bent 
backward or forward, with reference to the direction of rotation, from an axial 
plane. Very large centrifugal fans up to 25 feet diameter and 10 feet width 
have been built for ventilation of mines, and in many cases without an external 
casing, but usually a spiral casing is used, with a tangential discharge outlet, 
with two “eyes,” or circular inlets, concentric with the shaft, one on each side 
of the casing. In a recent modification of the centrifugal fan known as the 
" multivane" or “Sirocco” fan, the number of blades is increased to from 3o to 
80; the blades or vanes are made relatively very long, axially, and narrow, 
radially, the ratio of length to width being as much as 9 to 1; they are made 
of curved form, the outer edge tipped forward in the direction of rotation and 
the diameter of the eyes in the casing and the radial distance of the vanes from 
the shaft are greatly increased. The. pressure produced by centrifugal fans 
varies practically as the square of the speed of the tips of the blades and with the 
forms of the blades, and reaches a maximum commercially of about 1 pound pet 
square inch for ordinary types of centrifugal or multivane fans. Much higher 
pressures have recently been obtained from special forms of fans built on the 
principles of steam turbines (see Blowers and Compressors). 


POWER REQUIRED.-—In the article on Blowers and Compressors is 
given the formula for “useful” work done by a blowing machine. Since an 
ordinary fan seldom produces a pressure of more than r per cent of normal atmos- 
pheric pressure, the change in the volume and static pressure of the air as it 
passes through a fan is negligibly small in comparison with the initial volume 
and pressure, and the formula for the theoretical horse power reduces to 


I 


_ _ 4 — 
l ia 33,000 |; z (60 Ap * 44 ao] 
where E 


þa = the excess of static pressure at discharge over the initial static pres 
sure, in pounds per square inch, 
Q = cubic feet of air displaced per minute, 
" B e . e f è . 
d Rene = weight of one cubic foot of air at the barometric pressure B 


460-7? —. | 
` (inches of mercury) and at £ F., . 
A = cross section of full outlet opening in square feet, 
£z acceleration due to gravity in feet per second (= 32.2), 
d 


— 


Po TX ua Eo À = pressure in pounds per square inch necessary to 


give an average linear velocity Va — 2 fee per mihute to the air. 


.. . This pressure py is called the “velocity” pressure. 


Ui. 


Te tol 
"juni 
ir 


Fans 537 


Useful or “Air Horse Power” of the fan may then be written 


RATAN 
© 229 


P 


The total pressure y+ ps developed by the fan is called the “‘impact” or 
“dynamic” pressure. The pressures developed by a fan are usually expressed 
in inches of water column; hence putting H, and H, for the corresponding inches 
of water column required to balance py and pg, the above formulas become 


Hy = 0.832 X rost, 
p. (HH Q. 
i 6360 


When the discharge outlet is restricted (e.g., by partially closing the discharge 
valve), the cross section A refers to the area of the discharge pipe between the 
restriction and the fan, not to the cross section of the restricted opening. 


Actual Horse Power. — The actual horse power required to drive the fan 
is equal to the value given by the last formula divided by the efficiency. The 
fan efficiency depends not only upon the design of the fan, but also upon the 
relative values of the velocity and static pressures. The maximum efficiency of 
a centrifugal fan ranges from 40 to 70 per cent. The maximum efficiency of disk 
fans usually ranges from 30 to 40 per cent. The table below, taken from curves 
published by F. R. Still of the American Blower Co., in the Jour. Wes. Soc. 
Eng., 1902, is fairly representative of the performance of ordinary steel-plate 
centrifugal fans. For a given type of fan and given ratio of velocity pressure 
within the casing on the outlet side to the static pressure, there is a fixed rela- 


tion between the linear velocity Va = Sot the air within the casing on the out- 


let side and the peripheral velocity V y of the fan; the ratio y » as calculated 


from Still’s curves, is also given in the table below. 


Efficiency v. Efficiency 


More recent fans of the multivane or “Sirocco” type, when properly pro- 
portioned, have given efficiencies of 60 per cent and upwards. 


THE VOLUME OF AIR DISCHARGED per minute is Q= VgA where 
Va is the linear velocity of the air in feet per minute. When the speed is kept 
constant and the outlet pipe is partially closed, the linear velocity of the air 
through the full cross section A of the outlet decreases and the power required 
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to drive the fan decreases. A fan running at constant speed requires maximum 
power when the discharge outlet is wide open; the volume discharge is also a 
maximum under these conditions. 


For an ordinary steel-plate fan running at a given speed the maximum volume 
of air per minute which it can deliver is roughly = DWV j= DWN, where D 
3 3 


is the diameter of the fan in feet, W its width (at periphery) in feet, V the 
peripheral velocity of the fan in feet per minute and N the velocity in revolutions 
per minute. i 

The capacity of disk fans working against very low resistances is directly 
proportional to the area of the circle inclosing the fan and to the number of 
revolutions per minute, and varies with the form and inclination of the vanes. 
An ordinary type of propeller fan of diameter D feet will deliver Q = KDN 
cubic feet per minute, where K ranges from 0.4 to 0.7 (depending on the design 
of the fan) when the resistance is small, the delivery decreasing rapidly as the 
-resistance is increased, 


DIMENSIONS AND SPEED. — The full discharge outlet A of an ordinary 
steel plate fan is usually about two-thirds the product of the width W by the 
diameter D of the fan, that is A = % DW. The width of the fan ranges from 


one-third to one-half the diameter. Using the latter figure, we have D = V3 A. 
From this formula and the table given above a rough estimate of the dimensions 
of a fan for a given service may be made. For example, 20,000 cubic feet of 
air per minute at 60° F. is to be discharged against a static head of 1 inch of 
water; what must be the approximate dimensions and speed of the fan and 
what will be the approximate horse power required? The size of fan and the 
horse power required will depend upon the linear velocity of the air through 
the fan, the greater this velocity the smaller the fan and the greater the horse 
power. Using the symbols as defined above we have Ọ = 20,000, H,=1, 
d 0.0766. A reasonable value of the linear velocity Vis 2000 feet per minute. 


H 
Then A= 1o, D= 5.48, W = 2.74, Hy = 0.255, EM x 0.25552 = 0.41, Vf= 
i ' b 8 À 
4880, N = 284, efficiency = 0.415, H.P. = 9.6. That is, the diameter of the 
fan should be approximately s feet 6 inches, its width 2 feet 9 inches, its speed 
285 r.p.m., and 9.6 horse power will be required to operate it. If Vg is takenas 
4000 feet per minute, then the required diameter will be approximately 3 feet 


10 inches, its width 1 foot 11 inches, its speed 650 r.p.m., and 20 horse power. 


will be required to operate it. - : 
The above method of arriving at the size of fan is extremely rough at best; 
for more accurate data the reader is referred to manufacturers’ catalogues. 


SPECIFICATIONS FOR FANS.* — The following memoranda are im 
‘tended to assist in writing specifications. See also article on Blowers and 
article on Specifications. | | | | 

General description of fan and service fot which it is to be used. Rating, 
cubic feet of air per minute, under specified conditions of test. Whether 
exhaust or pressure. How supported. Whether fixed or oscillating. Details 
'of motor, i.e., whether a-c. or d-c., frequency, phases and voltage. 


MOTOR DRIVE.t — (See also Motors, Industrial Applications of.) The 
load on a fan motor increases as the speed rises and unless some sort of shutter- 
ing is provided the motor will be fully loaded when it comes up to speed. Shut- 
tering is essential and the starting conditions should be carefully considered, 
when a synchronous motor is intended for driving the;fan. As the torque 


* By W. A. Del Mar. t By D. B. Rushmore. 
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tequired to start a fan is usually small, a motor with low-resistance starting 


nimu 

a winding tidy be used without requiring a very heavy current. To keep the 
"A Gurtént down, however, a low tap on the starting compensator must be used 
„ius atid ait intermediate step may be vety desirable. 


: Fig. 1 shows the starting-torqueé curve of a shuttered centrifugal fan from rest 
-Wye to full speed, and also a speed-torque and a speed-current curve of a synchronous 
j . motor with a squitrel-cage starting winding 3 600 
KDE ef fairly low resistance plotted for so, yo 9. 
Xj And 160 per cent of normal voltage. Ifthe £ 
fnotot i$ stártéd from the go per cent tap g 
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set MN +e . 75 300 ee 

d » of the compensator it will bring the fan to ch EL n IV 
ju about 80 per cent of full speed. If the 8?9[ 1—7]—]—7 oem] LN! 
sai = motor is then thrown over to the full-line by 100 M BER ee BBN 


ke voltage tt may exert an excessive torque, ™ o 
dm and the turretit, às shown by the current 139 


NEN 
x8 curve, will tise to a very high value. If 4| | | | | | [ACN | 
m : d ; . ° ot 

an intermediate tap is provided — say a io Bees Zann 

piii To ber cent tap — tlie torque exerted wil — Coe cri 
: d E c but still enough to oes the see A EEEREN] 
irt 0 1 out 95 pet cent of synchronous e á XC DERE RD TRE RR E P 
' and the curtéht will be much less. Appli MENSEM 
R pu cation of the feld woüld then pull the E a [S Bu SS UE! 
J^ machine itito step after which it could be 4 o — t4 TT NI 
597 thrown óver to the line with a very little P* sopa NI 
Le tush of cuttent. For à variable-speed ser- E 40 M | | A 
et — vice the synchronous motor Ís of coutse not HES E {| 


qi a suitable and a phase-wound induction motor © |. 
(97 ' must be used. l 
ce For direct-curreht installations shunt 
-3% mototy are preferred; the speed adjustment 10 20 #0 40 b0 60 70 80 dO 100 
wi ^ being accomplished either by field control, Per cent Synchronism 
lj. armature control or a combination of the Fig. 1. Ses of E Motor 
fj, two. Field control is generally used where s Low-fesistance Starting Wind- 
un the motor operates for long intervals at 
jt speeds between so and roo per cent of maximum speed; the combination con- 
EU trol is used if the motor operates for long intervals at. speeds between 75 and roo 
m per cent of maximum speed, and is occasionally required to operate at speeds 
m below 75 per cent; and armature control is used advantageously for motors 
operating at long intervals near full speed, but where occasionally a lower 
m speed is required. Ventilating fans offer one: of the best applications for 
E gj armature control because the torque and current decreases with the cube of the 


, Speed. 
m With very large mine fans, having : a high inertia, the time required for acceler- 
S^ ation is comparatively long — one minute or more — and this must be considered 


. When the starting resistances are selected. Starting resistances for motors 
Be driving such large fans should thetefoté as a rule be of a Mas size than would 
ji. ordinarily be the case. 


BIBLIOGRAPHY. — Bowie, A. J., Centrifugal Pine AS. M.E. rgos, Vol. 
U^ 96, p. 217; Thau, W. E., Speed Conirol Requirements of Fans and Blowers, Elec. 
yl Jour., 1912, Vol. 9, p. 1019; Hubbard, C. L., Fans for Draft, Forced and Induced, 
zit Power, 1907, Vol. 27, pp. 286, 573; Snow, W. B., The Performance of Fan 
ws, Blowers, Pow. & Eng., 1908, Vol. 28, p. 776; Catalogues of Manufacturers, e.g 
sult y B. F. Sturtevant Co., American Blower Co., Buffalo Forge Co. . - 
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FEED-WATER HEATERS AND PURIFIERS. — (See also Boilers; 
Power Stations, Steam Electric.) Impurities in the water supplied to a boiler 
may cause: (1) the formation of scale on the heating surface of the boiler, re- 
sulting in a decrease of boiler efficiency and overheating and consequent weak- 
ening of,the tubes and plates; (2) the corrosion and consequent weakening 
of the tubes and plates; (3) an increase in the amount of suspended moisture T" 
carried over by the steam from boiler to engine. Sulphates of lime and Į; ^ 
magnesia, soluble salts of silica, iron and aluminum and suspended matter are {| | 
the chief scale-forming impurities. Acids, organic matter, magnesium chloride 
and sulphate cause corrosion, while priming is induced by the presence of 
organic matter, sodium carbonate and other alkalies. 

By the introduction into the feed water of various chemicals, as, for example, 
carbonate of soda, the scale-forming impurities may be changed into harmless 
substances by the reaction between the impurities and the “boiler compounds" 
introduced. Again, the adhesion of the scale to the heating surfaces may be 
prevented by the introduction into the feed water or boiler of such substances 
as kerosene oil. Suspended matter, such as sand, mud, insoluble organic 
matter, etc., may be eliminated by mechanical filtration or by allowing the 
water to stand in settling tanks. Organic impurities usually float on top of 
the water when the boiler is making steam and may be blown out through a 
* surface blow-out."  Precipitated matter may be ejected by frequent blowing 
off before it has time to form a crust. Scale, when it has once formed, can be 
removed only by cleaning the tubes with some form of scraper. Very bard 
sulphate-of-lime scale may be softened so as to be more easily scraped, by dis- 
solving a considerable quantity, say so to 1oo pounds, of caustic soda in the 
boiler and slowly boiling it at atmospheric pressure for from 12 to 24 bours. 
Carbonates of lime and magnesia, two of the chief scale-forming impurities, 
may be almost completely precipitated by raising the temperature of the 
water to 290? F. (= boiling point for a pressure of about 60 pounds absolute). 


SAVING DUE TO PREHEATING FEED WATER.— Although theheat | :, 
ing and subsequent filtering or settling of the feed water results in the elimina- 
tion of certain of the impurities, the primary object of preheating the feed 
water is to reduce the coal consumption. 'The heat required to raise the tem- 
perature of 1 pound of feed water 11° F. is approximately 1 per cent of the 
total heat required to convert the water into saturated steam at ordinary 
pressure. Hence, for every 11° F. the temperature of the feed water is raised 
by the application of heat which would otherwise be wasted, a saving of approx- 
imately 1 per cent will be effected in the amount of coal required. Let H= 
total heat of the steam at the given pressure, ko = heat of the water entering 
the heater, k =heat of the water leaving the heater, then the saving, expressed 


as a percentage of the heat that would be required by a boiler without a super- 
heater, is 


"is 


The values of H, k and ho may be taken from steam tables (see Steam). This 
formula also gives the saving in fuel, provided the boiler efficiency is the same 
with or without the feed-water heater. However, if the boiler is overdriven, 
the installation of a feed-water heater will effect a greater saving than that given 


by the formula, since when the work to be done by the boiler is reduced the 
boiler efficiency will also increase. 


TYPES OF FEED-WATER HEATERS. ~The heat used for preheating 
the feed water may be derived: (1) from the exhaust steam; (2) from the fue 
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gases, in which case the heater is usually called a “fuel economizer”; (3) from 
live steam taken directly from the boilers, in which case the primary function 
of the heater is to purify the feed water, and it is therefore usually called a 
“live-steam purifier." The heat may be transmitted from the steam to the 
water either (1) by allowing the steam to mingle with the water and give 
up its heat by condensation, or (2) by passing the water and steam through 
separate chambers arranged so that the heat is conducted to the water through 
the walls of the chambers. These two types of heaters are referred to respec- 
tively as “open” and "closed" heaters. Closed heaters may be either of the 
water-tube or steam-tube type; in the former the steam surrounds a set of 
tubes through which the water is passed, while in the latter the steam is passed 
through a set of tubes surrounded by water. A closed heater in which the 
steam pressure is less than atmospheric is called a “vacuum” or * primary" 
heater; such heaters are frequently used in the exhaust of condensing engines. 
“ Atmospheric" or secondary" heaters are those in which the steam pressure 
is that corresponding to the back pressure of the engines or pumps. A heater 
in which the steam pressure is the same as that in the boiler is called a “ pressure” 
heater. 
Gebhardt gives the following list of typical heaters used in this country: 


Cochrane. 

Hoppes. 

Stillwell. 

Exhaust steam Webster. 

Atmospheric, Wainwright Water 

Vacuum, or Pressure... ..] Wheeler Tube. 
Otis } Steam 
Berryman Tube. 


Open —Atmospheric.............- 
Closed | 


( Green. 
Flue gas............... Ei un —— — wae American. 
( (Sturtevant. 


Live steam — Open — Pressure. .............-.. € | 


Open Heaters. — The essential parts of an open heater are: (1) a shell con- 
taining (2) a set of trays or pans to catch the scale-forming elements pre- 
cipitated from the water; (3) a filter to take out suspended impurities; and 
(4) an oil separator to extract the oil from the steam before it enters the 
superheater. 


Dimensions. — C. L. Hubbard (Practical Engineer, Jan. 1, 1909) gives 
the following: 

Exhaust heaters should be proportioned according to the quality of the water 
to be used, the size being increased with the amount of mud or scale-produc- 
ing properties which the water contains, regardless of the quantity of water to 
be heated. The general proportions of an open heater will depend somewhat 
upon the arrangement of the trays or pans, but an approximation of the size 
of shell for a cylindrical heater is as follows: A= H + aL; L= H a4; in 
which A = sectional area of shell in. square feet; L = length of shell in linear 
feet; H = total weight of water to be heated per hour divided by the weight 
of steam used per horse power per hour by the engine; a = 2.15 for very muddy 
water, 6.0 for slightly muddy water, and 8.0 for clear water. 

The pan or tray surface varies according to the quality of the water, both as 
regards the amount of mud and the scale-making ingredients. The surface 
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in square feet for each 1000 pounds of water heated per hour may be taken as 
follows, for the vertical and horizontal types respectively: 


Very bad water..........cceeseeeees deweparda Nea ere rd bee i 8009.1 SM D 
Medium muddy watet se. <ssescc cs cov en ruetes e Ex TERRA vs 6 and6.5 tits 
Clear and little scale.... 0... ck cece cece cece cece eene 2 and2.2 imn 


The space between the pans is made not less than o.r of the width for 
rectangular and o.25 of the diameter for round pans. Under ordinary circum- 
stances it is not customary to use more than six pans in a tier, in order to 
obtain a low velocity over each pan. The size of the storage or settling chamber 
in the horizontal type varies from 0.25 to 0.4 of the volume of the shell, depend: 
ing on the quality of the water; 0.33 is about the average. In the case of 
vertical heaters, this varies from 0.4 to 0.6 of the volume of the shell. Filters 
occupy from 1o to 15 per cent of the volume of the shell in the horizontal type 
and from r5 to 20 per cent in the vertical. 


Temperature Elevation of Feed Water. — Let H = total heat of 
steam in B.t.u. above 32°F. at the pressure of the steam in the heater; T= 
initial temperature of the water entering the heater; F = final temperature of 
the watet leaving the heater; K = ratio of weight of exhaust steam condensed - 
per hour in the heater to weight of the feed water per hour; then, neglecting 
loss due to radiation, | 
_I+K(H +32), 

I+K 


F 


Closed Heaters. — (H. L. Hepburn, Power, April, 1902.) Let W = pounds 
feed water per hour; A = sq. ft. of heating surface between stéam and water, 
Ts = temperature of the steam; J = initial temperature of the water; F = final 
temperature of the water; U = B.t.u. transmitted per sq. ft. per hr. per deg 
difference of temperature between the steam and the water; then 


2.30 W | T-I 
og 


A= 4 
'U TIE 


The value of U varies widely according to the condition of the surface and with 
the velocity of the water, and also depends upon whether the heater is of the 
water-tube or steam-tube type. Gebhardt gives the following values of U: 
for multi-flow water-tube heaters, 250 for plain copper or brass tubes and 300,for 
corrugated tubes with a water velocity of 5o feet per minute; for single-flow 
water-tube heaters, 175 for plain brass with a water velocity of 12.5 feet pef 
minute; for coil water-tube heaters, 300 for copper tubes with a water veloaty 
of 150 feet per minute; for steam-tube heaters, 120 for iron. tubes. ` 


Economizers. — Economizers for boiler plants are usually made of vertial 
cast-iron tubes contained in a long rectangular chathber of brickwork. The 
feed water enters the bank of tubes at one end, while the hot gases enter the 
chamber at the other end and travel in the opposite direction to the wate 
The tubes are made of cast iron because it is more non-corrosive than wrought 
iron ot steel when exposed to gases of combustion at low temperatures. An 
automatic scraping device is usually provided for the putpose of removing dust 
from the outer surface of the tubes. — — - | | 

The amount of saving of fuel that may be made by an economizer varies 
greatly according to the conditions of operation. With a given quantity of 
chimney gases to be passed through it, its economy will be greater (1) th 
higher the temperature of these gases; (2) the lower) the temperature of the 
water fed into it;. and (3) the greater the amount of its beating surface. 


Wu 
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The maximum saving of fuel which may be made by the use of an economizer 

. when attached to boilers that are working with reasonable economy is about 

15 per cent. If the boilers are not working with fair economy on account of 

being overdriven, then the saving made by the addition of an economizer may 
be much greater. 

Temperature Elevation of Feed Water. — Let A = square feet of 


: economizer heating surface per boiler horse power, Tı = temperature (Fahren- 
© heit) of flue gases entering economizer (ranges from about 450 to 700° F.); 
: I= temperature of feed water entering economizer; F = temperature of feed 


water leaving economizer; W = pounds feed water per boiler horse power per 
hour; G= pounds flue gas per pound coal; C = pounds coal per boiler horse- 
power hour; S = specific heat of flue gases; U = B.t.u. transmitted per sq. ft. 
per hr. per deg. difference of temperature between (lue gas and water; then 

A (T1— I) . 
W . (W+CGS)A 


— 


U 2CGS 


F-I- 


A varies from 3.5 to 5, and U from 2.25 to 3.3, depending upon the conditions 
of operation. Putting W = 30, S = 0.2 and U = 3.3, the above formula reduces 
to i 

A (T4 — 1) ; 

(sW 4- GC) A 

2GC 


F-[= 
9.1 4- 


' which is the formula advocated by the Green Economizer Co. 


Rating and.Cost. — Economizers are sometimes rated by tubes, the 
usual area per tube being 15 square feet. From 3.5 to 5 square feet are usually 
installed per boiler horse power. Economizers cost approximately $1.25 per 
square foot of heating surface, this figure including erection and brick setting. 


BIBLIOGRAPHY. — Gebhardt, G. F., Steam Power Plant Engineering; 
N.Y. 1909. Catalogues of Manufacturers, e.g., Harrison Safety Boiler Works, 
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FIRE-ALARM TELEGRAPH. — (See also Telegraph Instruments ond 
Apparatus; Telegraph Systems; Wiring of Buildings for Miscellaneous Devices) 
The object of fire-alarm telegraph systems is to notify the fire-fighting forces 
of a community promptly of the existence and location of a fire, and also to 
afford a means of communication between the various branches of the fire 
fighting organization whether at a fire or in quarters. 

The simplest form of fire-alarm system is shown in Fig. 1, where several fire 
alarm boxes are arranged in series in the alarm or “box” circuit extending from 
the fire-alarm headquarters throughout the district covered by the boxes. These 
boxes are provided with a clockwork mechanism, so that when the box is started 
or “pulled” by the person sending the alarm, a break wheel, carrying notches 
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Fig. 1. Fire-Alarm System 


corresponding to the code number of the box, is caused to revolve, thus making 
and breaking the circuit in accordance with the code. These makes and breaks 
cause the operation of the relay at headquarters and by means of a bal 
circuit the gong sounds the alarm at headquarters. As many gongs as may be 


desired may be operated by the same relay, these being placed in the engine- 


house, men’s quarters, or wherever else it is desired to give the alarm. 


Types of Boxes. — The placing of a number of boxes on the same circuit 
gives rise to the possibility of confusion, due to two or more boxes being pulled 
at once. This is called "interference." A box which makes no provision 
against this confusion is called an “interfering box." A common type of bor, 
termed the “non-interfering box," is so arranged that if two or more boxes on 
the same circuit are pulled at once the signal of the first box to be started 
will be transmitted without interference from the others, but the signals of the 
others will not be transmitted. In a later development, and one that is largely 
used, the arrangement is such that if any number of boxes up to four on the 
same circuit are simultaneously pulled, no interference and no loss of signal 
will be entailed, each box securing possession of the line in succession, th 
deferred boxes waiting their turn, so that the signals of all the boxes will be 
transmitted without confusion. These are called “non-interference successio 
boses."' 


Gong Circuits. — In fire departments which have a number of engine and 
other apparatus houses, it is customary to establish a single fire-alarm best 
quarters, at which all box circuits center. From this headquarters other a 
cuits, termed "'gong circuits," extend to the apparatus houses. An 


received over a box circuit may be transmitted to the gong circuits either ma 
ually or automatically. 


ee 
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Manual Systems. — In manual systems the box alarm is received at head- 
quarters and then is set up on a transmitter, which, when started, automati- 
cally repeats the alarm over the desired gong circuits. The manual part of 
this operation may consist in placing a disc, notched on its periphery to accord 
with the desired box number, in the transmitter, and then starting the mechan- 
ism, the notches on the disc effecting the desired makes and breaks in the 
gong circuits. This method is employed in the fire-alarm system of the 
Borough of Manhattan, New York. 

Another manual method of transmission is to set up the desired box number on 
a dial transmitter, which, when set in motion, transmits the alarm to the gong 
circuits. Still another method is to actually re-transmit the box numbers manu- 
ally by means of a Morse key. 

Automatic Systems. — In these the relays at headquarters, which are 
operated by the box circuits, automatically perform the making and breaking 
of the gong circuits, and thus re-transmit the box alarm to the gong circuits. 
This is advantageous in point of time saving, but has certain objectionable 
features in removing all discretionary power from the operators at headquarters. 

Confusion in Fire-alarm Nomenclature. — Considerable confusion 
exists in the nomenclature of the fire-alarm art in various parts of the coun- 
try. For instance, the term “automatic system,” instead of applying to the 
automatic re-transmission of the alarm at fire headquarters, is frequently ap- 
plied to those systems where the original alarm is automatically sent, as by 
the operation of a thermostat in a building under the influence of undue heat. 


BIBLIOGRAPHY. — See Bibliography in article on Telegraph Systems. 
[S. G. McMEEn.] 
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FLUXMETER. — (See also Galvasomeiers.) The Grassat fluxmeter is esser» 
tially a dead-beat galvanometer, the suspension fiber of which is designed to 
exert no appreciable torsional force on the moving system when the latter is 
displaced. 

Construction. — Fig. 1 is a diagram showing its construction. The coll C 
swings in the uniform air gap between the pole pieces NS of @ à permanent mag 
net and the soft iron core A. The system is sup- 
ported at the top by a single cocoon fiber, the upper 
end of this fiber being attached to a flat spiral spring 
R, to minimize the effect of shocks. The torsional 
force exerted by such a fiber is extremely small. Sand 
S, are yery thin silver strips, serving to lead the cur- 
rent to and from the coil C. . These strips are in the 
form of. springs, which, however, are extremely. . 
weak and therefore exert but a small theoretically in- - 
appreciable torsional force on the coil. An index or 
pointer is attached to the instrument, this pointer 

swinging over a calibrated scale. The fluxmeter i is $e. 
also provided with a mirror in addition to the pointer & 
so that it may be used in conjunction with a lamp 
and scale or with a telescope and scale. l 


Principle of Operation. — When a given quantity A 
of electricity is discharged through the moving coil, — ¢ b 
for example by changing the flux threading an ex- Fig: 1. Grassot Fluxmeter 
ploring coil connected to the terminals a and b, a System 
force is exerted upon the coil tending to deflect it. The only opposing fores 
(neglecting the small and theoretically inappreciable torsional forces) are the 
mechanical friction to motion and the back e.m-f. induced in the coil due to its 
motion through the field of the permanent magnet. "The latter is proportional 
at any instant to the velocity of the coil, and the frictional force is also ap- 
proximately proportional to this velocity. If both forces are directly propor- 
tional to the velocity, when a given quantity of electricity is discharged through 
the circuit, the coil comes to rest at a definite point, depending only upon its 
initial or “zero” position and the total quantity discharged through it. As the 
quantity of electricity discharged through an exploring coil, when the magnetic 
flux threading it is changed, depends solely upon the change in flux and the 
resistance of the coil and the rest of the circuit in series with it, the instrument 
may be calibrated to read directly the change in the flux density produced in 
the region occupied by the coil. In practice the friction is not exactly propor 
tional to the velocity and the fiber and leading in springs usually exert an ap 


preciable force on the,coil. The instrument therefore has not proved altogether 
satisfactory. 


Applications. — In motor or in dynamo work an exploring coil, consisting 
of one or more turns of wire, may be fixed or wound in position and the 
change in flux of induction observed on exciting the field magnet. Even in 
the largest work, where some minutes may be taken to reach the limit of mat 
netization, no error is thus introduced. The fluxmeter can also be used for the 
measurement of magnetic field strength, pole strength and the distribution d 


magnetism in bar magnets. It is also adapted to the measurement of perme- 
ability (q.v.) and hysteresis (q.v.). 


Cost. — A direct reading fluxmeter with one exploring coil costs about $75: 
Additional exploring coils cost from $8 to $10 each. 
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zie? FLYWHEELS FOR LOAD EQUALIZATION. — (See also Hoists; 
bits Motors, Industrial A pplication of; Steel, Mills, Electric Drive of.) There are two 
„att methods in general use for equalizing a fluctuating load, the storage battery 
and the flywheel. The former is mostly used in connection with a central ser- 

niic A vicé where thé peaks are of considerable duration and for which service the 
y "T flywheel is entirely unsuitable. For short fluctuating loads, such as steel-mill 
. Service; mine Hoists, ett.; the flywheel is particularly suitable, and it may be 

i applied either to the driving motor direct or to an intermediate motor-genera- 


tor eqtializing set, depending on the operating conditions. 


| Selection of Flywheel. — The problem of selecting a flywheel for a given 
=, service is not an easy one, and each case must be treated separately. The general 

$' problem is to determine what effect a flywheel will have on smoothing out the 
=, load fluctuations; what effect it will have on the motor and supply system; 
whether a flywheel is warranted; and what size flywheel will result in maximum 
economy. 


[r " f " 
7^. Flywheel Effect. — The effectiveness of a flywheel, rotating at a given number 
i ,' of revolutions per minute, in equalizing the load, depends not only upon its 
| ! weight but also upon the square of its radius of gyration (q.v.). The product of 
lo, the weight of a flywheel by the square of its radius of gyratioh is commonly called 
“= the “flywheel effect"; it is proportional to the moment of inertia of the flywheel. 
' — Afactor which limits the usefulness of a given flywheel i is the allowable variation 
in speed, as the energy which a flywheel i is able to give up is proportional to the 
y difference between the squares of the initial and final speeds. Another point to 
be córisidéred is the fact that a Hywheel ls not an inexhaustible source of energy. 
^, The time during which it can supply a certain number of horse-power is limited, 
Em. and it can, with a given drop of speed, only supply a given number of horse- 
5" power seconds. A certain flywheel, for example, may easily take care of a peak 
ks “amounting to 100 per cent overload for one second, but it may be entirely in- 
tE adequate to Mandle a so per cent overload lasting for five seconds. 


Induction Motor with Flywheel. — Let the motor at any instant be devel- 
"T oping a torque T, and let the opposing torque of the load at this instant be 71. 


Then T = Ti+ Er w where J is the moment of inertia of all the revolving 


2 dt 


" 
i parts and w their angular velocity. In thecase of an induction motor the torque 
(^. Tispractically proportional to the slip (see Motors, Induction). By making use ot 
`a this relation and the above equation the following working formula is readily 
d$ > deduced for the change in the torque developed by an induction motor for an 
("^ interval during which the opposing torque of the load remains constant. Let 


it To= torque, in pound-feet, developed by motor at a given instant. 
N T = torque, in pound-feet, developed by motor £ seconds later. 
T Tı = opposing torque, in pound-feet, due to the load, assumed constant. 


se R=ratio of torque (in pound-feet) to slip for the given motor, obtained 
is from characteristic curves of the motor. 
T N = synchronous speed of motor, in r.p.m. 


Li k = radius of gyration of flywheel, in feet (the inertia of the other rotating 
E parts is usually negligible i in comparison with that of fiywace): 
uU W = weight of flywheel in pounds. 


si Calculate the constant 
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Then the torque developed by the motor / seconds from the time that its torque 
was T^ is : 
T1 — To 


T2s11— ET 


where e is the base of the natural system of logarithms (see Exponential Functions). 

This equation shows that if the load torque suddenly increases from the value 
To to a new constant value 71, then the torque developed by the motor does not 
change immediately to Tı, but builds up to this value at a rate depending upon 
the value of the constant A. The smaller A the more slowly does the torque of 
the motor change; if A is sufficiently small and the load represented by the torque 
Ti is of short duration, then the torque of the motor may increase only a relatively 
small amount before the load drops back to its original value. The constant A 
can be made small: (1) by having a flywheel with a large flywheel effect; (2) by 
using a high-speed motor, or (3) by designing the motor so that for a given torque 
the slip is large, i.e., with high secondary resistance. 


BIBLIOGRAPHY. — Fletcher & Riker, Relation of Flywheel and Motor 
Capacity for Industrial Loads, Elec. Jour., 1912, Vol. 9, p. 270; Gaske, F. G. 
Interaction of Flywheels and Motors, A.1.E.E., 1910, Vol. 29, p. 1385; Cheney, 
E. J., Flywheels for Motor Driven Rolling Mills, G. E. Rev., 1911, Vol. 15, p. 41; 
Willard, W. R., Designing a Flywheel, Pow. and Eng., 1908, Vol. 28, p. 1043; Sofe 
Speed for Cast-Iron Flywheels, Pow. and Eng., 1910, Vol. 32, p. 162; Haar, 5, 
Control of Electric Mine Hoists, G. E. Rev., 1912, Vol. 15, p. 255; Motter & 
Tatum, Flywheel Load Equalizer, A.V.E.E., 1911, Vol. 30, p. 729. 


[D. B. RusHMORE, assisted by E. A. Lor] 
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FREQUENCY INDICATORS. — (See also Ammeters; Voltmeters; Watt- 
meters.) The frequency of the current supplied by a generator may be deter- 


mined directly from its speed, N revolutions per minute, and number of poles 2, 


from the formula 


The same formula also applies to a synchronous motor, N and p being the speed 
and number of poles of the motor. ‘The speed may be measured by a revolution 
counter and stop watch or by means of a tachometer, or speed indicator. The 
latter may be calibrated to read the frequency directly for a given generator or 
motor. 


INDICATING FREQUENCY METERS. — Indicating frequency 
meters are made in a variety of types, the most common being (1) the moving- 
vane or moving-coil type, (2) the induction type, and (3) those operating on 
the principle of the mechanical resonance of an iron reed acted upon by the 
magnetic field produced by a current from the given source. 


Moving-vane Type of Frequency Indicator.— A common form of fre- 
quency indicator of this type consists of a moving vane, with pointer attached, so 
mounted that it is acted upon by two coils set at right angles to each other. One 
coil is connected in series with a non-inductive resistance and the other in series 
with a comparatively large inductance. The vane tends to set itself in the direc- 
tion of the resultant field due to the currents in two coils, there being no con- 
trolling spring, and consequently for a fixed ratio of these currents the disc takes 
up a definite position irrespective of the values of these currents. The two 
circuits are so connected to the source of supply that when the voltage across | 
the mains varies, the voltages across the two circuits of the instrument vary 
proportionally to each other, and therefore the position of the vane and pointer 
is unaffected by voltage variations. An increase in the frequency, however, de- 
creases the current through the inductive circuit relative to that through the 
non-inductive circuit, and consequently causes a deflection of the vane and 
pointer; similarly a decrease in the frequency increases the current through the 
inductive circuit, producing a deflection in the opposite direction. The re- 
sistance and inductance of each circuit is so adjusted that for the standard 
frequency, e.g., 60 cycles, the pointer stands in the middle of the scale. A 
given instrument is suitable for a range of frequency, from about 33 per cent 
below to 50 per cent above normal. 


Effect of Wave Form. — Such instruments are affected to a very small 
extent by the wave form of the voltage on the mains to which they are connected. 
Numerous expedients have been devised to overcome this error by various 
combinations of resistive and inductive circuits, and by providing a small ad- 
justable resistance in series with the inductance, this resistance being set to 
cortespond with the wave form on which the instrument is to be used. 


Moving-coil Type of Frequency Indicator.— This type is similar to the 
moving-vane type except that two moving coils, rigidly fastened together, con- 
stitute the moving element and the stationary element is a single coil. 


Resonant-Circuit Frequency Indicator. — A new form of instru- 
ment of tbis type, in which the sensitiveness is greatly increased, has 
recently been developed (Pratt and Price, Trans. A.I.E.E., 1912, Vol. 31, 
$. 1595). The two moving coils or armatures are connected in series with 
suitable resistances, inductances and condensers, so adjusted that the two cir- 
cuits are nearly in electrical resonance (see Alternating Currents) with the im- 
pressed frequency. A 6-inch deflection of the pointer over the scale of the 
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instrument is readily obtained for a change of frequency from 55 to 65 cycles 
per second, and by changing the constants of the circuits a 6-inch deflection 
can also be obtained for a change of frequency from 60 to 6t cycles per second. 


This instrument shows only a trace of variation due to wave form, voltage ot 
temperature. 


Induction-type Frequency Indicator. — In these instruments a disk is 
subjected to torque in opposite directions by two small shaded pole motors, the 
construction being similar to that of an induction voltmeter. The circuit of one 
motor is inductive and in the other is practical non-inductive. The disk or 
rotating member is provided with one edge not concentric, or some equivalent 
device is used, so that the torque developed on the disk varies with its position 
relative to the motor elements. 'The disk then finds a position in which the 
torques are balanced, which position will depend on the relative currents in the 
two motor elements. The current in the inductive element depends upon the fre- 


quency as in the types described above, and consequently the deflection of the 
disk is a measure of the frequency. ` 


Vibrating-reed Type of Frequency Indicator. — In these instruments 
series of vibrating reeds is provided, each tuned to vibrate at a frequency corre- 
sponding to a certain number of cycles per second, or sometimes the tuning is 
done for differences as small as 1⁄4 cycle per second or less. Some arrangement 
is provided by means of which the frequency of the altérnating circuit is com- 
municated to these vibrating reeds. In one arrangement all of the reeds are 
mounted on a common support which is vibrated by a single electromaguet 
through which the alternating current whose frequency is to be measured passes. 
In another arrangement the reeds are attached to a rigid support but are con- 
structed of magnetic materials and acted on by one or more electromagnels 
directly. These instruments are quite accurate in setvice if the voltage is not 
varied beyond that for which the instruments are intended, in which case the 
wrong reed may be made responsive. 


COST OF FREQUENCY INDICATORS. — Switchboard frequency 
meters of the moving-vane or moving-coil type (not tuned), cost from $45 to 
$65. The tuned, or electrical resonance, switchboard type cost from $75 to $85. 
Vibrating-reed frequency indicators for switchboard service cost from $35 to 
$95; portable indicators of this type cost from. $110 to $125; duty included in 
both cases. The various types are made for standard frequencies of 25, 40 
and 60 cycles per second and for circuits of 110 or 220 volts. For higher volt- 
ages potential transtormers should be used. 


BIBLIOGRAPHY. — Jansky, C. M., Electrical Meters, N. Y., 1913; Prat 
and Rice, Resonant Circuit Frequency Indica, Trans. ALE.E., 1912, Vol. 35 
p. 1595; Bulletins of es, 


[L. T. RoBINso) 


(a guk 
m 
s 
yen 


Friction i 551 


FRICTION. — (See also Automobiles, Electric; Bearings; Belts and Belting; 
Brakes and Braking Systems; Friction Drive; Gears and Gearing; Hydraulics, 
Principles of; Lubricants and Lubrication; Pipes and Piping; Railways, Energy 
Requirements for; Ropes and Rope Drive; Valves; also under name of machine 
in question.) Friction is the tangential force set up whenever an external force 
is applied to a body tending to move it, or actually moving it, over the surface 
of another. There are two distinct types of friction, namely, “sliding friction” 
and "rolling friction." Again, the force required to start a body sliding or 
rolling over the surface of another body (in addition to the force required to 
overcome the inertia of the first body) is in general greater than the force 
required to keep it sliding or rolling at slow speed aíter it is once started. "The 
force required to start a body is called the “static friction" or the “friction of 


' rest" and the force required to keep it in motion is called the “kinetic friction" 


or the “friction of motion." There is evidence to indicate that there is no 
abrupt change in the value of the friction from rest to motion, but that the 
change is a continuous one, varying rapidly with the speed at low speeds. At 
first the friction decreases with the speed, at moderate speeds it is nearly con- 
stant, and at higher speeds increases rapidly with the speed. Air friction must 
also be taken into account at very high speeds. 


COEFFICIENT OF SLIDING FRICTION iU AND ANGLE OF RE- 
POSE (0). — The coefficient of sliding friction is defined as the ratio of the 
force required to move a body along a horizontal plane surface to the normal 
component of the force pressing the body against this surface. If the body is 
resting on an inclined plane and the force normal to this plane is due only to 
the weight of the body, the angle of inclination of this plane to the horizontal 
required to start the body is called the angle of repose. The tangent of this 
angle is equal to the coefficient of static friction, i.e., 


f= tan. 


The friction of a bearing is a special case of sliding friction (see Bearings). 

Factors Affecting the Coefficient of Sliding Friction. — For a given 
normal pressure (force per unit area perpendicular to surface of contact) the 
coefficient of friction is approximately independent of the area of contact, all 
other conditions being the same, except in the case of fibrous materials, in: which 
case the coefficient increases with extent of surface. 

The coefficient of friction, however, is as a rule materially affected by the 
pressure, speed, degree of smoothness of the surfaces in contact, the condition 
of these surfaces (whether dry, moist, greasy or oily), temperature in case of 
lubricated surfaces, etc. 

Friction of Fluids Against Solids. — Thurston states that for all fluids, 
whether liquid or gaseous, the resistance is: (1) independent of the pressure 
between the masses in contact; (2) directly proportional to the area of rubbing- 
surface; (3) proportional to the square of the relative velocity at moderate and 
high speeds, and to the velocity nearly at low speeds; (4) independent of the 
nature of the surfaces of the solid against which the stream may flow, but de- 
pendent to some extent upon theif degree of roughness; (5) proportional to 
the density of the fluid, and related in some way to its and (see Pipes and 
Piping; Hydraulics, Principles of). ~ 

Friction of Lubricated Surfaces approximates more closely the ings: of 
fluid friction the more thoroughly the surface is lubricated (see also Bearings; 
Lubricants and Lubrication). 

Values of the Coefficient of ‘Sliding Friction. — Due to the numerous 
factors which affect the coefficient of friction, the values of this coefficient given 
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by various authorities are found to differ widely. The table below will serve 
to indicate the order of magnitude of the coefficient in the cases stated, but it Tet 


should be kept in mind that these values are only rough approximations (see : ti} 
also Belis and Belting, Brakes and Braking Systems; Ropes and Rope Drive). 


COEFFICIENT OF STATIC FRICTION BETWEEN DRY, SMOOT 


SURFACES 


Materials 


Wrought iron on wrought iron 0.25~0.41 


Wrought iron on cast iron 0.28-0.38 
Steel on cast iron ‘| 0.30-0,40 


Brass on cast iron 0.21-0.23 


Yellow pine on yellow pine 100-1§00] 0.25-0.32 
Spruce on spruce 100-800 | 0.18-0.53 
Metals on metals 


COEFFICIENT OF STATIC FRICTION AND ANGLES OF REPOSE ~ is 
. OF BUILDING MATERIALS 


Materials 


Dry masonry and brickwork............... 
Masonry and brickwork with damp mortar.. 
Masonry on dry Clay........... ccc ese e eee 
Masonry on moist clay..................... 
Timber onstone............. leere ese 
Timber on timber..................uuelelu. 
Timber on metals.................Luueusles. 


e9»»e€0€8*9o09€0206809*992959*249*0^529292*»9 


Materials 


Wood on wood. ...... en 
Metals on oak... cess 
Metals on elm... 
Metals on metals. ..... n 
Hemponoak......e cree: 
Leather on oak. ..... e 
Leather on metals....... eene 
Bronze on lignum Qoi. occ atinceeatesiet 


zie 
| - xi 
5 
Authority ER | 
ziy 
iy 
Rennie. & 
f a 
Rennie. 
Rennie. : 
Rennie, 
Messiter and Hanson. 
Messiter and Hanson. Hh 


Rankine. 
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0.2-0.5 “ K 
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Power Lost Due to Sliding Friction. — Let 
f= coefficient of friction, 
W = total force acting normal to surface of contact, 
v= velocity in feet per second, 
then the power lost is 


W 
{Wo foot-pounds per second = = h.p. 


COEFFICIENT OF ROLLING FRICTION. — Let 

F = resisting force in pounds tangent to circumference of wheel, 
r= radius of wheel in feet, 

W = load on wheel in pounds, 


then the coefficient of rolling friction (f) is defined by the relation 
pU. 
r 


Note that the value of f depends upon the unit in which r is expressed. If r is 
expressed in inches instead of feet f will be 12 times as great. 


, Factors Affecting the Coefficient of Rolling Friction. — Rolling friction 
8 a consequence of the irregularities of form and the roughness of surface of 
bodies rolling one over the other. Its laws are not yet definitely established in 
consequence of the uncertainty which exists in experiment as to how much of 
the resistance is due to roughness of surface, how much to original and permanent 
inegularity of form, and how much to distortion under the load. (Thurston.) 


Values of Rolling Friction. — The following are some reported values of 
tolling friction, when r is expressed in feet, 


Lignum-vite roller on oak track ................ s 0.0016 

Im roller on oak track. ......00ecccececccececce. 0.0027 
Car wheel on iron or steel rail.,...........2..0-.-. O.0015—0. 002 
Steel-tired wagon wheel on soft soil. ................ 0.065 
Steel-tired wagon wheel on smooth hard road. ....... 0.02 
Steel-tired wagon wheel on wood................ 3.. 0.0185 
Steel-tired wagon wheel on asphalt. ................ 0.012 


m = 6.28 fW foot-pounds per second 
[Wo . fWn 


aoe 
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BIBLIOGRAPHY, — Numerous references will be found in Kent’s Mechani- 
Engineers! Pocket- Book, | 


[H. Penper AND R. G. HupsoN.] 
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FRICTION DRIVE. — (Adapted from paper by W. F. M. Goss, Trans. 
A.S.M.E., 1907.) A friction drive consists of a fibrous or somewhat ylelding 
driving wheel working in rolling contact with a metallic driven wheel. Such 
a drive may consist of a pair of plain cylinder wheels mounted upon parallel 
shafts, or a pair of beveled wheels, or of any other arrangement which will 
serve in the transmission of motion by rolling contact. - 


Suitable fibrous materials for the driving wheel are straw fiber, 
tarred fiber, sulphite fiber, or leather; 


are iron, aluminum and type metal. 


Crushing Strength and Safe Load for Fiber Wheels, — The crushing 
strength of each fibrous material, as determined by finding the load under 
which the wheel failed before 15,000 revolutions had been made, is given in 
the following table, together with the safe working load, taken as one-third the 
crushing load. 

Coefficient of Friction. — : 
The coefficients of friction be- . Crushing Safe load, 
tween the various fibrous ma- load, 1b. per | 1b. perin. . 
terials and the three metals in. width - width 
are given in the table below, S Bw 
these being maximum values, 
corresponding to a slip of 
about 2 percent. The friction 
at constant slip was found to 
be practically independent of 
the pressure between the limits 
of 150 and 400 pounds per inch 
width of face in contact. 


leather fiber, 
suitable materials for the driven wheel 


Material 


esete 
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Horse-power Transmitted. — Goss gives the following formula fdr the 
maximum horse-power which can be safely transmitted by a friction drive 


vd WPN Xo6f 
P^ aseo ANEN, 


in which d = diameter of driving wheel in inches, W = width of face in inches, 
P = safe working pressure in pounds -per inch of width; N = revolutions pet 
minute, f — coefficient of friction, o.6 a factor for the decrease of the coefficient 
in service and for the loss in journal friction, k a coefficient including P, f and 
the numerical constants. ; ; . 


COEFFICIENTS OF FRICTION AND HO 


RSE-POWER OF FRICTION 
DRIVES ^ A 


Surface of 
Driving Pulley 


BIBLIOGRAPHY. — Additional data on friction drive will be found in 
Kent’s Mechanical Engineers’ Pocket-Book. [Wm. KENT] 
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FUELS. — (See also Boilers; Calorimeters, Fuel; Gas; Gas Producers; Power 
Stations.) Commercial fuels are wood, peat, coal, charcoal, coke, petroleum 
and gas. These fuels in the raw state all contain carbon and hydrogen as 
the heat-producing elements, together with oxygen, nitrogen, sulphur, earthy 
matter and moisture, which are undesirable and detract from the value of the 
fuel, Sulphur in the form of sulphide of iron, which frequently exists in coal, 
tends to cause spontaneous combustion. 

Wood is rarely used for the production of large amounts of energy. Peat, 
Which is formed in bogs or marshes by the partial decomposition or destructive 
distillation of vegetable materials, is unsuitable for fuel until dried. To compete 
with coal, it must also be especially prepared and compressed into briquettes; 
such briquettes are extensively used in Europe, but up to the present peat has 
not been employed commercially in this country. Charcoal is the solid material 
left after evaporating the major portion of the volatile ingredients of wood or 
peat, or other vegetable matter. Coke is similarly the solid material left after 
evaporating the volatile ingredients of coal. Coke is of dark gray color, with 
slightly metallic luster, porous, brittle and hard. It is hygroscopic, i.e., absorbs 
and retains moisture when exposed to the air. One pound of coal yields from 
0.35 to 0.90 pound of dry coke, depending on the kind of coal from which it is 
made, Coke is used chiefly in blast furnaces and foundries; its high cost pre- 
vents its use for the production of power. ; 

In power plants, the fuels used are coal, oil and gas. Coal and oil will be 
treated in detail below; for a discussion of gas see the article on Gas. 


DEFINITIONS. —When a fuel is heated to red heat in a non-oxidizing 
atmosphere, the carbon in the solid residue is called “fixed carbon." The 
hydrocarbons and other gaseous compounds which distil off are called “ vola- 
tile matter.” When a fuel burns or oxidizes, the solid mineral matter left is 
the ash. Fuels in the raw state also contain a certain amount of water or 
‘ moisture." The fixed carbon and volatile matter together are called the 
“combustible” though the nitrogen and oxygen in the volatile matter are not 
actually combustible. The determination of the fixed carbon, volatile matter, 
moisture and ash in a fuel is called the “ proximate analysis." The deter- 
mination of the moisture and ash of the fuel and the constituent elements of 
the combustible, i.e., the carbon, hydrogen, oxygen, nitrogen and sulphur, is 
called the “ultimate analysis.” The “heating ” or “‘ calorific ” value of a fuel 
is the number of units of heat energy developed as the result of the complete 
combustion of a unit weight (or mass) of the fuel. In this country and in 
England, the heat energy is expressed in British thermal units, abbreviated 
Btu. (r B.t.u, = 777.5 ft.-lb.= 9.2928 watt-hour = 0.3927 X 107 hp.-hr.) 
and the unit of weight is x pound. The heating or calorific value should 
be expressed as so many B.t.u. per pound of combustible, although it is some- 
times given in B.t.u. per pound of dry fuel or per pound of fuel as fired (in- 
duding ash and moisture). | 


MOISTURE IN FUELS. — The analyses of the solid fuels given above 
are of perfectly dried fuels. Wood when freshly felled contains on an average 
about 40 per cent of moisture, varying with different species. - After eight to 
twelve months drying in the open air, the moisture is reduced to 20 or 25 per 
cent. If dried in an oven to greater dryness, it will, on exposure to the atmos- 
phere, absorb moisture again, and the percentage it will then contain will vary 
With the dryness or dampness of the air; that is, wood is hygroscopic. 

The moisture in coal may be surface moisture, received from rain while being 
transported or in storage, and which may be dried out on exposure to the atmos- 
phere, or hygroscopic moisture, contained inside of the lumps, which cannot be 
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dried out without subjecting the coal for some time to a temperature consider- 
ably above 212? F. The anthracite, the semi-bituminous coals and the bitu- 
minous coals of the Appalachian coal field seldom contain hygroscopic moisture 
in excess of r or 2 per cent, but it is a characteristic of the western bituminous 
coals and lignites that the hygroscopic moisture is much higher; thus in some 
Illinois coals it is as high as 14 per cent. When this moisture is dried out, the 
coal will again absorb it on being exposed to the atmosphere. Some lignites 
contain as much as 30 per cent moisture. 


ULTIMATE ANALYSES OF VARIOUS FUELS. — Typical ultimate 
analyses of various fuels together with the percentage of ash are given below; 
the analyses are for fuels from which all moisture has been expelled. 
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In the progression from wood to anthracite, the chief change in chemical con- 
stitution, as shown in the above table, is a decrease in the oxygen from 41 per cent 
to 2 percent. The hydrogen also decreases, but less rapidly. In all the varieties 
of coal, the ash is exceedingly variable, ranging from as low as 2 per cent up to 
25 per cent or more. Coals high in ash are usually also high in sulphur. The 
ash and sulphur may be removed to a considerable extent by crushing and 
washing. 


AIR REQUIRED FOR COMBUSTION. — The theoretical weight of air 
A required for complete combustion of 1 lb. of fuel may be determined from 
the formula, | 


A-0.115C 4 0.346( H- 3n 0.043 S, 


where C, H, O and S are the percentages (by weight) of carbon, hydrogen, 
oxygen and sulphur in the fuel. This gives about 12 lb. of air per pound of 
combustible. In the best boiler practice, the weight of air required is from 16 to 
20 lb. per pound of coal, but in actual practice, the air supplied varies between 
much wider limits. See article on Boders. 


COAL. — The proximate analysis of coal is made by separating a sample 
by successive heatings at different temperatures, into moisture, volatile matter, 
&xed carbon and ash. For the determination of moisture, a rather large 
sample, say 2 ounces or 60 grams, should be taken, crushed to about }-inch 
size, and heated for two hours to 140° C. (284? F.) or until the coal ceases to 
decrease in weight. If a finely crushed small sample is taken, much of the 
moisture may be lost by air-drying while crushing and weighing. For the 
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determination of the other constituents, a sample of about 1 gram of finely 
crushed coal is taken, dried for an hour at 105° C. (221° F.) and weighed, then 
heated at a red heat in a covered crucible until all the volatile matter is. 
driven off, weighed, heated with a blast lamp to a white heat, the cover being 
off the crucible, until all the carbon is burned away, leaving the ash, which is 
weighed. The analysis should be reported as in the example below, the per- 
centages being percentages of weight. " 


Moist coal Dry coal Combustible 


Classification of Coal. — The percentages of fixed carbon and volatile mat- 
ter in the combustible furnish a means of classifying different kinds of coal. 
The writer's classification is as follows: 


l Volatile Heating value 

| Fixed carbon mattor per 1b. of com- 

bustible, B.t.u. 

Anthracite... l.enn 97 to 90 3 to I0 14,600 to 15,000 
Semi-anthracite. ............ ess. 90 to 85 Io to I5 I4,700 to 15,500 
Semi-bituminous. ............... 85 to 75 IS to 25 15,500 to 16,000 
Bituminous, Eastern............. 15 to ôo 25 to 40 14,800 to 15,500 
Bituminous, Western............. 65 to 50 35 to 50 13,500 to 14,800 
LET n CE Under so Over so 11,000 to 13,500 


Anthracite is hard, shiny, burns with little or no smoke, is slow to ignite, 
burns slowly and breaks into small pieces when rapidly heated. Anthracite is 
crushed at the mine and the lumps separated into different sizes by passing 
them over screens or parallel bars. The sizes are given the following names; 


Lump, over bars set 33 to 5 inches apart; 

Steamboat, over 34-inch mesh and out of screen; 

Broken, over 23-inch mesh, through 34-inch mesh; 

Egg, over 2-inch mesh, through 22-inch mesh; 

Stove, over 14-inch mesh, through 2-inch mesh; 

Chestnut, over 2-inch mesh, through 13-inch mesh; 

Pea, over J-inch mesh, through 2-inch mesh; 

Buckwheat, over 2-inch mesh, through 4-inch mesh; 

Rice, over y3;-inch mesh, through 3-inch mesh; 

Culm, slack or screenings, through ;%;-inch mesh. 
Sizes larger than “ pea coal ” are prohibitive in price for power-plant use. 

Semi-anthracite is similar to anthracite, but is less hard, less shiny 

and burns more rapidly. It can usually be distinguished by its tendency to 
soil the hands, while true anthracite does not. 
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Semi-bituminous coal is softer than semi-anthracite and has a greater 
tendency to smoke. It is one of the best steam coals. 

Bituminous coal is also a soft coal. It is distinguished by high per- 
centage of volatile matter, which causes it to give off dense volumes of smoke 
when heated. It requires careful firing and furnaces especially adapted for it 
to prevent smoke. There is a wide variation in its physical properties. - 


Lignite, or brown coal, is intermediate between coal and peat. It is 
brown in color, fragile and rapidly splits into fine pieces upon exposure to air. 
The U. S. Geological Survey classifies coals into six groups, as follows: (1) 
anthracite; (2) semi-anthracite; (3) semi-bituminous; (4) bituminous; (5) 
sub-bituminous, or black lignite; and (6) lignite. 
Classes 5 and 6 are described as follows: 


Sub-bituminous coal is commonly known as “ lignite, » «t ]ienitic coal,” 
* black lignite,” “ brown coal,” etc. It is generally black and shining, closely 
resembling bituminous coal, but it “weathers” or disintegrates more rapidly on 
exposure and lacks the prismatic structure of bituminous coal. Its calorific 
value is generally less than that of bituminous coal. 


Lignite is commonly known as “ lignite, " * brown lignite ” ‘or “ brown 
coal? It usually has a woody. structure and is distinctly brown in color, even 
on a fresh fracture. It carries a higher percentage of moisture than any other 
class of coals, its mine samples showing from 30 to 40 per cent of moisture. 

The following analyses of representative coals of: the six classes are given by 
Prof. N. W. Lord: 


Class r. Anthracite Culm. Penn. 

Class 2. Semi-anthracite. Arkansas. 

Class 3. Semi-bituminous. W. Va. 

Class 4(a). Bituminous coking. Connellsville, Pa. 

Class 4(d). Bituminous non-coking. Hocking Valley, Ohio. 
Class 5. Sub-bituminous. Wyoming, black lignite. 

Class 6. Lignite. Texas. 


COMPOSITION OF ILLUSTRATIVE COALS—CARLOAD SAMPLES 
Proximate Analysis of “ Air-dried " Sample 


Class I 2 3. 4a 4b 5 6 
Moisture. ........... 2.08 1.28 o.65 0.97 7.58 8.68 |. 9.88 


Loss on air-drying... 3.40. I.I0 | 1.10 4.20 Undet.| 11.30] 23.50 
—— ee TO ENT 


Ultimate Analysis of Coal Dried at 105° C. 


SSS ee ap ee 


Hydrogen........... 2.63 3.63 4.54 4.57 | 5.06 5.31 4.47 
Carbon «i oes 76.86 | 78.32 | 86.47 | 77.10 | 75.82 | 73.31 | 64.84 
Oxygen.........- ee] 227 2.25 | 2.68 6.67 | 10.47 | 15.72 | 16.52 
Nitrogen............ | 0.82| 1.41 1.8 | 1.58] 1.50] r21| 1.30 
T Sulphur............. .0.78| 2.03| 0.57 0.90 F o:i82| 0.60} 1.44 
ABl. ies re es ....} 16.64 | 12.36 | 4.66 9:18 6.3à 3.85 | 11.43 
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COMPOSITION OF ILLUSTRATIVE COALS — Continued. 


Volatile comb : 14.82 
Fixed carbon i 85.18 


19.85 | 32.34 
80.15 | 67.66 


Ultimate Analysis 


4.14 
89.36 
2.87 


32,472 | 13,406 
15,286 | 15,490 


4.76 5.03 
90.70 | 84.89 
2.81. 7.34 
1.13 1.74 
0.60 1.00 


15,190 | 13,95 
16,037 | 15,511 


5.41 
80.93 
11.18 

r.61 

0.87 


12,510 
14,446 


5.50| 3.05 
76.35 | 73.21 
16.28 x8.65 

1.25 1.47 

0.62 1.62 


11,620 | 16,288 


| 13,235 | 12,889 


Heating Value of Coal. — The heating value of coal depends on its percent- 
age of total combustible and on the heating value per pound of that com- 
bustible. The latter differs in different districts and bears 4 relation to the 
percentage of volatile matter as shown by the above table. l 

For coals in which the volatile matter is less than 40 per cent of the combustible, 
the heating value per pound of combustible may be approximately determined 
(within about 2 per cent) by means of the following table. When the volatile 
matter is in excess of 40 per cent, the figures in the table may have a plus or minus 
eror of as much as 4 per cent, since the coals high in volatile matter differ 


greatly in their content of oxygen. 


Volatile 


md per 


The heating: value of all the. semi-bituminous coals, containing: from rs to 
25 pet cent of volatile matter in. thè combustible; i$ within 14 pet cent of 15;9so 
Btu. per pound: This. is. withia the limits: of error sf eee of aia 


Heating 


value, B.t.u. | 


per pound of : 
combustible 


15,660 
15,480 
15,120 


14,760 


analysis or of calorimetric determinatiowy - 


Volatile 


matter, per Heating 


cent of 
combus- 
tible 


43 
45 
47 
49 


value, B.t.u. 
per pound of 
combustible 
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The heating value of any coal may also be calculated from the ultimate 
analysis by means of Dulong’s formula, 


B.t.u. per pound = 146 C+ 620( H- 3 +405, 


in which C, H, O and S are respectively the percentages by weight of carbon 
hydrogen, oxygen and sulphur. The probable error of this formula is not over 
2 per cent for any coal containing less than 40 per cent volatile matter in the 
combustible. For coals higher in volatile matter, the error is sometimes larger. 
When the percentages are expressed as percentages of the various elements in 
the combustible, the formula gives the B.t.u. per pound of combustible; when 
the percentages are percentages of the various elements in a given weight of 
coal, the formula gives the B.t.u. per pound of coal, which is, of course, less than 
the B.t.u. per pound of combustible in proportion to the per cent of moisture 
and ash present. In general, if K be the per cent of combustible in a given 
sample, and Æ the heating value per pound of combustible, the heating value 


per pound of coal is Ee 
IOO0 ` 


For the direct determination of the heating value of coal or other solid fuel, 
a bomb calorimeter, in which the fuel is burned in an atmosphere of compressed 
oxygen, is the most accurate instrument. (See Calorimeters, Fuel.) 


The Commercial Value of a Coal is not always in direct proportion to 
its heating value. Excessive moisture causes a reduction in its temperature of 
combustion, which reduction, in steam boiler practice, decreases the efficiency; 
excessive ash tends to obstruct the draft and thus cause imperfect combustion. 
High percentages of volatile matter tend to cause smoke and soot, and require 
the use of special furnaces. 


Specifications for Coal. — For the reasons just stated, contracts for the pur- 
chase of coal on specifications of quality should penalize excess of moisture, ash 
and volatile matter above certain stated percentages. The author’s specifica- 
tions are as follows: 


Anthracite and MEPE — The standard is a coal containing 
5 per cent volatile matter, not over 2 per cent moisture and not over 10 per 
cent ash. A premium of o.5 per cent on the price will be given for each per 
cent of volatile matter above 5 per cent up to and including 15 per cent, and a 
reduction of 2 per cent on the price will be made for each 1 per cent of moisture 
and ash above the standard. 


Semi-bituminous and Eastern Bituminous. — The standard is a 
semi-bituminous coal containing not over 20 per cent volatile matter, 2 per 
cent moisture and 6 per cent ash. A reduction of x per cent in the price will 


be made for each z per cent of volatile matter in excess of 25 per cent, and of | 


'2 per cent for each 1 per cent of ash and moisture in excess of the standard. 


Western Coals.— For western coals in which the volatile matter differs 
greatly in its percentage of oxygen, the above specification based on proximate 
analysis may not be sufficiently accurate, and it is well to introduce the heat- ` 
ing value, as determined either by a calorimeter or by calculation from the 
ultimate analysis below: 

The standard is a coal containing not over 6 per cent moisture and 10 per 
cent ash in an air-dried sample, and having a heating value of 14,500 B.t.u. 
per pound of. pure coal (coal free from moisture and ash). For lower heating 
value per pound of pure coal, the price shall be reduced proportionally, and- 
for every x per cent increase in ash or moisture above the specified figures, 
2 per cent on the price shall be deducted. 
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Space Required for Storage. — The space occupied by a ton of coal depends 

+ both upon the quality of the coal and the size of the lumps. A ton of 2240 
pounds of anthracite of: pea size, or smaller, occupies a space of from 36 to 45 
cubic feet. A ton or 2240 pounds of bituminous coal occupies a space of from 
40 to 50 cubic feet. In estimating the space required for storage, 45 cubic feet 
per ton (2240 pounds) is usually assumed. — 


w 

gt Weathering of Coal, — Anthracite coal when exposed to the weather under- 
if gos practically no change except the oxidation of the sulphur content, which 
m  issmall, Bituminous coal contains a larger percentage of sulphur, the oxidation 
saf of which, if present in sufficient amount, may develop sufficient heat to cause 
a} Spontaneous combustion. Some lignites are rapidly disintegrated when exposed 


to the air. Experiments on carload lots of Illinois coal (F. W. Wheeler, Trans. 
AS.M.E., 1908) showed that the screenings and 3-inch nut coal lost 1.3 per cent 
of its heating value in one month, and 2 per cent in six months. Pillar coal 
in the mine, exposed underground twenty-two to twenty-seven years, showed ' 
ie} only 3 per cent less heating value than the fresh face coal from the same mine. 


Cost of Coal. — The cost of coal delivered to any power plant depends not. 

only upon the quality of the coal and the size of the lumps, but also upon the | 

gl cost of transportation, the railroad or water facilities for delivering the coal, | 
xii and upon various conditions affecting the cost of mining. In making an esti- | 
mate involving the cost of coal, one should obtain quotations from the dealers | 

&] for the specific locality and time under consideration. i 


LIQUID FUEL. — (See also Boilers; Gas Engines.) Crude petroleum and if 
various distillates of petroleum, such as gasoline, kerosene, etc., are largely E 
Used as fuel, the extent of their use in any locality depending chiefly on their | 
relative cost as compared with coal. In Texas, California, Russia and other | 
places near to oil wells and where coal is relatively expensive, petroleum ) 
*| has largely replaced coal as a fuel for steam boilers. Gasoline, kerosene and 1 
E heavier oils are also extensively used in various types of internal combustion T 
š engines, Crude petroleum is composed chiefly of hydrocarbons, which distil at ` 

| different temperatures, the lightest vapors being driven off as low as 113° F., i 
4 nd heavier vapors and oils at temperatures rising to 600°, above which waxes i 
ë and residuum are formed. The crude oil contains small percentage of water, i 
1 sulphur and oxygen as impurities. The specific gravity, weight and heating : 
" a of oe oil are given as follows by J. N. LeConte (Jour. A.S.M.E., rf 
t üg., I9II): l 


CALIFORNIA OIL ü 


B.t.u. per B.t.u. per barrel 
pound (42 gallons) 


l 18,280 6,398,600 
| ; 18,400 6,349,800 

18,520 6,302,400 
| 18,640 6,256,500 
, à 18,760 6,211,400 
18,880 6,167,900 | 
p ! 19,000 6,126,000 
19,120 6,084,000 
19,180 6,063,800 
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Oils from other sources have different densities and heating values, thus 
Lima, O., crude is reported to have a sp. gr. of 0.792; Beaumont (Texas) oil, 
sp. gr. 0.92, B.t.u. per pound 19,060; Pennsylvania heavy crude, sp. gr. 0.886; 
B.t.u. 20,736; Caucasian light crude, sp. gr. 0.884, B.t.u. 22,027. California 
oil, six lots, used in a boiler test at Redondo, Cal., contained moisture 1.82 to 
2.70 per cent; sulphur 2.17 to 2.607; B.t.u. per pound 17,717 to 17,966. 

The following table shows the relative heating values of crude petroleum and 


coal, based on oil of sp. gr. o. 885; B.t.u. per pound 20,000; 1 barrel, 42 gallons 
z 310 pounds. 


Coal B.t.u. per 1 pound oll =. I barrel oil = 1 ton (2240 pounds) 
pound pounds coal pounds coal coal = barrels oil 
10,000 2 620 3.61 ' 
11,000 1.818 564 l . 3.97 

. 12,000 1.667 un ee: 517 2433 -— 
13,000 1.538 ^ | 477 | 4.69 
14,000 1.429 443-- | 5.05 


I5,000 | 1.333 413 ; 5.42 


Cost. — The price of oil fluctuates much more than the price of coal. Prices 
should be obtained from local dealers at the time under consideration. 


GASEOUS FUEL. — The use of gas as a fuel in power plants is confined. 
almost entirely to its use in gas engines. (See articles on Gas and Gas Engines.) 


BIBLIOGRAPHY. — Steam, published by: the Babcock & Wilcox Co,j 
Kent, Wm., Steam Boiler Economy, 1914; numerous Bulletins and Technical 
Papers published by the U.S. Geological Survey and the Bureau of Mines, 
1906-1912. A list of these papers may be obtained from the Bureau of 
Mines, Washington, D.C. 
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FURNACES, ELECTRIC, AND ELECTRIC FURNACE PROB- 
UCTS. — (See also Electrochemical Processes, Industrial.) Electric furnaces 
may be classified as follows: 
Arc furnaces. 
Induction furnaces, 
Resistance furnaces. . 
a. Current conducted by the materials heated: 
1. With electrolysis. 
2. Without electrolysis. __ 
b. Current conducted by a special resistor. 


In the arc furnace the heat is produced by an electric arc (see Arc, Electric) 
usually between carbon electrodes. The induction furnace is essentially a 
static transformer (see Transformers) with the low-tension “winding” formed 
by the material to be heated. In the resistance furnace the current is sup- 
plied to the material to be heated (i.e., to the furnace " charge"), or to the 
special resistor, by connecting the charge or resistor directly to the source of the 
current supply. The heat developed in both the induction and resistance fur- 
haces arises from the passage of the current through the resistance offered by 
the charge or special resistor. l 

The arc furnace may be considered a resistance furnace in which the resistor 
isa gas. Since the resistance of a gas at atmospheric pressure is greater than 
that of any solid resistor of the same dimensions as the arc, the amount of heat 
that can be produced in a small space will be greatest with an arc furnace. 


TEMPERATURE AND DISTRIBUTION OF HEAT. — The advan- 
tage in electric heating is that a higher temperature can be produced than by 
using fuel, that the heat is produced inside the furnace where it is needed, and 
that the heat can be easily and accurately regulated. In the arc the hottest 
part of the positive carbon is estimated to be between 3900°C. and 4000° C. 
absolute. (Waidner ahd Burgess, Bull. Bureau Sids., Vol. r, p. 123, 1905.) 
The temperature of the arc itself increases with the current. (Kayser, Hand- 
buch der Spektroscopie, Vol. 1, bb. 154-160, 1900.) 

The electric energy delivered to the furnace as heat is used as follows: (1) 
to heat the charge to the desired temperature, which involves heating up 
the furnace walls, if cold at the start. ` This energy is equal to the mass of 
the charge times the temperature rise times the specific heat. If the charge is 
melted or vaporized in the furnace, additional heat must also be supplied. 
This item may be reduced by delivering the charge to the furnace already hot 
as in steel refining. (2) To supply the energy needed for the reaction; the 
energy so required cannot be reduced. (3) To supply the loss due to con- 
duction and radiation through the walls and electrodes, and the heat carried off 
by hot gases. A part of the heat carried off by hot gases may be recovered in 
heating water in boilers, so that it is not a complete loss. 


MAXIMUM SIZE OF ELECTRIC FURNACES. — The largest work- 
able capacity of an open-arc single hearth with-a compact bundle of electrodes 
been found in practice to be from 2500 to 3000 kilowatts at from 30,000 to 
40,000 amperes and from 75 to 90 volts. These large sizes are always used | 
with the three-phase system, so that the maximum total power absorption of a 
fumace és from 7500 to 9000 kilowatts. In carbide furnaces double three-phase 
furnaces are used with six electrodes, in place of three, in the same shaft, and’ 
the power absorbed is from 15,000 to 18,000 kilowatts. Great progress has been 
made in electric-furnace construction, by closing the furnace at the top.and by 
having special means of feeding in the charge, thereby avoiding the dust nui- 


' Sue and protecting the workmen from the heat, as well as distributing the 
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charge more uniformly. (Taussig, VII Int. Cong. App. Chem., Sec. 10, $. 24, 
Igo; Trans. Faraday Soc., Vol. 5, b. 254, 1909; VIII Int. Cong. App. Chem., 
Vol. 21, p. 105, 1912.) 


DESIGN OF FURNACE WALLS. — To reduce the conduction of heat 
through the walls and electrodes to a minimum amount, these must be properly 
designed. The heat flow through the walls of three different shapes may be 
computed by the formulas below. In all cases 

k = thermal conductivity of the walls, at the mean temperature (h + &)/2. 
This coefficient £ may be expressed in any convenient unit, e.g., gram 
calories per centimeter cube per second per ? C., or watts per inch 
cube per? C. See article on Heat and Thermal Properties for values. 

H = total heat conducted per second through the walls. 

l = temperature of the inside surface of the wall. 

hi = temperature of the outside surface of the wall. 


Hollow Rectangular Parallelopiped. — 
A 
H- (4 + 0.54 Zb+o.15 2 =h), 


where A = the area of the six inner surfaces, = thickness of wall, Z7 = the 
total length of all the inner edges, n = the number of corners. This applies 
where all three inner dimensions are greater than Y$59. (Langmuir, Adams, 
and Meikle, Trans. Am. Electrochem. Soc., Vol. 14, p. 53, 1914.) 

Hollow Sphere. — 
tkDd (b — à) 


H 


where D = outside diameter of CN d = inside diameter, ] thickness of 
wall, all in the same unit. 


Hollow Cylinder. — 


H= 


2TRL (— h) | wkDd (t-h) 
py tah 


H = 


2.31 = 

.3 logio i 

where L= mean height of inner and outer walls, D = outside diameter, d» 

inside diameter, and } = thickness of top and bottom walls, all in the same unit. 

The first term gives the flow of heat through the cylindrical walls, the second 

the flow of heat through the top and bottom. (Hering, Trans. Am. Eleciroch. 
Soc., Vol. 14, f. 215, 1908.) . 

Linings and Composite Walls. — The most refractory substances do not 
have the lowest thermal conductivities. Consequently, it is advantageous to 
use a highly refractory substance only for the inner part or lining of the walls, 
using only such a thickness that the drop in temperature will. be sufficient to 
permit of a less refractory substance of a lower conductivity being used for the 
next layer. ‘“‘Graded” walls of several layers may be employed. 

Refractories for Furnace Walls.— The most refractory substance is 
carbon, which however is a good heat conductor. Some of the products of the 
electric furnace, as silicon carbide and siloxicon (a substance containing varying 
amounts of carbon, silicon and oxygen) stand next to carbon as refractories, and 
do not have such high heat conductivities. (See Fitzgerald, Electrochem. Ind., 
Vol. 2, p. 430, 1904.) The numerical values of heat conductivities of refrac- 
tories at high temperatures are known for only a few substances and then only 
approximately. See article on Heat and Thermal Properties; also article by 
Hering in Met. and Chem. Eng., Vol. 9, p. 625, 1911, and the table below for 
graphite and carbon. For electrical conductivity see article on Resistance and 
Conductance. 
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us DESIGN OF ELECTRODES FOR ELECTRIC FURNACES. — The 
‘| electrodes of an electric furnace should be so designed that the energy will be 
carried into the furnace with a minimum energy loss. The loss due to the 

fk, electrical resistance is directly proportional to the electrode’s length; this should 
opti} therefore be made as short as convenient. The loss due to electrical resistance 
yt} will be smaller the greater the cross-section of the electrode, but the heat loss 
from the furnace through the electrode will be directly proportional to the 

kz]  @osssection. It is therefore possible to find a cross-section of a given material 
m| Which will give a minimum total loss for a given length. The cross-section that 
i| would give the minimum loss on certain assumptions, only approximately true, 
ys} ds found from the equation 


; 7 
S = 0.346 LI V kn) 
and the loss itself, in gram calories, is 


h= 2.89 IV kr (h — tt), 


where 5 = cross-section of electrode, L = its length, 7 = the current in am- 
$) peres carried by the electrode, /4; and 4 the temperatures, in ° C., of the hot 
ij and cold ends of the electrode respectively, f = its mean electrical resistivity 
s|  inohms per unit cube and k = its mean heat conductivity for the mean tem- 
perature (4+ #)/2. If S and L are in centimeters, r and k must be per cm.5; 
if S and L are in inches, 7 and $ must be per in.?. 
The values of $ and r for carbon and graphite are not known accurately at 
high temperatures. The following values have been computed from measure- 
ments of Hering (Trans. Am. Electroch. Soc., Vol. 17, p. 166, 1910). 


Temperature °C. Thermal cono. Electrical 
; g-cal. per ces 
Material o resistivity, 
———— —— | em per C. 
ohms per cm3 
| Hot end | Cold end per sec. 
! 
: 30 — 40 0.0801 
Carbon.......... 701 50 0.124 
go2 60 0.130 
| 355 66 0.399 
Graphite........ 516 10 0.325 
797 87 0.309 


SMALL LABORATORY FURNACES. — A great variety of electric fur- 
naces have been devised. A few typical laboratory furnaces will be described 
inthis section. Some industrial furnaces aré described in the next section: 


Moissan’s Furnace (Fig. 1). — Moissan's work was carried out in a furnace 
consisting of two horizontal electrodes, mounted so that the distance between 
the two ends could be adjusted longitudinally by a screw 
thread. i An arc was formed between these peer in a 72777 
cavity formed by some refractory material such as lime. Z My 
The substance to be heated was placed in a crucible under 7 
the arc as shown in Fig. 1. When the substance was not to Fig. 1. 
be exposed to the gases of the arc, a furnace was made with a 
carbon tube passing through it at right angles to the electrodes and immediately 
below the arc. The substance to be heated was placed inside this tube, 


566 Furnaces, Electric 


Borchers’ Furnace (Fig. 2). — A type of furnace due to Borchers consists in 
a carbon rod placed between two larger electrodes. The charge is either packed 


around the small rod or placed under it. This type of YUMA 
a, a 


furnace is convenient where a temperature below that of the. 
arc is desired. Wy 
Fig. 2. 


Héroult Furnace (Fig. 3). — A furnace that takes its 
name from Héroult consists in a crucible with one or more 

electrodes connected together above the crucible. The crucible is represented 
in Fig. 3 packed in carbon in an iron container. Graphite crucibles may be 
turned out from graphite electrodes. The charge in the crucible is usually 
melted by forming an arc between the crucible and the 
electrode above with an adjustable resistance in series with 
the arc. After the charge has melted the electrode may be 
partly immersed in the bath. In case it is desired to melt a 
substance in a crucible without the use of an arc, a smaller 
piece of carbon may be placed between the crucible and 
the electrode as in Borchers’ furnace. If after the substance has been melted 
it is desired to pass the current through the bath itself, as, for example, in case 
a salt is to be electrolyzed, the upper electrode may be raised, the thin rod 
removed with a pair of tongs and the electrode then lowered into the bath. 
The salt will not solidify during this operation. 


Fig. 3. 


Arsem Furnace (Fig. 4). — It frequently happens in the laboratory that it 
is desired to heat a substance to a high temperature in a vacuum or in some 
pure gas, such as hydrogen or nitrogen. A 
very convenient furnace for this purpose has 
been designed by Arsem (Trans. Am. Elec- Y 
troch. Soc., Vol. 9, p. 153, 1906), and has been 
extensively employed in research work, This 
furnace may be obtained from the General 
Electric Company in more than one size. A 
vertical section is shown in Fig. 4. It con- 
sists of achamber A and cover B made of a 
gun-metal casting turned true at the joint. | 
A lead gasket C, 4c inch thick, forms an air- ' | 
tight joint when the cover is fastened down 
by the cap-screws D. The tube J through 
which the air is removed from the furnace is 
soldered into the cover. The window E is 
a disk of clear white mica 0.005 inch thick 
clamped between lead washers F. 

The electrodes W are brass tubing which 
are insulated from the cover. The clamps 
UU for holding the heater are copper. The 
heater L is a helix, usually of graphite, which p 
is made by boring out a graphite electrode and (ow. l 
cutting it along a spiral as shown. Metallic Fig. 4 
heaters may also be used. The lower end of 
the heater rests in the graphite cup which also holds the crucible sup- 
port insulated from it by a lava ring. The screen for preventing radiation 
is RES cylindrical box of Acheson graphite filled with graphite 
powder. | | 

The water jacket R is a galvanized-iron tank provided with an inlet S and an 
outlet T. Ina vacuum in the small size of furnace 9 to 10 kilowatts produce & 
temperature. of 2590? C. | | 
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High-pressure Furnaces. — The Arsem furnace may be of course used with 
the internal pressure above an atmosphere, but it is not designed for high pres- 
sures, A furnace for working up to 200 atmospheres has been designed by 
Hutton and Petavel. (Phi. Trans., Series A, Vol. 207, p. 421, 1908, and Elec- 
rochem. and Met. Ind., Vol. 6, p. 97.) For a modified form see Pring and Fairlie, 
(VIII Int. Cong. App. Chem., Vol. 21, p. 79, 1912). For a furnace for spectro- 
scopic work on gases at pressures up to 200 atmospheres, see King, A. S., Astro- 
physical Journal, Vol. 28, p. 300, 1908. 

Hereus Furnace (Fig. 5). — A very useful type of furnace is due to the 
firm of Hereus. This consists in a tube wound in its middle portion with an 
electrical resistor. The ends of the tube are cooled by the 
air, or may bé cooled by a coil of copper pipe through which | ZZ 
water flows. The tube may be of some non-conducting p Ji 
substance, such as porcelain, in which case a ribbon of metal 777777 
may be wound directly on the tube. Furnace tubes with Fig. 5. 
grooves for winding with wire are now made by the Norton 
Company of Worcester, Mass., from fused alumina. These, however, are porous 
and cannot be used for a vacuum furnace. Glazed German porcelain may be 
heated up to 1180? C. and a vacuum maintained. At temperatures higher than 
this the glazing melts and air leaks into the tube. A nickel tube may be used 
for higher temperatures. 

The metallic winding for carrying the current may be of platinum, nickel, 
hichrome, tungsten, molybdenum or any other suitable high-resistance material 
(see Wires, Resistance). 

These furnaces are particularly useful when the temperature ís to be held 
constant over a long period of time. For most purposes a constant current will 
keep the temperature sufficiently constant. For greater constancy some kind 
of regulator must be used (see Bodenstein and Kranendieck, Z. f. Elektroch., 
Vol. 18, b. 417, 1912). The Heraeus type of furnace is usually more satisfactory 
when homemade, as a greater choice of materials is then possible. 


Hoskins Furnace. — A convenient furnace for heating rather large crucibles 
or masses of material is made by thé Hoskins Manufacturing Company of 
Detroit, Michigan. The heater consists of two rows of narrow, thin carbon 
plates which extend over two sides of the cavity which receives the substance to 
beheated. The contact resistance between the plates may be varied by pressure. 
This furnace of course requires a very large current at a low voltage. 


Granular Carbon Furnace (Fig. 6). — A carbon or graphite crucible 
may be easily heated by placing it in a trough surrounded by granular gas 
carbon; this conducts better than coke. The current is 
passed through the trough, into which it is conducted by 
carbon rods, Clay crucibles should not be used in this 
way for temperatures over 1000? C., as at a high temper- 
ature they are attacked by the carbon. 


ELECTRIC-FURNACE PRODUCTS AND INDUS- 
TRIAL FURNACES. — Some typical industrial furnaces Dx rs 
and their products are described below. 16- 

Calcium Carbide. — Willson and Horry Furnaces. Calcium carbide was 
first made on a large scale by Willson in 1892 at Spray, N. C., by heating lime 
and carbon in an arc furnace. "Ihe reaction that takes place is 


C20 + 3 C = CaCs + CO. 
The ER consisted of a carbon plate 3 by 2.5 feet with a carbon electrode 


suspended: above it. The whole was surrounded by brick walls. Furnaces 
similat to this were at first. used at Niagara Falls, with the lower electrodes 
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mounted on a car which was removed when filled with an ingot of carbide. 
Later the Horry rotary furnace was used (U. S. Pat. 656,156). The Carbide 
Company keeps the style of their present furnace secret. In Europe the Willson 
type of furnace is used. Carbide may be either formed in an ingot in the crucible 
of the furnace and removed solid, or it may be drawn off in the liquid state. 
When an ingot is formed it has been found better to have the current flow 
between two electrodes suspended over the crucible, in place of having the 
crucible form one electrode. (Conrad, Electrochem. and Met. Ind., Vol. 6, p. 307, 
1908.) The purity of the carbide is in the neighborhood of 80 per cent. The 
yield of 80 per cent carbide is about 5 kilograms per 24 kilowatt hours. 


Carborundum. — Acheson Process. — Silicon carbide or carborundum was 
first made on a large scale by Acheson. It is produced from quartz and carbon 
when these substances are heated in an electric-resistance furnace, according 


to the reaction SiO; + 3 C = CSi + 2 CO. 


The furnace has a granular carbon core around which the charge, consisting of 
quartz, carbon, sawdust, and sodium chloride, is packed. The latest furnaces 
are 9.15 meters long by 3.67 meters wide, and absorb 1600 kilowatts. The 
current is 20,000 amperes (Min. Industry, Vol. 16, p. 155, 1907; Vol. 17, p. 112, 
1908). From measurements on a 750-kilowatt furnace it was found that the 
carbide is formed at 1840? C. and decomposes when heated above 2240° C. 
(Saunders, Trans. Am. Electroch. Soc., Vol. 21, p. 425, 1912.) The yield is about 
one kilogram of crystallized carbide for 8.5 kilowatt hours. Silicon carbide is 
used as an abrasive, as furnace linings and as a substitute for ferro-silicon in 
the manufacture of steel. (Fitzgerald, Carborundum, Vol. 13, in the Engelhardi 
Monographien über angewandte Elektrochemie.) 


Silundum is the trade name for silicon carbide made by exposing hot carbon 
rods to silicon vapor. These rods are used for electric heating. 


Siloxicon is a product of the incomplete reduction of silica, and may be repre- 
sented by the formula SiCO, though compounds with varying proportions of 
these elements are found. Siloxicon is used for crucible linings. It is made by 
rear silica and an insufficient quantity of carbon for complete reduction of 
the silica. 


Silicon is made in an arc furnace from coke and sand. At the high temper- 
ature produced the silica is completely reduced and the melted metal is drawn 
off in amounts weighing from 600 to 800 pounds. It varies from 9o to 97 per 
cent in purity (F. J. Tone, Electrochem. and Met. Ind., Vol. 7, p. 192, 1900; Min. 
Industry, Vol. 17, p. 768, 1908). 

Graphite. — Berthelot (Ann. de Chem. et de Phys., Series 4, Vol. 19, b. 303. 
1870) defines graphite as that allotropic form of carbon which when oxidized 
at low temperature with powerful oxidizing agents (potassium chlorate and 
nitric acid) gives graphite oxide. Arsem suggests as a definition for graphite 
that it is that allotropic form of carbon whose density lies between 2.25 and 2.26. 
(Trans. Am. Eleciroch. Soc., Vol. 20, p. 105, 1911.) 

Graphite is made by heating carbon, containing a small amount of impurity, 
to a high temperature in an electric resistance furnace. Anthracite coal is 
graphitized in bulk; electrodes and crucibles are also graphitized after moulding. 
Acheson's theory of the formation of graphite is that the carbon first forms a 
carbide, which decomposes at a higher temperature, leaving the carbon in the 
form of graphite. This theory is not confirmed by Arsem's experiments. (See 
Fitsgerald, Künstlicher Graphit, Vol. 15 of the Engelhardt Monographien über 
angewandte Eleckirochemie.) 

Carbon Bisulphide is made in a specially designed furnace by heating together 
sulphur and carbon. Most of the disagreeable features encountered in the manu- 
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facture of this substance are thus avoided. (Taylor, Trans. Am. Electroch. Soc., 
Vol. 1, 9. 115, 1902; Vol. 2, p. 185, 1902.) 

Phosphorus is a substance the production of which the use of the electric 
furnace has much simplified. It is made in the Readman-Parker furnace accord- 
ing to Wohler's process: 

Cas(PO4)2 + 3 SiO2 + 5 C = 3 CaSiOs + 5 CO + 2 P. 


(Min. Industry, Vol. 6, b. 537, 1897; Vol. 7, b. 557, 1898.) 


Alundum is the trade name of fused aluminum oxide, which is made by the 
Norton Company of Worcester. Aluminum oxide is fused in an arc furnace. 
(Min. Industry, Vol. 19, b. 28, 1910.) Fused aluminum is used as an abrasive, 
as a refractory substance for furnace linings, and porous crucibles of this sub- 
stance are used in analytical laboratories. 


Aluminum. -— Hall and Héroult Processes. — Aluminum is now produced 
by the electrolysis of a solution of alumina in fused cryolite (AIFs.3 NaF) to 
which other fluorides, such as those of aluminum and of sodium, are added in some 
factories. The aluminum sinks to the bottom of the crucible and is drawn off. 
This process was discovered nearly simultaneously by C. M. Hall and Héroult. 
The heat developed by the current in passing through the solution is sufficient 
tokeep the bath melted. The cathode is an iron trough lined with carbon, and 
the anode consists of a number of carbon rods suspended over the crucible. The 
Aluminum Company of America uses as anode for one crucible 48 carbon rods 
3 inches in diameter and 15 inches long. The electromotive force applied to 
each crucible is 5.5 volts; the current is 10,000 amperes. The yield is 1.75 
pounds of aluminum per horse-power day. For further information see Min. 
Industry, Vols. 6, 14, 15, 17, 20. 


Sodium, Potassium. — Castner Process. — Sodium and potassium are 
obtained by the electrolysis of their fused hydrates, usually in the cell designed 
by Castner (U. S. Pat. 453,030, filed 1890; see also Becker, Die Elektromettallurgie 
der Alkalimettale). At Holcomb's Rock, Va., sodium is made by the electrolysis 
of fused sodium chloride. (Mineral Ind., Vol. 19, p. 614, 1910.) 


Calcium is made by the electrolysis of fused calcium chloride, to which calcium 
fluoride is added to lower its melting point. Calcium is made at Holcomb's 
Rock, Va., probably in a cell devised by Seward and Von Kügelgen (U. S. Pat. 
£0,760, 1908; Min. Industry, Vol. 16, p. 131, 1907; Vol. 17, b. 99, 1908); and 
abroad by the method of Rathenau (Z. f. Elektroch., Vol. IO, b. 508, 1907). In 
the Ratheneau method the cathode is an iron rod which just touches the surface 
of the melted calcium chloride. The calcium solidifies when deposited on the 
cathode by electrolysis. As the calcium grows the rod is withdrawn so that a 
tod of calcium is produced. ` 


Zinc may be made by the electrolysis of fused zinc chloride. In the Swinburne- 
Asheroft process sodium chloride is added to zinc chloride in such quantity 
that the resulting mixture contains 28 per cent zinc. The cell is a brick- 
lined, sheet-iron vessel. . The anode is carbon, the cathode, melted zinc. Each 
Vat takes 4.5 volts, with a cathode current density of 400 amperes per sq. ft. 
^ um of the fused salt is 450°C. — (Electroch. and Met. Ind., Vol, 3, 

- 65, 1905. f 

Magnesium is made by the electrolysis of fused carnallite (MgClke.KC1.6 H;0) 
and floats to the surface of the salt, which is, of course, anhydrous when melted. 

ELECTRIC FURNACES IN METALLURGY. — Under special local 
conditions, where iron ore is plentiful, where coke is expensive and where power 
is cheap, the electric reduction of iron ore is carried out commercially, as at 
Trollhtten and Domnarfvet, Sweden, and at Héroult, California. The furnaceg 
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have a shaft resembling a blast furnacs, with a crucible at the base into which 
the electrodes project in a slanting position. (For detailed accounts, see volumes 
of the Met. and Chem, Eng,) More recently it has been found better to have 
the electrodes vertical. (Tawssig, VIII Int. Congress App. Chem., Vol.21, p. 105, 
1912.) 

Electric tin smelting has been tried on a commercial scale with apparent 
success (Met. and Chem. Eng., Vol. 9, p. 453, 1911) as well as the smelting of 
copper and nickel (Met. and Chem, Eng., Vol. 11, p. 22, 1913), and zinc (see 
volumes of the Met. and Chem. Eng.). The use of electric furnaces in steel refining 
and in the production of ferro-alloys is much more extensive for in this case 
power does not need to be so cheap as in the reduction of iron ore. 

Steel Refining. — Usually the steel which is refined in electric fymaces is 
taken from Bessemer converters or open-hearth furnaces and poured directly 
into the electric furnace. The advantages of the electric furnaces are (Walker, 
Met. and Chem. Eng., Vol. 10, p. 371, 1912): 

I. Complete removal of oxygen, ; 
2. Absence of oxides caused by additions, such as silicon manganese, 
3. Production of electric steel ingots of 8 tons and less that are practically 
free from segregation, 
4. Reduction of sulphur to 0.005 per cent if desired, 
s. Reduction of phosphorus to o.oos per cent as in the basic open-hearth 
process, but with complete removal] of oxygen. 
There are in operation over 7o electric steel furnaces of different types in Europe 
and America (Walker). 

The recent progress in electric steel refining consists in an improvement in 
existing methods and in a reduction of costs. While in r9 x1 it was considered 
good practice to melt and refine steel scrap in six hours at 750 kilowatt hours 
per ton, the same operation is now carried out jn four hours with 600 kilowatt 
hours. (Héroult, VIII Int. Cong. of App. Chem., Vol. 21, p. 59, 1912.) 

Some of the types of furnaces used in steel refining are the following: 


Fig. 7. Fig. 8. 


Stassano Steel Furnace (Fig. 7). — This furnace consists of a closed cham- 
ber with three electrodes connected to a.three-phase system above the slag. 
The furnace rotates so’as to stir all of the metal. This furnace is used in Italy, 
Odessa, and Newcastle-on-Tyne (Met. and Chem. Eng., Vol. 10, p. 66, 1912.) 
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Héroult Steel Furnace (Fig. 8). — This furnace consists of a crucible lined 
with refractory material. Carbon electrodes project into it through the roof. 
An arc is formed where the current passes from each electrode into the slag. 
The power is regulated by an electrical automatic regulator which moves the 
electrodes up and down as required. l 

Girod Steel Furnace. — This furnace consists of a crucible with several 
solt-steel rods projecting through the base. These form one electrode; the other 
is one or more carbon rods suspended from above. The steel electrodes of 
course melt several inches below the surface of the refractory lining of the 
crucible. The furnaces are sold by C. W. Leavitt and Co., 30 Church St., 
New York, from whom the following data have been obtained. 

These furnaces require from 65 to 70 volts at frequencies from 25 to 50 cycles. 
The power factor is about 80 per cent and the duration of heat when the metal 
is charged in the melted state is 1% to 2% hours. The number of electrodes 
are from 1 to 3, according to the capacity of the furnace. For a furnace of about 
12 tons capacity, the maximum power required is 1200 kilowatts measured 
at the terminals of the electric generator; the energy consumption when ‘the 
metal is charged cold is 900 kilowatt hours per ton of steel; with a melted charge, 


- from 150 to 250 kilowatt hours. The electrodes are so designed that the current 


does not exceed 5 amperes per square inch of cross-section. The number of 
consecutive heats possible without repairs is: 


Linings Cover Electrodes 


With cold charge 30 to 40 20 to 30 
With melted charge : 60 to go 


To handle the furnace 6 persons are nec- 
essary: a melter, 2 assistant melters, 2 
workmen and a boy. 


Other Resistance Furnaces more or 
less similar to the Héroult furnace are the 


Vol. 15, b. 96, 1909) and the Nathusius fur- 
nace (Met. and Chem. Eng., Vol. 10, p. 227, 
1912). 

Induction Furnaces, — Induction fur- 
haces are transformers in which a melted 
ring of steel is the secondary. The Kjellin 
fumace, Fig. 9, consists of a single deep 
ring of metal. It has only a small area of 
contact between the metal and slag, and the 
slag is not éasily heated. The use of this ` 
furnace is therefore restricted in its applica- 
tion (Kjellin, Trans. Am. Electroch. Soca, — 
Vol. 15, p. 175, 1909). - i "n 

À modified form of induction furnace is 
the Réchling-Rodenhauser furnace. This - 
fumace has two annular rings combined in `` 
the form of a figure 8. The central portion ` 
carries the currents induced in both circuits, 
as well as a current from electrodes supplied by extra secondary coils. This 
do en through the lining of the furnace, which has sufficient conductivity 
when hot. m "e | 
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These furnaces, as well as another modification, known as the Frick furnace, my; 
can be obtained from Siemens and Halske, represented in this country by Dr. G. x 
K. Frank, 80 West St., New York. Another design of induction furnace is due 
to Hiorth (Trans. Am. Electroch. Soc., Vol. 20, p. 293, 1911). 


Pinch Effect in Induction Furnaces. — The magnitude of the current ae t 
which can be sent through a trough of melted metal is limited by the so-called seme 
pinch effect (Trans. Am. Electroch. Soc., Vol. 11, p. 329, 1907). On account of tI 
the attraction of the current elements for each other, a compressing force is ‘2m 
exerted on the metal which causes a decrease in the cross-section at some point. “tsua 


If the current is too great the metal may be entirely separated and the circuit zim 
broken. 


or 

Ferro-Alloys. — Ferro-alloys were originally made from iron ore, the oxide Suis 
of other metal, carbon, and flux, but on account of impurities, scrap iron and ^F 
steel shavings are now used in place of iron ore (Met. and Chem. Eng., Vol. 8, gy 


p. 133, 1910). Arcand resistance furnaces similar to those used for steel refining 
are used. : 


Ferro-Silicon is the most important of the ferro-alloys. Itis made from tig, 
iron, quartzite, and carbon. At the Keller-Leleux works at Livet it has been 
found practicable to turn out 20 tons of 30 per cent ferro-silicon with 4000 horse- - 
power during a day. (See preceding reference.) For an account of the uses of 
the other ferro-alloys, see Electrochem. Ind., Vol. 1, p. 583, 1903; Electrochem. 
and Met. Ind., Vol. 4, p. 247, 1906. 


FIXATION OF ATMOSPHERIC NITROGEN. — One of the most 
important applications of the electric furnace is the fixation of atmospheric 
nitrogen. The various processes employed are described below. 


Carbide Method. — In this method calcium carbide is heated in pure 
nitrogen, forming calcium cyanide according to the reversible reaction 


ü CaC: + Nic3CaCN: 4 C. 


The carbide is heated in iron drums by a thin carbon conductor running through 
the center of the drum. Heat is evolved by the reaction. The product is 
called “nitro-lime” or “lime-nitrogen,” and contains 12 to 15 per cent nitrogen. 
(Met. and Chem. Eng., Vol.*5, p. 78, 1907.) It is used directly as a fertilizer, 
or may be converted into ammonia by superheated steam. The yield in nitro- 


gen by the carbide method is about 51.6 grams per kilowatt hour, including the 
manufacture of the carbide. 


Direct-Oxidation Method. — In this method the nitrogen and oxygen 
in air are caused to combine in a high-voltage arc according to the reversible 
reaction 

N:+ Oxc2 NO. 


On cooling the NO is further oxidized to nitric dioxide. The nitric dioxide on 
treatment with water gives nitric and nitrous acids: 


2 NO: - H:0 = HNOs+ HNO». 


Only about 1 to 3 per cent of the air treated is oxidized. The yield in the Birke- 
land-Eyde furnace is 12.7 grams of nitrogen fixed per kilowatt hour. (Trans. 
Faraday Soc., Vol. 2, p. 98, 1906.) Furnaces of three different designs are 
now in operation for oxidizing nitrogen: that of Birkeland and Eyde, that of 
Schönherr, and that of H. and G. Pauling. 


Direct Synthesis of Ammonia. — In this method, due to Haber, ammonia 
is formed directly from a mixture of nitrogen and hydrogen by passing over a 
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catalyzer between 500° C. and 700° C. at 200 atmospheres, according to the re- 
versible reaction 
14 N:+ $5. Hs €> NHs. 


(Cet Í. Elekiroch., Vol. 16, p. 244, 1910; Vol. 19, p. 53, 1913.) The efficiency 
of this process has not been made public. 


Serpek Process. — In this process aluminum nitride is made by heating 
aluminum oxide, carbon, and nitrogen together. On heating the aluminum 
nitride with water, ammonia and aluminum hydrate are formed. The product 
obtained from the furnace is said to contain 20 to 24 per cent of nitrogen, and 
the power required per unit of nitrogen is said to be only one-half of that used 
in the calcium-carbide method. (Bull. de la Soc, ind. de Mulhouse, Vol. 79, 
b. 39, 1909. U.S. Pat. 996,032, 1911.) 


BIBLIOGRAPHY. — Borchers, Electric Smelting and Refining, 1904; Ker- 

ni Eleclrometallurgy, 1908; Macmillan and Cooper, Electrometallurgy, 1910. 

also references in text above, and bibliography in article on Electrochemical 
Processes, Industrial. ! 
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Ep 
FUSES. — (See also Circuit Breakers; Wiring of Buildings.) . Metal strips or ini : 
wires which open electric circuits by melting or fusing when the current reaches 
a predetermined value are called fuses. "They were used in the earliest electric 
plants to furnish automatic protection for feeder and generatot citcuits. Their hae 
use is.now confined largely to low-voltage distribution citcuits and to the ==% 
protection of small pieces of apparatus such as motors and smibll-capacity NI 
transformers. "rie 

All fuses have an inherent time-element feature due to the fact that the =t 
current must heat the fuse metal up to its melting temperature. This time lag - ips 
varies with the size and type of fuse, the large ones in general taking longer to — «x 
reach their fusing temperature than the smalfér sizes, due to their thermal xi 
capacities. There are three designs of fuses in general use, namely, the open “ii 
or link, the expulsion, and the enclosed or cartridge types, The choice of type — ^ 
depends upon the service for which the fuse is intended. ; MT 


RATING OF A FUSE.— The rating of a fuse depends somewhat on t$..." 


uy it mo 


type and general design. Fuses will, as a rule, carry their normal rated current i 
indefinitely but will blow at a certain overload varying from 15 per cent inan — 
enclosed fuse to about 8o per cent in an open fuse if the overload continues a 

sufficient length of time. For greater overloads the length of time required for u 


blowing diminishes rapidly. 


OPEN OR LINK FUSES were the original type of automatic protection. ~ 
The early ones were small copper wires and had the drawback of forming copper :^ 
globules and of possessing a high fusion temperature. In order to reduce the © 
temperature of the molten metal there were employed alloys of low fusing points ~ 
made of lead, tin, or other metals. These fuses were soft and were easily d 
damaged when tightening up the contact nuts. The next step was to use alloy 
fuses with copper tips, and these are still used to some extent. 

As the price of aluminum was reduced this material was used largely for 
fuses as it has a high conductivity (thus reducing the amount of metal to be 
fused), a fairly low melting point and almost complete vaporization of the metal 

‘fused. By using wide strips of aluminum cut to form two or more bridges, 
fairly reliable open fuses can be made up to 1200 amperes capacity. 

Any metal strip which is exposed to drafts is apt to be very erratic in its 
behavior as a fuse. To protect link fuses from drafts, and also to remove 
the danger from molten metal which may be thrown at the time of blowing, it 
is desirable to install them in porcelain fuse boxes. 


EXPULSION FUSES consist essentially of open fuse wires or strips placed 
in a holder, so designed that the expulsion of the gases formed by the melting 
of the fuse blows out the arc. The earliest designs of this type comprised a 
removable fuse holder of lignum vite or similar tough, close-grained wood, 
equipped with terminals which fitted into suitable blocks. Later types have 
the fuse placed in a fiber tube and arranged to blow out through one end like 
a bomb. 

The fuses used for the protection of distributing transformers mounted on 
poles or houses are usually of the expulsion type. For such outdoor service a 
combination fuse and disconnecting switch is frequently used. Modifications 
of the expulsion-type fuse were formerly used to advantage in railway service, 
but in recent car Squpments circuit breakers have practically replaced fuses 
and cut-outs. 


INCLOSED OR CARTRIDGE FUSE. — This type of fuse consists essen- 
tially of a fusible wire, strip or sets of wires and strips inclosed within a tube 
or cartridge usually of fiber. The tube is filled with a material to exclude the 
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air and to facilitate the opening of the circuit when the fuse blows by absorbing 
the gases formed. and chilling out the arc. ` Suitable terminals are provided so 
t the fuse may be mounted in a fuse block. 


Fierin Electrical Code Fuses, — When inclosed fuses were first put on 
e market each manufacturer developed his own spacings and designs of termi- 


. naks, so that there was no uniformity and the fuse of one manufacturer could 


not be used in the fuse holder of another manufacturer. To avoid this confusion 
the representatives of the fuse builders and the National Board of Fire Under- 
as finally adopted the standard dimensions and types of contacts given in 
i oe table. Up to 6o amperes ferrule type contacts (i.e., cylindrical 

etal ends) are used and from 61 to 690 amperes knife-blade contacts are em- 


| ployed, One set of dimensions are used for fuses up to 250 volts and another 


a m up to 600 volts. Fuses that correspond to the accepted dimensions 

"eh N RC ri requirements agreed on are known as National Electrical 

ib E i uses and are- interchangeable. Fuses are made for higher 

ies an 600 volts and larger currents then 600 amperes, but they have 
cen accepted by the National Board of Fire Underwriters. 


DIMENSIONS OF N. E. C. CARTRIDGE FUSES 


Style of Terminal for C 
040 ue e Puses Btyle of Terminal for Cartridge Fuses 


G1-G00 Amperes 


> 
td 
a 

tj 

Q 


contact clips 
Min. length of 


ferrules or of 


Length over ter- 
minals 
Distance between 

terminal blades 


Width of contact 
Diameter of fer- 
irules or thickness 
of terminal blades 
outside of tube 
Diameter of tube 
Width of —" 


| 


> 
B | Rated capacity | 


Inches Inches | Inches Inches | Inches Inches 
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Cost of N. E. C. Fuses. — In moderate quantities of standard pack- 


ages the price of 30-ampere 250-volt fuses is about 15 cents each, and of 400- 5 
ampere 600-volt fuses about $3.30 each. The others fall between these limits. .; 


Plug Fuses.—A plug fuse is a fuse mounted in a plug of the standard : 


Edison-lamp base dimensions. They are in common use on lighting and power 
circuits up to 30 amperes capacity. The outer face of the plug usually has a 
mica covering which is discolored by the blowing of the fuse. A brass cap is 
also sometimes used as a cover. 


SPECIFICATIONS FOR FUSES.— The following memoranda are in- 
tended to assist in writing specifications. See also articles on Specifications. 

Open or inclosed. Wire or ribbon. Current to blow fuse in a specified time. 
To blow without violence at a stated current. Voltage of circuit above ground. 


BIBLIOGRAPHY. — Manufacturers’ Catalogues and Circulars; Harvey, D 
Elec. Jour., Mch., 1998: Downes, L. W., Trans. A.I.E.E., 1909, Vol. 28, 
p. 947. 

(S. Q. Hayes.) 
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GAGES, SHEET-METAL. — (See also Copper; Gages, Wire; Iron, 
Wrought; Steel.) There are two principal gages for sheet iron and steel used in 
the United States, one established by Act of Congress in 1893 and the other 
recommended by a joint committee of the American Society of Mechanical 
Engineers and the American Railway Master Mechanics Association. 


U. S. Standard Gage. — The former gage, which is known as the U. S. 
Standard Gage, is based upon the fact that a cubic foot of iron weighs 480 pounds. 
The scale of this gage has been arranged so that each gage number represents 
à certain number of ounces in weight, or an equal number of 64oths of an inch 
in thickness. This gage is used for determining duties and taxes levied on sheet 
and plate iron and steel, and in its application a variation of 2% per cent either 
way is allowable. 

Decimal Gage. — The latter gage, which is known as the Decimal Gage, is 
hot based upon the weight but upon the thickness of the metal. Each number 
of the gage is the number of thousandths of an inch of thickness. This gage 
las been adopted recently by the Association of American Steel Manufacturers, 
the American Railway Master Mechanics! Association, and by most of the 
principal railroads of the United States, Canada and Mexico. The decimal 
System of gaging was recommended by the American Institute of Mining Engi- 
neers in 1877 and by the American Society of Mechanical Engineers in 1895. 

Brown and Sharpe Gage. — Copper and brass plates are rated by the Brown 
and Sharpe gage. The plate thicknesses on this gage correspond to the diameters 
on the American Wire Gage. (See Gages, Wire.) 

The following tables give the dimensions and weights of sheet metal accord- 
ing to gages described above, 
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U. S. STANDARD GAGE FOR SHEET AND PLATE, IRON AND STEEL y 


Approximate 

No. of thickness in 

gage decimal parts 
of an inch 


Weight per 
square foot — 
in pounds 
avoirdupois 


Weight per ~ 
square meter 
in kilograms 


Approximate 
thickness in ` 
millimeters 


12.7000 : 97.65 
11.9002 91.55 
II.II25 85.44 
IO.3187 79.33 X 
9.5250 73.24 
8.7312 . 67.13 
7.9375 61.03 
7.1437 54.93 5 
6.7469 $1.88 

6.3500 48,82 

5.9531 45.77 

5.5562 42.72 

5.1594 39.67 

4.7625 36.62 

4.3656 33.57 

3.9687 Pa 

3.5719 27.46 

3.1750 : 24.41 

2.7781 21.36 

2.3812 18.31 

1.9844 . " 15.26 

1.7859 13.73 

1.5875 12.21 

1.4287 10.99 


smcaucu ene © 


1.2700 : 9.765 
I.III2 8.544 


0.9525 (i 


0.7937 9:105 
0.7144 5.490 
0.6350 : 4.882 
. 0.5556 4.272 
0.4762 3.662 
0.4366 3.357 
0.3969 3.052 
0.3572 2.746 
0.3175 2.441 
0.2580 1.983 
0.2381 1.831 
0. 2183 1.678 
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SEP STANDARD DECIMAL GAGE FOR SHEET AND PLATE, IRON 


AND STEEL 
ite : s 
mat Weights per square foot in pounds 
ps avoirdupois 
; Approximate CIS SEI DIEI 
Standar : ] 
me pe S " pag thickness 1n Iron, Steel, 
i millimeters Basis: 480 Basis: 489.6 
; pounds per cubic | pounds per cubic 
i foot foot 
} 
l 0.002 0.0508 0.08 0.0816 
| 0.004 0.1016 0.16 0.1632 
: 0.006 0.1524 0.24 0.2448 
0.008 O. 2032 0.32 0.3264 
0,010 0.2540 0.40 0.4080 
0.012 0. 3048 0.48 . 0.4896 
0.014 ` 0.3556 0.56 0.5712 
0.016 0.4064 0.64 0.6528 
0.018 0.4572 0.72 0.7344 
0.020 0.5080 0.80 . 0.8160 
0.022 0.5988 — o. 88 0.8976 
0.025 0.6350 1.00 1.0200 
0.028 0.7112 I.12 I.1424 
0,032 0.8128 1.28 I.3056 
0.036 0.9144 1.44 1.4688 
0.040 1.0160 1.60 1.6320 
0.045 1.1430 1.80 1.8360 
0.050 1.2700 2.00 ` | 2.0400 
0.055 1.3970 2.20 2.2440 
0.000 — I.5240 2.40 2.4480 
0,065 1.6510 2.60 2.6520 
0.070 1.7780 2.80 2.8560 
0.075 1.9050 3.00 3.0600 
0.080 2.0320 3.20 3.2640 
| 0.085 2.1590 3.40 3.4680 
| 0.090 2.2860 3.60 3.6720 
0.095 2.4130 3.80 3.8760 
| 0.100 2.5400 4.00 4.0800 
0.110 2.7940 4.40 — 4.4880 
0.125 3.1750 5.00 5.1000 
0.135 ° 3.4290 5.40 5.5080 
0.150 3.8100 6.00 6.1200 
0.165 4.1910 6.60 6.7320 
0.180 4.5720 7.20 7.3440 
0.200 5.0800 8.00 8.1600 
0.220 5.5880 8.80 8.9760 
0.240 6.0960 9.60 9.7920 
0.250 6.3500 10.00 10.2000 


eS SI 
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BROWN AND SHARPE GAGE FOR COPPER AND BRASS PLATES” 


B. & S. Thickness, 
Gage No. inches 


40 0.003145 


Weight, pounds per sq. ft. 
Sete EMEND EE 


Copper Brass 


0000 0.4600 20.84 19.69 
000 0.4096 18.56 17.53 
00 0. 3648 16.53 15.61 

is 0.3249 14.72 13.90 
I 0.2893 13.11 12.38 
2 0.2576 11.67 II.03 
3 0.2294 10.39 9.82 
4 0.2043 9.26 8.74 
5 0.1819 8.24 7.79 
6 0.1620 7.34 6.93 
7 0.1443 6.54 | 6.18 
8 0.1285 ` 5.82 5-50 
9 0.1144 5.18 4.90 
10 0.1019 4.62 4.36 
Il 0.09074 4.11 3.88 
12 0.08081 3.66 3.46 
13 0.07196 3.26 3.08 
I4 0.06408 2.90 2.74 
I5 0.05707 2.59 2.44 
16 0.05082 2.30 2.18 
17 0.04526 2.05 I.94 
18 0.04030 1.83 1.73 
19 0.03589 1.63 I.54 
20 o. 03196 I.45 1.38 
21 0.02846 1.29 — 1.22 
22 0.02535 1.15 1.08 
23 0.02257 1.02 0.966 
24  - 0.02010 O0.91I o.860 
25 0.01790 o.81I | 0.766 | 
26 0.01594 0.722 0.682 
27 0.01420 0.643 0.608 
28 0.01264 0.573 0.541 
290 0.01126 _ 0.510 0.482 
30 0.01003 0.454 . 0.429 
31 0.008928 O.404 . 0.382 

32 0.007950 . 0.360 0.340 
33 0.007080 0.321 0.393 
34 0.006304 o.286 0.270 
36 0.005000 0.220 ` 0.214 
38 0.003965 0.180 0.170 

0.142 0.135 


EL The specific gravity of copper plate is taken as 8.88 and of brass plate as 8.39. 


BIBLIOGRAPHY. — Report of Committee on Standard Thickness ctl 
Metals, Trans. A.S.M.E., 1895, Vol. 16, p. 641; Report of Commuitec on 


ard Gages, Proc. Am. Ry. Master Mech. Assn., 1895, p. 149- 
[Wm. 
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GAGES, WIRE. — (See also Gages, Sheet Metal.) The sizes of wires having a 
diameter less than 14 inch are usually stated in terms of certain arbitrary scales 
called “gages.” The size or gage number of a solid wire refers to the cross- 
section of the wire perpendicular to its length; the size or gage number of a 
stranded wire refers to the total cross-section of the constituent wires, irrespec- 
tive of the pitch of the spiraling. Larger wires are usually described in terms 
of their area expressed in circular mils. A circular mil is the area of a circle 
rmil in diameter, and the area of any circle in circular mils is equal to the 
square of its diameter in mils. See Units and Conversion Factors. 

There are a number of wire gages in use, the principal ones being the following. 


AMERICAN OR BROWN AND SHARPE WIRE GAGE. — This gage 
is the one commonly used in the United States for copper, aluminum and 
resistance wires. The gage is designated by either of the abbreviations A. W. G. 
or B. & S. 


Basis of the A. W. G. or B. & S. Gage. — The diameter of wires having 


successive numbers on this gage are in the ratio of V 92 (= 1.1229 approx.) 
to 1, and the No. 36 wire has a diameter of 5 mils. No. 35 A. W. G., therefore, 
has a diameter of 5 x 1.1229 = 5.61 mils and so on until No. oooo is reached, 
having a diameter of 460 mils. »" 

The ratio Voz is approximately equal to V2, which is r.1225. This circum- 
stance makes it possible to have a group of wires of regular gage size with an 
aggregate area approximately equal to that of another regular gage size. 

The following approximate relations are also useful: 


An increase of ‘1 in the number increases the resistance 25 per cent. 
An increase of 2 in the number increases the resistance 60 per cent. 
An increase of 3 in the number increases the resistance 100 per cent. 
An increase of 1o in the number increases the resistance 10 times. 


ANo. 10 A. W. G. copper wire has the following approximate characteristics: 


Ohms per 1000 feet... 0.0.0.0... cee eee E PR I 
Circular mils area... 0.0... eee ccc ree ... 10,000 
Weight, pounds per 1000 feet............0- eee e cece 32 


A No. 10 A. W. G. aluminum wire has the following approximate character- 
istics: 


Obms per 1000 feet ...... 0, ccc cece cece c e 1.6 
Circular mils area ......... NOME LPS Mn 10,000 
Weight, pounds per 1000 feet ............. LL. unde. 9.5 


Remembering these rules it is easy to find the approximate size, resistance, 
area, or weight of any size wire. For example, a No. 12 A.W. G. copper wire has 
a resistance of 1 plus 60 per cent = 1.6 ohms per 1000 fect approximately. Its 
o, l 


1.6 
2 
is therefore V 6250 = 79 mils and its weight, = = 20 pounds per 1000 feet. 


s . » e . I . [LJ . . 
area, being inversely as its resistance, is = 6250 circular mils; its diameter 


> 


U. S. STEEL WIRE GAGE. — This gage, known also as the “Wash- 
bum and Moen,” “Roebling,” “American Steel and Wire Co.’s” gage, is 
the one usually employed in the United States for steel and iron wire. It is 
frequently abbreviated “S, W. G.,” but to avoid confusion with the British 
Standard Wire Gage (see below) it should be abbreviated “Stl. W. G.” or “A. 
(steel) W.G." ` 
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BIRMINGHAM (OR STUBS’) WIRE GAGE. — This gage is still 
üsed in the United States for some purposes, e. g., to designate the size of brass 
wire, and is also employed to a limited extent in Great Britain. It is usually 
abbreviated “B. W. G.” It is sometimes referred to as the ‘“‘Stubs’” gage, 
but it should not be confused with the Stubs' Steel Wire Gage. 


BRITISH STANDARD WIRE GAGE. — This gage, usually called 
simply the Standard Wire Gage," and abbreviated “S. W. G.," is also known 
as the “New British Standard" (abbreviated “N. B. S."), the English Legal 
Standard, or the Imperial Wire Gage, and is the legal standard of Great Britain 
for all wires, as fixed by order in Council, August 23, 1883. It was constructed 
by modifying the Birmingham Wire Gage, so that the differences between succes- 
sive diameters wete the same for short ranges, i.e., so that a graph representing 
the diameters consists of a series of a few straight lines. 


EDISON WIRE GAGE. — The size of a wire on this gage is equal to 
its cross-sectional area in circular mils divided by rooo. For example, a solid 
wire 0.2 inch in diameter has the nuper. (200)*/1600 = 40. This gage is now 
rarely used. 

OTHER GAGES.— In addition wire sizes are sometimes specified in terms 

of the “Old English Wire Gage," known also as the “London Gage,” and the 
* Stubs! Steel Wire Gage." 
. COMPARISON OF WIRE. GAGES. — A comparison of the different 
gages, in terms of. the diameters (in mils or thousandths of an inch) of solid 
wires corresponding to the various numbers, is given below, "The cross-section 
in circular mils is the square of the diameter in mils. 


COMPARISON OF WIRE GAGES 
Diameters in Mils 
(Bureau of Standards, Circular No. 31) 


Ameri- Steel |mingt Stubs’ | (British) 
wire wire 


gage | gage 


Gage | can wire steel | Standard 
wire wire 
gage gage 


490.0 
461.5 
430.5 
393.8. 
362.5 
331.0 
306.5 
- 283.0 
262.5 
243.7 
225.3 
207.0 ` 
192.0 
. 177.0 
. 162.0 


148.3 


O ONANSewWnNHO 
CO Go-3 DMN & WwW PH O 
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COMPARISON OF WIRE GAGES — Continued 
Diameter in Mils 
(Bureau of Standards, Circular No. 31) 


Bir Old 
- . > r] e_o 
aet: |iningt English Stubs (British) 
wire steel Standard | Gage 
wire wire : 
Pit Puis gage wire wire No. 
(Stubs’) (Lon- gage gage 
| don) 
135.0 134 134 I9I 128 10 
120.5 120 120 188 116 II 
105.5: 109 10g 185 104 12 
91.5 95 95 182 2 I3 
80.0 83 . 83 180 80 14 
72.0 72 72 178 72 IS 
62.5 65 65 175 64 16 
54.0 58 58 172. 56 17 / 
47.5 49 49 168 48 18 
41.0 42 40 164 40 19 
34.8 35 35 161 36 20 j 
31.7 32 31.5 157 32 2I E 
28.6 28 29.5 I55 28 22 n 
25.8 25 27.0 I53 24 23 i 
23.0 | ` 22 25.0 ISI 22 24 
20.4 20 23.0 148 20 25 | 
18.1 18 20.5 146 18 26 
17.3 16 18.75 143 16.4 27 i 
16.2 I4 16.50 139 14.8 a8 — ; 
15.0 I3 IS.$0 134 13.6 29 r 
14.0 I2 13.75 127 12.4 30 , 
13.2 10 12.25 I20 11.6 31 
12.8 9 11.45 IIS 10.8 32 
11.8 8 10.25 112 10.0 33 
10.4 7 9.50 IIO 9.2 34 
9.5 5 9.00 108 8.4 35 
' 9.0 4 7.50 106 7.6 36 
8.5 segs 6.50 103 6.8 37 
8.0 ssi 5.75 ` IOI 6.0 38 
TET wes 5.00 99 5.2 39 | 
7.0 "T 4.50 97 4.8 40 à 
6.6 du uus VIL eee ' 95 4.4 4I 1 
6.9 | . o. M iatan | 92 4.0 42 
Goi ie eer 88 3.6 43 
5.8 — 85 3.2 44 
rox edk Mm 8r 2.8 45 
DA NE CEP NE 79 2.4 46 
SU Pr uis Ge ines 77 2.0, 47 
48] ^ sam o ddia 75 1.6 48 
46 E le cb xn /729. Y.2 ` 49 
4A 1 — ud x 69 I.0 5o 
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GALVANIZING FOR IRON OR STEEL, Specification for Accept- 
ance Test. — These specifications give in detail the test to be applied to 
galvanized material, as recommended by the Electric Railway Engineering 
Association, the National Electric Light Association, etc. All specimens shall 
be capable of withstanding these tests. 


(a) Coating. — The galvanizing shall consist of a continuous coating of pure 
zinc of uniform thickness, and so applied that it adheres firmly to the surface 
of the iron or steel. The finished product shall be smooth. 


(b) Cleaning. — The samples shall be cleaned before testing, first with 
carbona, benzine or turpentine, and cotton waste (not with a brush), and then 
thoroughly rinsed in clean water and wiped dry with clean cotton waste. 

The sample shall be clean and dry before each immersion in the solution. 


(c) Solution. — The standard solution of copper sulphate shall consist of 
commercial copper sulphate crystals dissolved in cold water, about in the pro- 
portion of 36 parts, by weight, of crystals to 1oo parts, by weight, of water. 
The solution shall be neutralized by the addition of an excess of chemically 
pure cupric oxide (CuO). The presence of an excess of cupric oxide will be 
shown by the sediment of this reagent at the bottom of the containing vessel. 

The neutralized solution shall be filtered before using by passing through 
filler paper. The filtered solution shall have a specific gravity of 1.186 at 
65? F. (reading the scale at the level of the solution) at the beginning of each 
test. In case the filtered solution is high in specific gravity, clean water shall 
be added to reduce the specific gravity to 1.186 at 65? F. In case the filtered 
solution is low in specific gravity, filtered solution of a higher specific gravity 
shall be added to make the specific gravity 1.186 at 65° F. 

As soon as the stronger solution is taken from the vessel containing the un- 
filtered neutralized stock solution, additional crystals and water must be added 
to the stock solution. An excess of cupric oxide shall always be kept in the 
unfiltered stock solution. 


(d) Quantity of Solution. — Wire samples shall be tested in a glass jar of at 
least two (2) inches inside diameter. The jar without the wire samples shall be 
filled with standard solution to a depth of at least four (4) inches. Hardware 
samples shall be tested in a glass or earthenware jar containing at least one-half 
(12) pint of standard solution for each hardware sample. Solution shall not 
be used for more than one series of four immersions. 


(e) Samples. —Not more than seven wires shall be simultaneously immersed, 
and not more than one sample of galvanized material other than wire shall be 
immersed in the specified quantity of solution. 

The samples shall not be grouped or twisted together, but shall be well sepa- 
rated so as to permit the action of the solution to be uniform upon all immersed 
portions of the samples. 


(f) Test. — Clean and dry samples shall be immersed in the required quan- 
tity of standard solution in accordance with the following cycle of immersions. 

The temperature of the solution shall be maintained between 62? and 68? F. 
at all times during the following test. 

First. Immerse for one minute, wash and wipe dry. 

Second. Immerse for one minute, wash and wipe dry. 

Third. Immerse for one minute, wash and wipe dry. 

Fourth. Immerse for one minute, wash and wipe dry. 


Aíter each immersion the samples shall be immediately washed in clean 
water having a temperature between 62? and 68? F., and wiped dry with cotton 
waste. - 


ey 
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In the case of No. 14 galvanized iron or steel wire, the time of the fourth 
immersion shall be reduced to one-half minute. 

(g) Rejection. — If after the test described in section “f” there should be 
a bright metallic copper deposit upon the samples, the lot represented by the 
samples shall be rejected. 

Copper deposits on zinc or within one inch of the cut end shall not be con- 
Sidered causes for rejection. 

In the case of a failure of only one wire in a group of seven wires immersed 
together, or if there is a reasonable doubt as to the copper deposit, two check 
tests shall be made on these seven wires and the lot reported in accordance 
with the majority of the sets of tests. . 

.[W. A. Det Mag] 


586 Galvanometers 


GALVANOMETERS. — (See also Ammeters; Electrodynamometers; Flux- 
meter; Voltmeters.) The essential parts of a galvanometer are a permanent 
magnet (electromagnet in Einthoven String Galvanometer, see below) and a 
coil or wire designed to carry an electric current, the magnet and coil being 
so mounted that the passage of the current through the coil causes a deflec- 
tion of either the coil or the magnet, as a result of the mechanical force 
with which the current and magnet act on each other. See Electricity and 
Magnelism, Principles of. Ordinary direct-current ammeters and voltmeters 
are operated on the same principle, but the term galvanometer is usually reserved 
for instruments designed for measuring relatively small currents, the deflection 


being read either by means of a telescope and scale or by means of a lamp and ' 


scale. In portable test set galvanometers the deflection of a pointer is read. 


Moving-needle versus Moving-coil Galvanometers. — Galvanometers 
in which the moving element is the permanent magnet, in the form of a light 
needle, are called needle galvanometers, whereas those in which the moving 
element is the coil are called moving-coil galvanometers. 'The former type of 
galvanometer is required when extreme sensitiveness is desired, but cannot as 
a rule be used in a commercial laboratory, on account of the disturbing influ- 
ences of the magnetic fields due to the lighting and power circuits in the labo- 
ratory and in neighboring buildings. Railway circuits, even though a mile or 
more away, may produce a disturbing field sufficient to render impossible the 
use of a sensitive needle galvanometer. For ordinary laboratory work, however, 
the moving-coil galvanometer can be made sufficiently sensitive, and since the 
permanent magnets used to produce the controlling field can be made very 
strong, the effect of stray fields can be rendered relatively negligible. 


Astatic Galvanometer. — The disturbing effect of stray magnetic fields on 
a needle galvanometer can be partially prevented by the use of two sets of 
stationary coils and two needles, or the equivalent, the two needles being so 
arranged that any external field will produce opposing torques, and the coils 
so connected that their torques are additive. The Broca galvanometer, Fig. 1, 
described below, is a modern type of astatic instrument. 


Damping and Logarithmic Decrement. — Due to the mechanical friction 


to motion and the induced currents set up in the adjacent metal or coils of the | 


instrument as a result of the motion of the moving element, successive swings 
of the moving element when it is once set in motion decrease in amplitude. 
This effect is known as damping. Successive swings from the zero or equilib- 
rium position decrease approximately in geometric ratio. Hence the ratio 
of the logarithm of one swing to the logarithm of the next swing, to the other 
side of the zero, is approximately a constant. This constant, which is a measure 
of the damping, is called the logarithmic decrement of the instrument. 


Ballistic Galvanometer. — A ballistic galvanometer is one in which the 
moving element has a relatively long period and small damping. It can be 
shown that when a quantity of electricity Q is discharged through such a gal- 
vanometer in an interval of time very short compared with the period of the gal- 


- ee 


vanometer, then the first throw or swing of the moving element is approximately . 


proportional to the quantity of electricity Q. Such an instrument therefore 
serves as à very convenient means of measuring the capacity of a condenser 
(see Capacity and Charging Current; Condensers, Electric) as well as for measur- 
ing the quantity of electricity discharged through a circuit by transient induced 
electromotive forces (see Magnetic Testing). 


Effect of External Resistance on Damping. — Since the damping of 


a galvanometer is due in part to the currents induced in the coils of the instru- 
ment by the motion of the moving element, and since these currents depend upon 


a Ax Sd QU eem 
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the total resistance in series with these coils, it follows that the damping depends 
upon the constants of the external circuit. In particular, a low-resistance shunt 
around the galvanometer terminals may reduce the damping very considerably. 
Consequently, jn any measurements involving the comparison of initial throws 
or swings of the moving elements, care must be taken that the same external 
resistance is kept in the external circuit, or that a universal shunt (see Shunts) 
connected to give a high multiplying power (100 or more) be used. 


Dead-beat Galvanometers. — When the damping of a galvanometer is 
very large, the free motion of the moving element ceases to be periodic, and for 
à constant current sent through the coils the moving element swings out to its 
new position and comes to rest without oscillation. Such an jnstrument is 
said to be dead-beat. This dead-beat feature is very desirable when steady 
deflections are to be observed; it may be obtained mechanically by mounting 
à light vane of mica on the moving element, or by placing a solid piece of metal 
dose to the moving element so that the motion of the latter will induce currents 
in the metal. 


Aperiodic Galyanometer. — When the damping is just sufficient to render 
the instrument dead-beat, the galvanometer is said to be aperiodic. 


Alternating-current Galvanometers. — The ordinary type of galvanometer 
cannot be used for measuring alternating currents, since the twisting moment 
depends upon the direction of the current. An ordinary galvanometer may, 
however, be used indirectly by connecting in series with it a thermo-couple, 
the latter being heated by a coil carrying the alternating current to be measured; 
this is the principle of Duddell's thermo-galvanometer. The “ twisted- strip" 
galvanometer in which the deflection is caused by the untwisting of a strip, due 
to the heating action of the current, has also been used as an alternating-current 
galvanometer. These instruments, however, are both decidedly inferior to the 
Einthoven "vibration" galvanometer (Fig. 3) described below. 


Tangent and Sine Galvanometers are of historical interest only, and need 
not be described here. 


Sensitiveness of Galvanometers. — The sensitiveness or deflectional con- 
stant of a galvanometer may be defined as the scale deflection in millimeters 
produced by a current of one micro-ampere passing through the galvanometer 
Coil, the scale being at one meter distance from the mirror; or, if the instrument 
has a scale attached, as the number of smallest scale divisions per micro-ampere, 
it may also be stated in terms of the potential difference in micro-volts, which 
must be applied to the terminals of the galvanometer to produce unit deflection, 
or as the deflection in millimeters, at meter distance of scale, per micro-volt on 
the terminals, The sensitiveness of a Vi must be accompanied by 


good zero-keeping quality. niece 


TYPICAL MODERN GALVANOMETERS. Gaa - Qaly a few typical forms 
of modern galvanometers can be described here. | 


The Broca Galvanometer. — This galvanometer is one of the best of the 
moving-needle type. It owes its sensitiveness and freedom from disturbance 
by external magnetic fields to the unique construction of its system. Thig 
system, shown in Fig. 1, consists of two vertical steel wires placed side by side 
and magnetized to have consequent poles at thelr centers. 

This construction makes a system that is very astatic and though Mamci of 
considerable size are used, they are placed so close together that the system has 


a very small moment of inertia. A small mirror is located. below the magnet 


System and below this an aluminum damping vane that moves in a chamher, 
the size of which can be varied, thus changing the damping. The whole system 
is suspended by a quartz fiber which serves as a control for the system, although 
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the main control is obtained by a movable permanent magnet on the base of the 
instrument. The stationary coils are made interchangeable and removable 


and vary in resistance from 10 ohms to 1000 ohms per pair. 


Either lamp and scale or telescope and scale can be used to read the deflections 
of this galvanometer. In the latter case the scale must be brilliantly illuminated, 


owing to the small size of the mirror. 


The resistance of this galvanometer can be varied by connecting the fixed 
coils in parallel or series or by substituting coils of different resistances. To 
vary the damping two rods on either side of the instrument case are pushed in 


Vane 


Fig. 1. Broca Galvanometer System ' Fig. 2. D’Arsonvat Galvanometer 


or pulled out as required, to increase or decrease the size of the damping cham- 
ber. The period is changed by changing the position of the control magnet 
in reference to the system. 

In the following table is given the sensitiveness of the instrument for various 
periods and resistances. | 


e Deflection in mm. at 1 m. 
Resistance of 2 i 


coils in series ae ee j 
in-ohins or I micro- |. For Iı micro- 
PRA ampere volt 


Period in 


218 19.9 
II.I 
2.62 


D'Arsonval Galvanometers. — For the great majority of electrical measure- 
ments requiring galvanometers the D'Arsonval types, of which there are many 
forms, are the most satisfactory. Fig. 2 shows a typical form of construction, 
suitable either for mounting on the wall or on a tripod. This galvanometer 
has for its frame-an iron casting which also serves as the permanent magnet 
and to hold the upper suspension tube. In the wall type this magnet casting 
is attached to a backboard hoding the telescope and scale and the soft-iron 
core. 

The coil is ike with copper wire, free from iron and suspended from above 
by a wire or sttip of phosphor bronze, silver or steel, which also serves as one 
terminal of the coil. .'The.other terminal is in the form of a spiral of phosphor 
bronze or. silver strip brought off from the -bottom of the coil. The coil carries 
a light mirror and the entire moving system is visible through a large window in 
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"VEL metal plate that covers the front of the magnet casting, this front plate being 


TM 


a removable. The deflection is read by a telescope and scale, the scale curved so 
+ that the scale reading will be closely proportional to the deflection. 


The following table gives the approximate sensitiveness of galvanometers of 
this type for different coil resistance and period. 


MILLIMETERS PER MICRO-AMPERE 


Periods Galvanometer resistance 
in- 
seconds | so ohms 300 ohms soo ohms | 1000 ohms 


D'Arsonval galvanometers of a slightly different form, having a sensitiveness 
5o per cent greater than the above, are on the market. Portable galvanometers, 
or ammeters of high sensitiveness (o.5 to 10 micro-amperes per smallest scale 
division) are also used in connection with encom COURS and for measuring 
insulation resistance. 


Einthoven String Galvanometer. — The Einthoven string galvanometer, 
a diagrammatic view of which is shown in Fig. 3, is essentially a moving-coil 
galvanometer, though the conductor which moves is 
but a single filament. N.S are the poles of a power- 
ful electromagnet, and the fine conducting "string" 
AB stretched in the narrow air gap between the poles 
forms the moving element. When a current is passed tus Ploos|N | 
through this conducting string, it deflects at right Btring 
angles to the field of the electromagnet as indicated : 
by the solid arrows. This deflection is observed by Fig. 3. Einthoven String 
means of a microscope or by projecting an enlarged Galvanometer 
image of the string on a screen by means of a projection lantern, or the deflection 
may be recorded on a photographic plate. 

The electromagnet is relatively large and the pole faces are so shaped that 
an exceedingly high flux density is secured in the narrow air gap in which the 
string is stretched. The magnetic circuit is always fully saturated so that small 
variations in the exciting current do not affect the flux density in the air gap. 
The string, which may be an extremely fine silver wire or a silvered quartz 
fiber, is held under tension, which is adjustable by means of a micrometer 
screw. The resistance may vary from 5 ohms to 10,000 ohms, depending on 
the material of the string. The period depends on the tension on the string and 
may be reduced to less than 0.01 second or may be increased to 8 or 10 seconds 
with corresponding increase in sensibility. 

The following table gives the characteristics of some Einthoven string gal- 
vanometers built by the Cambridge Scientific Instrument Company, when used 
on direct current. 


Einthoven Galvanometer as an A-C. Detector, ot Vibration Gal- 
vanometer, — If an alternating current is sent through the string and the 
tension on the latter is adjusted so that the free period of the string is the same 
as the period of the current, then the string will be set in vibration, the amplitude 
of the vibration depending upon the strength of the current. Consequently 
when the instrument is thus tuned, it may be used as a detector of extremely 


Electromagnet{ A 
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CHARACTERISTICS OF EINTHOVEN STRING GALVANOMETERS 


Diam- | Resist- 


Material of eter of | ance íin 
string string ohms 
micro- | micro- 
amp. volt 


Silver wire.......|0.02 mm. 4.7 4.4 9.94 
0.002mm.| 20,000 1 62,500 ]|. 3.13 
0.003 mm. 6,600 333,000 $0.5 - 
0.002mm.| 5,800 o. 30 Q.005 

3,890 : | ; 9.7 0,003 


Silvered quartz 


* These are apparent deflections as observed through the microscope. For example, 
in the case of the galvanometer having the constants given in the third line, the actual 
deflection is 333000/650= 512 mm, per micro-ampere, An apparent deflection of about 
16$ mm. can be detected by the eye, consequently with this particular galvanometer a 
current of 10~*/3X 333000= 1971! amperes, approximately, may be detected. 


minute alternating currents. When thus used the instrument is capable of 
detecting an alternating current of 107 amperes, effective value. 


Marine Galvanometers. — Any galvanometer that will give deflections 
that are not affected by the rolling of a ship and consequently can be used on 
shipboard may be called a marine galvanometer. A common form of marine 
galvanometer is of the D’Arsonval type with the coif held by suspensions, both 
above and below, that are stretched under considerable tension. 

The moving system of the galvanometer is carefully balanced, so that a 
30-degree inclination will not cause a deflection of more than 3 mm. with the 
scale at r meter distance. It has a very stable zero and a sensibility of 10 
to 20 micro-amperes per smallest scale division with a 3-second period. 


USE AND CALIBRATION OF GALVANOMETERS, — Galvanom- 
eters, other than ballistic, are used in engineering work primarily as current 
detectors in various bridge (q. v.) and potentiometer (q.v.) measurements, and 
therefore careful calibration is usually unnecessary. In order to determine 
the degree of precision of such measurements, however, the sensitiveness of 
the galvanometer must be known. This may be determined by connecting in 
series with a battery of known emf. a fairly high resistance, and connecting 
the terminals of galvanometer across a known small fraction of this resistance. 
Jf the galvanometer resistance is known or previously measured, the current 
through the latter may then be calculated by Kirchhoff’s laws (see Electricity 
and Magnetism, Principles of), and consequently the millimeters deflection 
per micro-ampere determined, If the sensitiveness of the galvanometer is too 
great for any particular measurement, it may be reduced by properly shunting 
it (see Shunts). 


Calibration of Ballistic Galvanometer, — The ballistic galvanometer is 
frequently used for capacity measurements and for the determination of the 
magnetization curves of samples of iron or steel (see Magnetic Testing). One 
method of calibration is to charge a standard condenser to a known voltage, 
and discharge it through the galvanometer, noting the deflection, and repeating 
the test for several known voltages. As the capacity of ordinary standard 
condensers is dependent upon the time of conan Soa Condensers, pare 
this method is pat very accurate. u 
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Use of Standard Solenoid. — A better method is to use a standard 
solenoid. Such a solenoid should have a length about $0 times its diameter. 
A standard used in a number of experiments conducted under the auspices of 
the Standardization Committee of the American Society for Testing Materials 
is made of 1520 turns of No. 18 A.W.G. double-cotton-covered copper wire care- 
fully wound in a single layer upon a cylindrical core of red fiber approximately 
15 inches long and 1.5 inches in diameter. (A convenient way of winding such 
à coil uniformly is to cut a shallow thread in the core of such a pitch that the 
wire when wound in the groove between the threads will lie up snug.) A second- 


ary coil of 2000 turns of No. 36 A.W.G. double-silk-covered wire was wound in 


? layers over a length of 6 inches, at the middle of this coil. 

Connect the primary coil of this solenoid in series with an adjustable resist- 
ance, reversing switch and source of constant e.m.f. Connect the secondary 
coil in series with the galvanometer. Let 


m = the number of turns fer inch length of the primary coil, 

Ii = the strength of the current in amperes in the primary coil, 

Na= the number of turns in the secondary coil, 

R = the total resistance in ohms of the secondary coil, galvanometer and any 
extra resistance which may be in the secondary circuit, 

A = the area in square inches of the mean cross-section of the primary coil. 


Then if the current Z in the primary coil is reversed a quantity of electricity 


2.54% 89 mhANs 
Q= 1o R coulombs 
= 0.0638 PAN microcoulombs 


is discharged through the galvanometer. Hence, by calculating Q and noting 

the galvanometer swings when currents of various strengths are reversed in 

the primary coil, a curve can be plotted giving the quantity of electricity corre. 

ene to à swing of any value; such a curve will be approximately a straight 
e. 


Ld 


COSTS. — A Broca galvanometer costs from $40 to $50 depending upon 
its sensitiveness. A D'Arsonval galvanometer costs from $18 to $100, including 
telescope and scale. An Einthoven galvanometer costs from $400 to $500. 


BIBLIOGRAPHY. — Ayrton and Mather, Phil. Mag., 1896, 1898; Jaeger, 
W. Zeit. f. Instrumentenkunde, Vol. 23, 24 and 28; Stewart, O. N., Phys. Rev., 
Vol. 23; Grassot, E., Jour. de Physique, Vol. 3; Einthoven, W., Annalen der 
Physik, Vol. 12; White, W. P., Phys. Rev., Vol. 19 and 23; Campbell, Phi. 
Mag., Vol. 14; Wenner, F., Bul. Bur. Siand., Vol. 6. 
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GAS. — (See also Gas Engines; Gas Producers.) The word gas in its most : 


general sense means a substance which is capable of indefinite expansion. 
The word is also used in a restricted sense to mean any mixture of gases 
suitable for illumination or for fuel. It is in this sense that the word will 
be used in this article. 

Gas is usually measured in thousands of cubic feet, at 60? F. and at a pressure 
of 30 inches of mercury. The term “ permanent " or “ fixed " gas is used to 
designate a gas which will not precipitate any of its constituents when cooled. 


KINDS OF GAS.—In addition to natural gas, which exists in limited. 


quantities, in restricted localities (in this country, chiefly in western Penn- 
.Sylvania, West Virginia, Ohio, Indiana, Kansas, Texas and California), there 
are four types of manufactured gas. These various types all contain the same 
constituent gases, but in different proportions, depending upon the process of 
manufacture and the fuel from which they are made. Gas may be made from 
practically any kind of solid or liquid fuel, but coal is the fuel usually employed. 


. Coal-Gas. — This name is given to the mixture of permanent gases resulting 
from the distillation in closed retorts of the volatile matter in coal. The heavy 
hydrocarbons and various impurities are extracted by cooling and “ washing " 
the gas and passing it through purifiers containing hydrated lime or sesquioxide 
of iron. The residue left in the retorts is coke; the condensed hydrocarbons 
form coal-tar; ammonia, sulphur compounds and cyanogen are absorbed in 
the washers and purifiers; all these by-products are of value. 

Coal-gas is used chiefly for illumination, but in this country carburetted water- 
gas (see below) is more extensively employed for this purpose. Coal-gas is 
seldom used for power purposes on account of its high manufacturing cost as 
compared with producer-gas (see below), which, though unsuitable for illumina- 
tion, makes a very satisfactory fuel for gas engines. 


Water-Gas. — This name is given to the mixture of permanent gases result- 
ing from the reactions which take place when steam is passed through a body of 
coal, coke or charcoal heated to redness or beyond, the hot gas being condensed 
and purified in much the same manner as coal-gas. The chief reaction in the 
formation of this gas is the decomposition of the steam by the heated carbon, 

. forming hydrogen and carbon monoxide, the reaction being C + H20 2 CO + 2 H. 
This reaction is a cooling process, hence the production of water-gas is inter- 
mittent, consisting of two stages: (1) the “ blowing up” or heating the fuel 
in the producer by blowing air into it, producing CO»; by the reaction C + 20 = 
CO;, and (2) the production of water-gas by blowing steam through the fuel, 
the surply of air having been shut off. Water-gas is generally made from 
anthracite coal and contains not only hydrogen and carbon monoxide, but also 
small amounts of oxygen, nitrogen and light hydrocarbons. Pure water-gas 
is not suitable for illumination, since it is deficient in the heavy hydrocarbons 
which render coal-gas a good illuminant. This defect is readily supplied by 

` adding naphtha vapor to the water-gas as it comes from the producer and super- 
heating the mixture thus formed; the naphtha vapor and the superheated steam 
in the gas react to form permanent gases of the hydrocarbon group. Water-gas 
thus heated is called “ carburetted water-gas"' and forms an excellent illuminant. 
In this country, by far the greater proportion of illuminating gas is carburetted 
water-gas. Water-gas, pure or carburetted, is seldom used for power purposes, 
on account of its high cost. 


Siemens Gas. — This name is given to the mixture of permanent gases 
resulting from the chemical reactions which take place when air is blown or 
drawn into a deep bed of coal. At the bottom of the bed, where the air is in 
excess, COs is formed and this is reduced on passing through the upper part of 
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hitrogen of the air is also present in the gas, forming more than half its volume, 
thereby making a very dilute or “ lean” gas. This process has been super- 
seded by the producer-gas process described below. ` 


Producer Gas. — This name js given to the mixture of permanent gases 
resulting from the chemical reactions which take place when both steam and air 
are blown through a bed of hot coals, The gas is essentially a mixture of water- 
gasand Siemens gas. The process is a continuous one, enough air being supplied 
with the steam to maintain the producer bed at the Proper temperature, thus 
eliminating the “ blowing up ” operation in the water-gas process ; also, due to 


rogen 
decteased, thus making a gas “ richer ” than Siemens gas. The exact composi- 
he type of producer, 
The gas made in any 


quently 
ely high 


Other Kinds of Gas, — “ Oil-gas " is a mixture of gases resulting from the 
vaporization of crude oil and superheating the vapor; it is used to improve the 
illuminating qualities of water-gas. “Coke-oven gas” is the gas formed as a 
by-product in coke ovens. Its properties are intermediate between those of 
coal-gas and Siemens gas; the composition of the gas, however, varies with the 
kind of coal and with the time, changing from the beginning to the end of the 
process," Oil-water gas ” is produced by the chemical reactions between steam 
and oil heated to a high temperature in closed retorts. The cost of manufacture 
is low where oil is cheap. “ Blast-furnace gas” is a (waste product of blast 
furnaces, and is a mixture of CO, CO» and N, the latter being the largest con- 
Stituent. The relative Proportions of CO and CO» vary with the conditions 
of the furnace. An average analysis of blast-furnace gas cooled to at- 
mospheric temperature is 25 per cent CO, ro per cent CO;, 65 per cent N. 


ke-oven gas, oil-water gas and blast-furnace gas are all suitable for use in 
gas engines, 


CALORIFIC OR HEATING VALUE. — The calorific or heating value (see 
Heat and Thermal Properties) of a given quantity of gas is the heat energy devel- 
oped by its complete combustion, In this country, the calorific value of a gas 
is usually expressed in B.t.u. per cubic foot, the volume being measured at 60° F. 
and at a pressure of 30 inches of mercury. The total heating value of the gas 
Produced from a given quantity of coal is less than that of the coal (or other 
fuel) from which it is made, In the case of coal-gas, the fixed carbon in the 
coal is not “ gasified,” and, therefore, its calorific value contributes nothing to 
that of the gas, In the case of water-gas and producer-gas, the carbon in the 
coal is converted into carbon monoxide, but: the heating value of carbon mon- 
oxide is less than that of the carbon in it, since this carbon is already partially 
oxidized. Heat energy is also required to distil the hydrocarbons in the coal 
and in addition there are losses due to radiation. The calorific value of pro- 
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ducer-gas made from a given quantity of coal varies from ss to 8s per cent of 
the calorific value of the fuel from which it is made, depending upon the 
character of the fuel, the size of the producer and the manner of operating it. 


EFFECTIVE OR NET HEATING VALUE. — The discharge from a gas 
engine is at a temperature considerably greater than the boiling point of water, 
and, consequently, the latent heat of condensation of the water vapor in the 
products of combustion is not available for the production of power, whereas 
in a calorimetric determination of the heating value of a gas this latent heat of 
condensation is included. The difference between the heating value, as deter- 
mined by calorimetric measurement and the latent heat of condensation of 
the water vapor in the products of combustion, is called the effective or net 
heating value of the gas. The net heating value of producer-gas is usually 
about $ per cent lower than the gross heating value. 


COMPARISON OF DIFFERENT KINDS OF GAS. — The following 


table shows what may be considered the average composition (percentage by . 


volume), weight, calorific value and moisture content.of the different types of 
gases used for illumination and for fuel. It should be noted, however, that 
the characteristics of any particular gas may vary considerably from the figures 
given in the table, depending upon the quality of the coal used and the size and 
type of producer. 


COMPARISON OF DIFFERENT KINDS OF GASES ' 


Producet-gas 


Natural| Coal- |Water- 


gas | gas | gas |Anthra. Bitumi- 
cite nous 


SX V ADCOP ONES we Rd esa TE rex eda Rad da 0.50 6.0 45.0 27.0 27.0 


T E Lee ve eto ed RE ‘seeeeeee| 2.18 | 46.0 45.0 12.0 I2.0 
eios ue Ran de reor taee Seaman 92.6 40.0 2.0 1.2 2.5 
PET UR TCT dd a bat vea E aa UA E .| 0.31 4.0 er —À 0.4 
—€—— M T o.26 0.5 4.0 2.5 2.5 

2i Edna E E da hors ln iue 3.61 1.5 2.0 57.0 | 56.2 

eG A see EedsbEx Pao qe diu Hany wae an 0.34 0.5 0.5 0.3 0.3 

TOC CURE PT ERN ns 1.5 1.5 "uu 4G 
dais ded arate 45.6 32.0 | 45.6 65.6 65.9 
aliod rq a dac ut IIOO 735 322 137 157 


BIBLIOGRAPHY. — Junge, F. E., Gas Power, N. Y., 1911; R. D. Wood 
& Co. Mond Gas, 1903; Proc. Am. Gas Institute, 1906 to date; Proc. Am. 
Gas Light Assoc.; Kent's Mechanical Engineers’ Pocket-booh. 
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GAS ENGINES AND OTHER INTERN AL-COMBUSTION 
ENGINES. — (See also Gas; Gas Producers, Power Stations, Gas-Electric.) 
An internal-combustion engine is an engine in which combustible gas, vapor, 
or oil is burned in a Cylinder, generating a high temperature and high pressure 
in the gases of combustion, which expand behind a piston, driving it for- 
ward. (Rotary gas engines or gas turbines are still, 1914, in the experimental 
Stage.) 


Oil and Gasoline Engines. — The lighter distillates of petroleum, such as 


differs from a gas engine only in havíng an atomizer attached, for Spraying a 


Diesel Oil Engine. — The distinguishing features of the Diesel engine 
sare: It compresses air only, to a predetermined temperature above the firing 
Point of the fuel. This fuel is blown as a cloud of vapor (by air from a separate 
Small compressor) into the Cylinder when compression has been completed 
ignites spontaneously without explosion, solely by reason of the heat of the air 
generated by the compression, and burns steadily with no essential rise in pres- 


American Diesel engines are built for stationary purposes, in sizes of 120, 
170 and 225 horse-power in three cylinders, and in “double units” (six 


cylinders) of 240, 340 and 450 horse-power. Much larger sizes have been built 
in Europe. 


Alcohol Engines. — Due to the relatively high cost of alcohol, even when 
“denatured,” alcohol engines are not yet in commercial use in this country. 


CLASSIFICATION OF INTERNAL-COMBUSTION ENGINES. 
ternal-combustion engines are dassified as four-cycle and two-cycle engines, 
single- and double-acting engines, and single- and multi-cylinder engines. 


Four-cycle Engines. — In what is known as a four-cycle engine, one igni- 
tion of gas takes place in one end of the cylinder every two revolutions of the 
flywheel, or every two double strokes. The following sequence of operations 
takes place during four consecutive strokes: (a) inspiration of a mixture of gas 
and air during an entire stroke; (b) compression during the second (return) 
Stroke; (c) ignition at or near the dead-point and expansion during the third 
stroke; (d) expulsion of the burned gas during the fourth (return) stroke. 

Fig. 1 is an indicator diagram of a four-cycle engine. AB, the lower line, 
shows the admission of the mixture, at a pressure slightly below the atmosphere 
9n account of the resistance of the inlet valve. BC is the compression into the 
Clearance space, ignition taking place at C and combustion with increase of 
pressure continuing from C to D. The gradual termination of the combustion 
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is shown by the rounded corner at D. DE is the expansion line, EF the line of 
pressure drop as the exhaust valve opens, and FA the line of expulsion of the 
burned gases, the pressure being slightly above p 
the atmosphere on account of the resistance of 
the exhaust valve. 
Two-cycle Engine. — In a two-cycle single- 
acting engine an explosion takes place with 
every revolution, or with each forward stroke of ¢ 


the piston. Referring to the diagram, Fig. 1, E 
and beginning at E, when the exhaust port be- F 
gins to open to allow the burned gases to escape, A B 


the pressure drops rapidly to F. Before the end Fig. 1. Indicator Diagram oí 
of the stroke is reached an inlet port opens, Four-cycle Engine 
admitting a mixture of gas and air from a reservoir in which it has been com- 
pressed. This mixture being under pressure assists in driving the burned gases 
out through the exhaust port. The inlet port and the exhaust port close 
early in the return stroke and during the remainder of the stroke BC the 
mixture, which may include some of the burned gas, is compressed and the 
ignition takes place at C, as in the four-cycle engine. 

In one form of the two-cycle engine only compressed air is admitted while 
the exhaust port is open, the fuel gas being admitted under pressure after the 
exhaust port is closed. By this means a greater proportion of the burned gases 
is swept out of the cylinder. This operation is known as “scavenging.” 


Single- and Double-acting Engines. — These terms have the same sig- 
nificance as in the case of steam engines (q.v.). Comparatively few large 
engines are single-acting. 

Multi-cylinder Engines. — In small multi-cylinder engines the cylinders 
are in “parallel,” i.e., each has a separate piston connected to the crank shaft. 
In large engines two cylinders are frequently arranged in tandem. The term 
"twin cylinder" is used to designate two cylinders operating in parallel as 
contrasted with the “‘two-cylinder tandem” arrangement, in which the two 
cylinders are in “series.” A ‘“twin-tandem” engine has four cylinders in all, 
or two pairs of tandem cylinders. 


RATING. — In contrast to steam prime movers the gas engine has a definite 
limit of power with the usual methods of governing and its economy improves 
until this limit is almost reached. This characteristic makes a maximum rat- 
ing more significant than a normal rating with overload capacity. As ordi- 
narily rated, however, engines can develop 1o to 15 per cent overload for brief 
periods and will care for momentary swings much greater. Due to their low 
mechanical efficiency (75 to 85 per cent) gas engines are preferably rated in 
terms of their brake horse-power instead of indicated horse-power. 


Rating of Automobile Engines. — Automobile engines are single acting 
and as a rule multi-cylinder, the cylinders all being in parallel. The American 
Licensed Automobile Manufacturers Association have adopted rs following 
arbitrary formula for the rating of automobile engines 

2 
Brake horse-power = 2, 
2. 


where D = diameter of ai cylinder in inches, N = number of cylinders. 
This rating is usually referred to as the A.L.A.M. rating. It corresponds 
approximately to the actual brake horse-power when the piston speed is 1000 
feet per minute and the mean effective pressure is 55 pounds per square inch. 
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| Horse-power, 2 cylinders. . . 
| Horse-power, 4 cylinders... 


Sizes are twin, tandem, double-acting. 


Gas Engines 


The following ratings are derived from the formula: 


Horse-power, 6 cylinders. .. 


DESIGN AND CONSTRUCTION. — Only a few of the more important 


eatures in the design and construction of internal-combustion engines can be 


noted here, See Bibliography at end of this article for references to various 
treatises on the subject. 


levelop more than 1500 horse-power in a single cylinder, engines of the largest 


Cooling is one of the Most important problems of gas-engine design. In the 


Small sizes provision for air cooling or a simple water jacket about the cylinder 


therefore ig cylinder, called the vaporizer, which is not water-jacketed and 
vert, Pt hot by the repeated ignitions. Before Starting the engine the 
“ated by a Bunsen burner or other means. 


Ming, — es 
Bear "e. for By adjusting the cam or other mechanism operated by the valve- 


reference to te UE Ignition, the time at which the ignition takes place, with’ 
€ end of the Compression stroke, can be regulated. The mixture 
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is usually ignited before the end of the stroke, the advance depending upon the 
inflammability of the mixture and on the speed of the engine. 


Governing. — Two methods of governing the speed of an engine are in com- 
mon use, the “‘hit-and-miss” and the throttling methods, In the former the 
engine receives its usual charge of air and gas only when the engine is running 
at or below its normal speed; at higher speeds the admission of the charge is 
suspended until the engine regains its normal speed. One method of accom- 
plishing this is to interpose between the valve rod and its cam or other operat- 
ing mechanism, a push rod, or other piece, the position of which with reference 
to the end of the valve rod is controlled by a centrifugal governor so that it hits 
the valve rod if the speed is at or below normal and misses it if the speed is 
above normal. 

The throttling method of regulating is similar to that used in throttling 
steam engines; the quantity of mixture admitted at each charge being varied 
by varying the position of a butterfly valve in the inlet pipe. Cut-off methods 
of governing are also used, such as varying the time of closing the admission 
valve during the suction stroke, or varying the time of admission of the gas 
alone, or “quality regulation.” 

Lubrication of cylinders is best provided by a time force-feed system in- 
jecting oil between the piston rings at dead-center positions. The supply 
should be closely regulated, as an excess carbonizes on the cylinder walls and 
becomes a source of trouble. Bearings are commonly ring-oiled or flooded. 

Starting Devices. — In large engines starting is now universally accom- 
plished by compressed air. In some small stationary engines an explosive 
cartridge is inserted into the cylinder head and set off by percussion. 

Self-starting devices, using compressed air or a small electric motor and stor- 
age battery, are coming into extensive use for starting automobile engines. 

Speeds. — Small gasoline engines are usually designed for speeds of from 
300 to 1000 revolutions per minute, Large gas engines, for central-station ser- 
vice, usually have speeds about as follows: 


100 DP2bbkg x Xa pm RC AI nes ces ... 275 rev. per min. 
300 h.p...... m TRECE A ... 200 rev. per min. 
soB A a arwneS quU 2S ales I50 rey, per min. 
1000 DD. os fe eROIRXX PES dS Eos S.  I90 rey. per min. 


POWER DEVELOPED BY AN INTERNAL COMBUSTION EN- 
GINE. — In order to calculate tbe power developed hy an internal-combustion 
engine it is necessary to know the mean effective pressure in the engine cylin- 
der, the dimensions of the cylinder and either (1) the length of stroke and 
number of explosions per minute, or (2) the piston speed and number of ex- 
plosions per revolution. 

Mean Effective Pressure. — The mean effective pressure can be obtained 
from the indicator diagram (see Steam Engines), or if a test diagram is not avail- 
able the mean effective pressure either has to be assumed from a knowledge of 
that found in other engines of the same type and working under the same condi- 
tions as those of the design, or it may be calculated from the ideal air diagram 
and modified by the use of a coefficient or diagram factor depending on the 
kind of fuel used and the compression pressure. 

The following figures are given by C. P. Poole as a rough approximate guide 
to the mean effective pressures obtained with different fuels in a four-cycle 
engine. In a two-cycle engine the mean effective pressure of the pump diagram 
should be subtracted. The delivery pressure is usually from 4 to 8 pounds 
per square inch above the atmosphere, and the corresponding mean effective 
pressure of the pump about 3.8 to 7, 
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PROBABLE MEAN EFFECTIVE PRESSURE, POUNDS PER SQUARE 
INCH, FOUR-CYCLE ENGINES 


| 
dai ` 
ia | Kind of fuel 
T pressure | & | ro | 25 | so | roo | 250 | 500 
MED | DCN. SUME PEET NU dS 
1i 
p 
Anthracite 
qii | Producer gas 
it, 
gu. | Mond 
«4 | Producer gas 


E . | Natural and 
. | Illuminating gas 


Gasoline vapor 


t VE 
ne en. e e a UP 


Kerosene spray 


oo 


Number of Explosions per Revolution. — The number of explosions per 
revolution depends upon the type of engine, as given in the accompanying table. 


Formulas for Horse-power Output. — Let 


p= mean effective pressure, lb. per sq. in. 


Explosions 
d = diameter of cylinder bore, inches, Ce eee : 
: ngin rev. 
N = number of revolutions per minute, ype 
t* total number of explosions per 
revolution, 
5 = piston speed, feet per minute, Single-acting, 4-cycle.. 0.5 
L= length of stroke, feet, j Single-acting, 2-cycle. . 1.0 
e= mechanical efficiency, as a fraction, | Double-acting, 4-cycle, 1.0 
P; = indicated horse-power. Dowble-acting, 2-cycle. 2.0 
Then 
P pLdeN pes 
* 42,000 84,000 
The brake horse-power is i 


Brake h.p. = €P,. 
The brake horse-power is frequently expressed by the formula 
Brake h.p. = Cd?, 


where C= peSe/84,000 is called the “engine constant.” For e = 0.84 and 3 
explosions per revolution the values of C for various mean effective pressures 


are as follows: i 
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VALUES OF C FOR 2 EXPLOSIONS PER REVOLUTION 


Piston speed, feet per minute 


M.E.P., 1b. 
per sq. in. 


These values of C apply to 4-cylinders, 4-cycle, single-acting, to 2-cylinders, 
2-cycle, single-acting, and to r-cylinder, 2-cycle, double-acting. For single 
cylinders, 4-cycle, single-acting, divide by 4; for single cylinders, 4-cycle, double- 
acting, or 2-cycle, single-acting, divide by 2. ` 


TESTING INTERNAL-COMBUSTION ENGINES. — The test of à 
gas or oil engine includes the measurement of its power by a friction brake, of 
the number of cubic feet of gas or pounds of oil used per brake horse-power 
hour, and of the calorific value of the gas or oil. In connection with the tests 
indicator diagrams may be taken, the air supply and the jacket cooling water 
may be measured, the exhaust gas analyzed, the temperatures of air, water and 
gas taken, and a heat balance calculated showing the thermal efficiency and the 
several sources of loss of energy. For details see Code of 1914 of the A.S.M.E. 


EFFICIENCY AND FUEL CONSUMPTION. — The thermal efficiency 
of an internal-combustion engine is considerably higher than that of the best 
reciprocating engine or steam turbine; its mechanical efficiency is lower, rang- 
ing from 70 to 85 per cent as against go to 95 per cent for a high-class recipro- 
cating engine and 92 to 97 per cent for steam turbines. 


Thermal Efficiency. — The conditions which appear to give the highest 
thermal efficiency in gas and oil engines are: (r) high temperature of cooling 
water in the jackets; (2) high pressure at the end of compression; (3) lean 
mixture; (4) proper timing of the ignition; (5) maximum load. The higher 
economy of a lean mixture may be due to the fact that high compressions may 
be used with such a mixture, while with rich mixtures high-compression pressures 
cannot be used without danger of preignition. 

Other things being equal, the hotter the walls of the cylinder the less heat 
is transferred into them from the hot gases, and therefore the higher the efficiency. 
Cool walls, however, allow of higher compression without preignition, and high 
compression is a cause of high efficiency. Cool walls also tend to give the 
engine greater capacity, since with hot walls the fuel mixture expands more on 
entering the cylinder, reducing the weight of charge admitted in the suction 
stroke. 


Distribution of Heat Losses. — The heat losses are: (1) the heat carried 
away in the jacket water, (2) that carried away in the waste gases, and (3) that 
lost by radiation. The relative amounts of these three losses vary greatly, 
depending on the size of the engine and on the amount of water used for cooling. 
Carpenter and Diederichs quote the following, 
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Heat- Distribution of 
Work : 
i ~ | heat lo , 
M.E.P., Ratio 1ng done E a PRE CROI 
j value haust 
R.p.m. | Ib. per | air to by 1 
sq.in.| gas et B.t.u. Sepe 
charge, ft lb. deg. F. Work Jacket | Ex- 
B.t.u. xd water |haust 
187 | 54:3 7.11 18.5 140 1022 | 18.0] 51.2 | 30.8 


247 51.5 |. 7.35 17.4 I4I I137 18.1 45.6 30.3 
187 | 69.3 7.43 17.0 190 867 | 24.4| 53.8 | 21.8 
247 65.2 7.40 16.8 184 992 23.7 | 49.5 26.8 


showing that the distribution. of the heat losses varies with the rate of compres- 
sion and with the speed. 

Over-all Efficiency and Fuel per Brake Horse-Power. — The over-all 
efficiency of internal-combustion engines is the product of the thermal efficiency 
by the mechanical efficiency. A more convenient expression is 


2546 p a 
Over-all efficiency = 2s as decimal fraction 


where H = heat of combustion, B.t.u. in one cubic foot, and Q = number of 
cubic feet of gas supplied per brake horse-power hour. In the case of a liquid 
fuel it is more convenient to take H = heat of combustion, B.t.u. per pound, 
and Q = pounds of liquid supplied per brake horse-power hour. See articles on 
Gas ond Fuels. The product HQ in either case is the number of B.t.u. per 
brake horse-power. ’ 

In Fig. 2 are given the results of tests on several internal-combustion engines 
using different kinds of fuels, and also, for comparison, the performance of 
three steam turbines. These curves were supplied by Prof. W. E. Wickenden. 

These curves bring out very strikingly the relatively poor performance of 
internal-combustion engines at light loads. 

Coal per Brake Horse-power Hour. — Figures giving the coal con- 
sumption of a producer per brake horse-power hour of the gas engine supplied 
from it are of little value unless the type of producer and type of engine as well 
as the quality of the coal are stated. Let H = B.t.u. per pound coal, e = effici- 
ency of producer (see Gas Producers), es = over-all efficiency of gas engine. Then 
2546 


ake horse-power hour = 
pounds coal per brake power hou Hae 


For example, if the heating value of the coal used is 14,000, the over-all efficiency 


of the gas engine 30 per cent and the efficiency of the producer 8o per cent, ` 


then. 2546/14,000 X 0.3 X 0.8 = 0.76 pound coal will be required per brake 
horse-power hour. Figures as low as 0.7 pound coal per brake horse-power 
hour have been obtained, but they are exceptional. 


GAS AND OIL ENGINE TROUBLES. — Among the causes of troubles 
are: the variable composition of the fuel; too much or too little air supply; 
compression ratio not right for the kind of fuel; ignition timer set too late or 
too early; preignition; backfring; electrical and mechanical troubles with the 
igniting system; carbon deposits in the cylinder and on the igniting contacts, 


COST OF GAS ENGINES. — Differences in the ratings of gas engines, 
the partial development of the art and the close competition of builders make 
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H.P., 2 Cyc., Blast Furn. Gas 
B- 240 H.P., 4 Cyc., Natural Gas 
C-2000 H.P., 4 Cyc., Producer Gas 
H.P pi l 
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Fig. 2. Fuel Consumption of Gas and Oil Engines 
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costs quite variable. The following methods of estimating are derived from a 
number of installations and probably represent average conditions for electrical 
generation. (W. E. Wickenden.) Let P = brake horse-power rating; then 


50 to I25 horse-power, cost in dollars: ....... 400-+ 40 P 


125 to 250 horse-power, cost in dollars....... 2500--20 P 
250 horse-power and larger, cost in dollars... 32P 


BIBLIOGRAPHY. — For theory of the internal-combustion engine, see 
paper by Dugald Clerk, Proc. Inst. C. E., 1882, Vol. 69; and Van Nostrand's 
Science Series No. 62. See also Wood’s Thermodynamics. Standard works on 
gas engines are: A Text-book on Gas, Air, and Oil Engines, by Bryan Donkin; 
The Gas and Oil Engine, by Dugald Clerk; Internal Combustion Engines, by 
Carpenter and Diederichs; Gas Engine Design, by C. E. Lucke; Gas and Petro- 


leum Engines, by W. Robinson; The Modern Gas Engine and ihe Gas Producer, 


: by A. M. Levin; The Gas Engine, by C. P. Poole; and Internal Combushon 
Engines, by Hugo Guldner, translated by H. Diederichs, N. Y., 1910. | For 
practical operation of gas and oil engines, see The Gas Engine, by F. R. Jones, 
and The Gas Engine Handbook, by E. W. Roberts, For descriptions of large 
gas engines using blast-furnace gas, see papers in Proc. Iron and Steel Inst., 
1906, and Trans. A.S.M.E., 1906. Trans. A .S.M .E., 1905 to 1913. 
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GAS LIGHTING. — (See also Gas; Gas Producers; Illumination, Laws of.) 
Iluminating gases are rated in terms of “calorific value," expressed in B.t.u.’s 
per cubic foot, and in “illuminating power," or the candle-power of a standard 
luminous flame burner, in its most efficient state, consuming 5 cubic feet of the 
given gas per hour. Measurements of volume are reduced to standard condi- 
tions of temperature and pressure, viz., 60? F., and a 30-inch barometric height. 
Gas pressures are sometimes stated in atmospheres and in pounds per square 
inch, but more commonly by the inches of water manometer column which the 
gas sustains against atmospheric pressure (see Units and Conversion Factors). 
The supply pressure ranges from 1.5 to 4 inches in low-pressure systems and from 
40 to 60 inches in high-pressure systems. Most of the gas systems in the United 
States are of the low-pressure type, but high-pressure systems are common in 


‘ Europe. The chief commercial varieties of gas and their more important 


properties are as follows: 

Coal Gas, produced by distillation from bituminous coal, consists chiefly of 
hydrogen, methane and richer hydrocarbons. It varies greatly in quality with 
the grade of coal and the stage of distillation. Values of 16 candle-power and 
(oo B.t.u.'s are representative of the usual commercial supply. The use of coal 
gas is diminishing. 

Water Gas, produced by the reaction of steam and incandescent coal or 
coke, consists chiefly of hydrogen and carbon monoxide, and is usually enriched 
with oil gas to raise its calorific and luminous value. The properties of water 
gas supplied in different cities range from 18 to 22 candle-power and from 580 to 
700 B.t.u.’s per cubic foot. Many plants supply a mixture of coal gas and water 
gas. 

Oil Gas is a mixture of rich hydrocarbon gases produced by “cracking” 
petroleum oils by heat. Its candle-power is from 40 to 60 and its calorific value 
1200 B.t.u.’s or more. On account of its richness oil gas is often diluted with 
air ot mixed with water gas for commercial delivery. 


Pintsch Gas is a type of oil gas stored under a pressure of 150 pounds 
per square inch in steel tanks for self-contained and portable systems of light- 
ing. It is rated at approximately 900 B.t.u. and 36 candle-power. An essential 
feature of the Pintsch system is an automatic reducing valve which supplies the 
gas at a constant low pressure adapted to flame and mantle illuminants. 


Acetylene, produced by the reaction of water and calcium carbide, is a simple 
rich gas with a rating of about 1470 B.t.u.’s and 240 candle-power. For use in 
portable and self-contained systems acetylene is dissolved in acetone under a 
pressure of about 150 pounds per square inch. The usual container has a 
storage capacity of 10,000 volumes at this pressure. 


Gasoline-air.Gas is a mixture of air with gasoline vapor produced by 
forced evaporation. The generator commonly used comprises a blower operated 
by weights or water power, a carburretor and a mixing chamber. In the most 
widely used type of carburretor air is forced through sheets of cotton cloth which 
dip in gasoline and a rich mixture is produced. In the mixer the gas is diluted 
with air to a mixture containing from 2 to 5 gallons of gasoline to 1000 cubic 
feet, which is well above the explosive limit. Self-contained lamps in which the 
fuel mixture is locally generated by heat from the lamp have a wide use in street 
lighting. The luminous value of this gas in flames is very low, but it is well 
adapted to incandescent burners. l 

Natural Gas consists chiefly of methane, has a calorific value of about rooo 
B.t.u.s and little luminous value in open flames. It is excellently adapted to 
incandescent burners. 
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PERFORMANCE OF FLAME ILLUMINANTS, — Light from a flame ‘i EE 
is due to minute incandescent carbon particles liberated from the gas by heat. , 
The highest efficiency is obtained when the migration of these particles is slow; Pa a 
hence the pressure at the flame should not exceed two inches of water and the ''- 
flame should be set but little above the smoking point. The horizontal light ^y. 
distribution from flames is sensibly uniform. The spherical reduction factor ' i | 
ranges from 85 to 92.5 per cent, depending on the occlusion of light by the bur- “| 
ner. The batswing and fishtail burners used with ordinary gas should give fully 575 
9o per cent of the rated illuminating power of the gas when properly adjusted. à 
Acetylene is commonly burned in duplex burners with air holes giving slight \, 
pre-aeration. The usual one-foot acetylene burner gives 40 candle-power. N 


INCANDESCENT MANTLES AND BURNERS. — The incandescent ot, 
Welsbach mantle is the ashy residue of a woven structure of vegetable fibre, / ` 
such as cotton, ramie or artificial silk, impregnated with oxides of cerium and 7 
thorium, with traces of other rare earths. The strength of mantle varies greatly / 
with the material and weave of the fibrous base. Its luminous properties de  . 
pend on the purity and proportions of the oxides used. Mantles are graded in Z 
quality chiefly by strength to resist shock, but the better grades are greatly : 
superior in the maintenance of their candle-power. X 

The incandescent burner is made in two general types, upright and inverted. > 
Each has a Bunsen tube with adjustable gas cock and air inlet. The entraining 
action and flame projection of the upright type is fairly self-regulating fora 
wide range of gas pressure and consumption. The inverted type admits of a xs 
narrow range of adjustment. The conditions required to obtain the highest : 
efficiency from mantle burners are : (a) all gas and air ports must be clear and ~ 
adjusted to give the proper air-gas mixture and best projection pressure at the 
flame; (b) the flame should burn at the highest possible temperature and the ` 
mantle should be completely immersed in the hottest or outer zone of the flame. ~“ 


Performance of Mantle Burners. — Candle-power and efficiency ratings 
are based on lamps fitted with new mantles and tuned up by a fitter's adjust- 
ment to the most efficient conditions. The average performance of mantle 
burners in service is always somewhat below the rated values and depends to a 
marked degree on maintenance conditions. Service deterioration is due to (a) 
the fouling of the burner with dust, (6) the improper adjustment of air and gas 
ports, (c) the shrinkage of mantles and loss of their active materials, and (d) the 
collection of dirt on glassware. Low-grade mantles show very rapid deteriora- 
tion, often amounting to 40' per cent in soo hours. R. F. Pierce (Trans. Ill. 
Eng. Soc., Vol. VII, p. 686) reports from reliable tests under favorable conditions 
the inherent deterioration in candle-power of well-adjusted mantle lamps of the 
best grade to be as follows: Duration of test, 1000 hours; loss due to mantle 
alone, 2.5 per cent; loss due to burner alone, 2.5 per cent; loss due to dirt on 
glassware, 10 per cent; total reduction in candle-power, 15 per cent. Tests of 
commercial installations receiving skilled maintenance show an average per- | 
formance from 15 to 25 per cent below the rated candle-power and efficiency. 
Without skilled maintenance the average performance is generally from 30 to 
so per cent below rated candle-power and efficiency. (Proc. Nat. Elec. Light 
Assn., 1911, Vol. I, p. 809.) 

The efficiency of incandescent gas lamps varies with the pressure and the 
calorific value of the gas. At a given pressure the lumen-hours per cubic foot 
of gas are closely proportional to the calorific value of the gas. The pressure 
variations common to most gas systems have little effect on lamp efficiency, a5 
the candle-power and rate of gas consumption are about equally affected. 


PERFORMANCE OF GAS ILLUMINANTS. — The curves of Figs. 1 
to 3 show the light distribution of the gas illuminants in general use. 
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Fig. 3. Light Distribution of Single- ; 
mantle Inverted Gas Lamps : 


£o 1» 30° 45° 

, a. In roughed glass globe, 3.31 cu. ft. 

Fig. 1. Light Distribution of Upright, ^ per hour 
Single-mantle Gas Lamps b. With flat opal reflector, 3.31 cu. ft. 

. Juni ica cbi , 166 cu, per hour 
res type, mica chimney, 1 c. With opal dome reflector, 3.31 cu. ft. 

: B8 cu, Per hour 
ryote type in opal globe, 3.8 cu d. With enamelled cone reflector, 3.31 

A : 24.66 Cu. ft. per hour 
m perdu pe in clear chimney, 4 e. With holophane reflector No. 6321, 
3.65 cu. ft. per hour 


d. Standard type with opal dome, 4.66 
cu. ft. per hour id E . All tests with water gas of 20.5 to 22 c.p. 


Fig. 2, Light Distribution of Gas Arcs 


; a. 4-mantle inverted, alabaster globe, 
b 13.03 cu, ft. per hour 5 3 
$ : ° 5 
ab l : edd inverted, clear globe, 13.03 Fig. 4 ? Te us is Hich-ores 
u. ft. per hour f ate eee 
c. 4-mantle upright, alabaster globe, sure Inverted Gas Lamps 
opal reflector, 18.8 cu. ft. per hour A. r-mantle, 31.6 cu. ft. per hour 
d. 4-mantle upright, clear globe, opal B. 3-mantle, 70.3 cu. ft. per hour at 72.1 


reflector, 18.8 cu. ft. per hour inches-pressure 
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The following table gives performance data of low-pressure gas illuminants 
under favorable test conditions. 


PERFORMANCE OF GAS ILLUMINANTS 


Gas con- -— ; 
ditions Light production 


Illuminant Glassware f - $ | a | a a F 
a| yies! 9) 9 id 

Q D w O vy) e"? 

SFIR B 

& |" m 


—|— | ———9| ———— PA— | ——— 1 ——— 


1-Mantle upright...| Clear chimney......| 21.5| 2.5 | S.12| 90.5| 96.3| 1210| 236 
To d P Opal dome.......... 21.5| 2.5 | S.12|130.2| 85.7| 1078 
^ d Opal globe.......... 23.6| 2.0 | 3.8 | 72.1] 65.3| 821 
4-Mantle upright...| Alabaster globe..... 23.3| 2.0 | 18.8|263.6|259.5| 3261) 
id T Clear globe, opal 
reflector.......... 23.3, 2.0 | 18.8|332.2|279.4| 3511 
1-Mantle inverted..| Ground glass ball...| 21.9| 2.5 | 3.31| 68.8] 54.7| 688 
» » Green flashed re- 


TEE ; -5 | 3.31| 91.5] 47.4 596 


| [|]  fector............ f -5 | 3.31| 71.4| 46.6| 586 
= 5 Alba reflector.......|18.13| 2.00] 3.65) 65 | 46.1| 579 
4-Mantle inverted..| Alabaster globe.....| 21.9| 2.5 |13.03|207.5|150.8| 1895 


Clear globe......... 21.9| 2.5 |13.03|273.6 174.3| 2187 
| s-Mantle inverted..| Clear globe and en- 


amelled ref........| 23.0| 2.5 |17.07| 516 | 266 | 3343 


High-pressure Gas Systems. — The amount of air entrained in the mantle 
burner at ordinary low pressures is insufficient to produce the highest flame 
temperature and mantle efficiency. "Three methods of gas supply are designed 
to improve this condition, viz., (2) to provide a gas pressure at the lamps of from 
40 to 60 inches of water, (b) to provide gas at ordinary pressure and compressed 
air from a separate system of piping and (c) to supply both gas and air under 
pressure. The results produced by the three systems are approximately on a 
par. Results of the operation in Germany of inverted high-pressure lamps as 
cited by Wrightington (Lectures on Illuminating Engineering, Johns Hopkins 
University, 1911, Vol. 2, p. 872) may be summarized as follows: 

Mantle life, rro hours. Globe life, 2230 hours. Energy for gas compression, 
1 horse-power-hour for 1400 cubic feet of gas. Consumption of 3-burner lamp, 
65 cubic feet per hour. Costs per lamp-hour of 3-burner inverted lamp: 
compression, 0.31¢; maintenance and renewals, 0.58¢; gas at 61¢ per 1000 cubic 
feet, 3.98¢; total per lamp-hour, 4. 87; total per lamp-year of 3675 hours 
burning, $178.97. 

The light output of the high-pressure inverted single-mantle lamp is approxi- 
mately 1500 mean lower hemispherical candle-power for a gas consumption of 
from 25 to 30 cubic feet per hour. The 3-mantle inverted lamp gives approxi- 
mately 3500 m.l.h.c.p. at 7o cubic feet per hour. "These efficiencies can be sus 
tained only by the most careful attention to maintenance conditions. Fig.4 
shows typical light distribution curves of high-pressure lamps. 
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lx: Methods of Automatic Ignition. — The automatic ignition of gas lamps 
mày be accomplished by the following methods: 
(0) A pilot lame consuming from 0.05 to o.10 cubic foot per hour is fitted to / 
each burner. As the main cock is opened a momentary jet of gas is supplied i | 
——| tothe pilot tube, causing the ignition of the main burners. On some remote- 
controlled street-lighting systems a momentary extra pressure is applied as the : 
gas is turned on to produce this jet action at the local burners. | 
——| (0 Abigh-tension spark is produced in the gas issuing at each burner by means 
‘| of an induction coil. The primary circuit contains a battery, ignition switch EE: 
: kt and vibrating interrupter. The secondary coil is in series with the several spark t 
t 5| terminals and each end of the wire is grounded. Good insulation of the second- : 
ary wiring is essential. à 
(c) The mantle may be provided with a small spot of sponge platinum which ; 
is raised to incandescence by catalytic action due to the rapid absorption of gas. s 
| Such self-lighting mantles are apt to be short-lived. 
"A dock-controlled ignition cock is frequently employed with show-window 
7^, lamps and street lamps operated during definite time intervals on a flat rate 
X, system of charges. 
=" COST OF GAS LIGHTING. — The following table shows the approximate 
cost of operation of various gaslamps. The assumed cost of gas is $1.00 per thou- 
sand cubic feet and the assumed average light output as 80 per cent of the nomi- - 


| nal ratings with clear glassware. 

zi Cost per 1000 lamp-hours 

: , | Cost per 

gH Type of lamp Renewals 100,000 lu- 

we and main- men-hours 

: : tenance 

a -Mantle upright............... $0.60 : $0.65 

$i I-Mantle miniature 0.40 : 0.70 
1-Mantle inverted. ,, 0.50 0.63 

| 4-Mantle upright, ...... — 1.65 9.74 


Cb | Mantle inverted TN 1.65 0.80 


Gas vs. Electricity. — For comparison with the above it may be noted that 
p| the operating costs of roo-watt tungsten lamps with energy at 5f and 1o¢ per 
| — kw-hr. are respectively $0.75 and $1.40 per 100,000 lumen-hours. Correspond- 
.| ing costs for 250-watt lamps are $0.61 and $1.15 respectively.. The advantages 
of electric lighting are chiefly convenience, flexibility in the size and location of 
illuminants, non-vitiation of air, small heat output, and freedom from the dan- 
gers of explosion and asphyxiation. The chief disadvantages of electric lighting 
are danger of shock from abnormal voltages, the fire risk of faulty wiring and the 
greater likelihood of servicé interruption. The color of high-grade incandescent 
mantle lamps is a closer approach to daylight than that of the tungsten lamp, 
;' but is considered by many as less pleasing. 


BIBLIOGRAPHY. — Liquid and Gaseous Fuels, Lewes, Vivian B., London, 

1907; Acetylene, Lewes, Vivian B., London, 1900; Acetylene, Leeds, F. H., and 
Butterfield, W, J. A., London, 1910; Petrol-Air Gas, O'Connor, Henry, London, 

^ . 99; Handbook of American Gas Engineering Practice, Latta, M. Nisbet, N. Y., 
$ 1907; Lectures on Illuminating Engineering, Johns Hopkins University, r9rr, 
Vol. 1, Chaps. 3, s and 7, and Vol. 2, Chaps. 13, 14 and 18; Art of Illumination, 
Bell, Louis, N. Y., 1913; Trans. Ill. Eng. Soc.; Proc. Am. Gas Inst.; Proc. Nat'l 


Com'l. Gas Assoc. [W. E.¢ WICKENDEN.] 


4 


- it to revolve. The gear train of the dial is then set in 
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GAS METERS. — (See also Gas.) To determine the volume of gas flowing Myron 
through a pipe in a given time, either the ‘‘ dry" or the “ wet" type of meter - 
may be used. The “wet” meter, in which a cylindrical drum divided into four trud pri 
equal compartments revolves with its lower half submerged in water, has à xw, 
limited commercial use because of the liability of the freezing of the water in 
cold climates and because of the necessary attention required to keep the water | 
level constant. The wet meter, however, forms the most satisfactory standard +. 
for testing purposes. 


DRY METERS. — The "dry" meter, which is almost universally used, "om 
is constructed as shown in Fig. 1l. The sheet-iron case is divided into three “xi 
parts: A, B and C. On the partition separating A 
and B are mounted two leather bellows DD, the faces 
of the bellows EE consisting of circular plates of sheet 
iron. In the compartment C are placed the gas valves 
FF and the recording dial G. The motion of the bel- 
lows is communicated to the valves and the gear train 
of the dial through the arms HH, the spindles JJ and 
the shaft J. As the bellows fill and empty, the spindles 
IZ oscillate and acting together upon the shaft J cause 


motion and the gas valves are opened and closed in 
synchronism with the motion of the bellows. The inlet 
and outlet pipes are shown at K, the two pipes over- 
lapping in the side elevation shown. The pipe connec- 
tions between the inlet and outlet pipes K, the valves 


FF, and the compartments DD and EE are omitted Fig. 1. Dry Meter "ug 
from the figure. 


Dimensions of Dry Meters. — In the following table are given the stand- — 
ard sizes of “dry” meters, with their capacities and over-all dimensions. | 


Size, Capacity, 2 : 33 
Number | cubic feet rdg d ms - : 
of Lights | per hour ches e i 

BuU Kt 

3 8o I5 IO 9 3 

5 145 17 12 IO 4 

To 210 18 13 T 
20 330 22 17 14 
50 510 30 23 20 
60 600 32 25 TR 
itd ies 37 27 23 
IOO 900 39 29 25 
mee 2000 55 41 29 
250 2800 - 57 44 30 
300 3000 60 46 33 
500 5000 73 50 33 
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GAS PRODUCERS. — (See also Gas; Gas Engines; Power Stations, Gas- 
Electric.) The name gas producer is usually applied to the apparatus used 
for making and purifying producer-gas (see Gas). The name, however, is 
sometimes limited to the apparatus in which the heating of the fuel takes 
place, and again it is used to designate the apparatus used in the manufac- 
ture of any kind of gas. In this article, the name gas producer will be used 
as a general term for all the apparatus used in making and purifying pro- 
ducer-gas, including the generator in which the heating of the fuel takes 
place, the evaporator or boiler for producing the necessary steam, and various 
filters and scrubbers. 


The Generator. — The simplest form of generator is merely a cylindrical 
structure of fire-brick, provided with a grate, a roof and an outlet for the gas. 
A bed of coal from three to five feet thick is maintained in it and air and steam 
are forced through this bed. The oxygen of the air combines with some of the 
fixed carbon in the coal, forming carbon monoxide, the steam reacts with the 
heated carbon, forming hydrogen and carbon monoxide, and the hydrocarbons 
in the coal are driven off by the heat. In addition to adding combustible gases 
to the gas by its decomposition, the steam diminishes the formation of clinker, 
reduces the temperature of the escaping gases and makes a gas lower in nitrogen, 
and, therefore, of higher heating value, than would be produced if air afone were 
used. For facilitating the removal of ashes, revolving grates are used, or else 
the grate is dispensed with and the bottom of the producer rests in a shallow pit 
filled with water, from which the ashes are removed from time to time. The 
coal is usually fed by filling a hopper set in the roof of the producer, and opening 
its bottom so as to drop the coal, but sometimes special forms of rotating hoppers 
or feeders are used which distribute the coal evenly over the bed. To avoid 
choking of the producer by the “ caking ” of some varieties of soft coal, stirring 


apparatus is sometimes used in the upper part of the producer to break up the 
cake. 


Evaporator. — The evaporator is essentially a steam boiler, the water being 
heated by causing the hot gases from the generator to circulate around the pipes 
or other container holding the water. The steam thus formed js fed into the 
generator with the proper proportion of air. 


Filters and Scrubbers. — In order to remove the dust, tar and other harm- 
ful ingredients, the gas is passed through various devices designed to absorb or 
precipitate these substances. The filter consists of some porous material, such 
as shavings, excelsior or sawdust, in a suitable retainer. Liquid “ scrubbers ” 
are for the purpose of bringing the gas into intimate contact with water, which 
absorbs or precipitates the various impurities. This is accomplished by causing 
the gas to bubble through water, by passing the gas through a chamber into 
which water is sprayed, or by passing the gas over surfaces continually kept moist 
by a film of water. The spray type of scrubber is usually a large cylindrical 
shell filled with coke, the latter aiding in absorbing the tar from the gas as it 
passes through. Rotating scrubbers are also employed, which may be designed 
either to mix thoroughly the gas and ‘water, or to drive out the impurities by 
centrifugal force, Rotating scrubbers are particularly effective in removing tar, 
a large amount of which is present in gas made from bituminous coal. 


TYPES OF PRODUCERS. — The various forms of gas producers, of which 
there are a great number, differ chiefly in details of construction and in the 
arrangement of the various parts of the apparatus. There are, however, two 
distinct types of producers, the “ suction ” producer and the “ pressure " pro- 
ducer, In the former type, the draft through the producer is produced by the 
Suction of the gas engines which are fed from it. This type of producer requires 
ho gas-holder and is very compact. It requires a high-grade. fuel, suchas coke 
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or anthracite. An auxiliary starting fan is also necessary, as a draft must be set 
up through the producer before the engine can be started. The Kórting pro- 
ducer is of this type. For large installations, the pressure type of producer 
is nearly always employed. In‘this type, air and steam are forced into the 
producer under pressure, and the gas is collected in a suitable holder. This 
type of producer can be adapted to the use of practically any kind of fuel. The 
Mond producer and the Morgan producer are of the pressure type. 


UTILIZATION OF BY-PRODUCTS. MOND PROCESS.— Ammonia 
is about the only by-product of producer gas which has enough commercial 
value to justify the additional expense required to save it. This saving is 
accomplished by the Mond process, which is the only one used to any extent in 
this country, as follows: An excess of steam is injected with the air, lowering the 
temperature and thereby preventing the destruction of the ammonia in the 
coal. (The proportion of hydrogen and carbon dioxide in the gas is also in- 
creased and the proportion of nitrogen decreased.) The gas, after passing 
throughla mechanical scrubber, is caused to pass through a tower where it is 
thoroughly washed with dilute sulphuric acid. The ammonia in the gas com- 
bines with the sulphuric acid, forming ammonium sulphate. This acid solution 
of ammonium sulphate circulates through the tower over and over again until 
it reaches a given degree of saturation; then a certain amount of it is by- 
passed out of the system and fresh acid is added. In this system, the heat 
energy lost by the gas in cooling is also used to preheat the air which is used 


in generating the gas, effecting a considerable increase in the economy of the 
process. 


RATING AND PERFORMANCE. — A gas producer is usually rated in 
horse-power, the rating being the number of horse-power which can be developed 
by gas engines supplied from the producer when the latter is gasifying coal at a 
maximum rate. Such a rating is, of course, indefinite, as the power developed 
by the engines depends upon their design and the percentage of load which they 
are carrying, and the rate of gasification depends upon the quality of coal and 
the care taken in firing. The following data are the results of a series of tests 
on bituminous coal and lignites made by the U. S. Geological Survey at St. 
Louis on a 250-horse-power Taylor producer and a three-cylinder vertical 
Westinghouse 235-horse-power gas engine. These tests are summarized in 2 
paper by R. H. Fernald in the Jour. West. Soc. Eng., 1907, Vol. 12, p. 551. The 
following table is derived from the curves there given. 


DATA ON 25o H.-P. GAS PRODUCER 


B.t.u. per lb. of fuel as 


Lb. fuel per hr. per sq. 
ft. of fuel bed 
Cu. ft. of gas per Ib. of 


fuel as fired.......... 
Lb. steam per lb. of 

fuel as fired 
Efficiency — Per cent 

of B.t.u. in fuel in gas 
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de; — Allitems in this table affected by load factor are given only for loads ranging 


ir 


from 90 to 100 per cent of full load (235 brake horse-power). The weight of coal 
per horse-power-hour does not include the coal required to produce the steam 
injected into the fuel bed. The efficiency is based on calorimetric measurements, 
no deduction being made for the latent heat of condensation of the water vapor 
in the products of combustion of the gas. 
Dimensions. — F. C. Tryon (Power, Dec. 1, 1908) gives the following rules 
for determining roughly the dimensions of the various parts of a producer plant: 
t. Fuel-bed cross-section 0.125 square foot per horse-power capacity. This 
gives the formula m 
VP 


2.5 


d= 


9 


where d is the diameter of fuel bed in feet and P the horse-power capacity. 

2, For sizes smaller than 100 horse-power, the walls of the generator should be 
9 inches thick; for larger sizes, 12 inches thick. Hence, for sizes smaller than 
100 horse-power, the external diameter of the generator in feet is do = d + 1.5 and 
for larger sizes dy = d + 2. 

3. Height of generator approximately twice its internal diameter; for sizes 
under roo horse-power the height is usually greater than twice the internal 
diameter while for larger sizes the height is usually slightly less than twice. 

4. Diameter of wet scrubber three-fourths of the internal diameter of generator. 

5. Height of wet scrubber one and one-half times the height of generator. 

6. Diameter of dry scrubbers, of which there should be two, equal to internal: 
diameter of generator, 

7. Height of each scrubber 3 to 4 feet for plants ranging from 25 to 200 horse- 
power, 


COSTS. — The following approximate formulas for costs of producer-plant 
equipments have been derived by Prof. W. E. Wickenden from a large number of 
actual installations, They include the purchase price of generators, evaporators 
and the necessary scrubbers and filters, and the cost of erection, but do not in- 
clude buildings and foundations; P is the horse-power rating of the producer. 


Suction producers $650 + $11 x P. 
Pressure producers up to 200 horse-power $1000 + $16 x P. 
Pressure producers over 200 horse-power $2000 + $15 x P. 
Gas holders $1000 + $0.26 x P. 


Detailed manufacturers’ estimates of investment cost and cost of operation of 
twenty-six producer plants are given in the paper by Mr. Fernald in the Jour. 
Soc. Wes. Eng., 1907, Vol. I2, D. 551. 


BIBLIOGRAPHY. — Dawson and Larter, Producer Gas, 1907; Carpenter 
and Diederichs, Internal Combustion Engines, 1909; Marshall and Sankey, Gas 
Engines, 1911; Report of Com. on Gas Engines, Nat. Elec. Light Assoc., 1908, 
Vol. 1, p. 397, Vol. 2, p. 56 (contains extended bibliography), 1910, Vol. 1, 
P. 767; Fernald, Present Status of the Producer-Gas Power Plant, Wes. Soc, 
Eng., 1907, Vol. I2, p. 551; U. S. Geol. Sur., Bulletins 261 (1905), 290 (1906), 
332 (1908), 393 (1909), 416 (1909); U. S. Geol. Sur., Paper 48; Lucke, C. E. 
Eng. Mag., 1912, 
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GEARS AND GEARING. — The following terms are commonly em 
ployed. 

Gear Wheel or Gear. — A wheel with teeth cut in its periphery, designed 
to mesh with the teeth of a similar wheel or with a strew or worm. 

Pitch Circle or Pitch Line and Pitch Diameter. — Referring to Fig. 1, 
the two tangent circles A and B with their — 
centers on the axes of. the two gears, are 
called the pitch circles or pitch lines of the 
two gears. The diameter of the pitch 
circle is called the pitch diameter. 


Backlash. — Referring to Fig. 1, the 
distance b, which is the difference in the 
width of the tooth space and the width 
of the tooth, measured along the circum- 
ference of the pitch circle, is called the 
backlash. 

Pitch of a Gear. — The circular. pitch A 
of a gear is the distance in inches, Fig. 1. Spur Gear 
measured along the arc of the pitch circle, between the center lines of two suc 


cessive teeth; it is also 
a x (diameter) 


: a A ass chads E d 
Circular pitch Number of teeth 


The chordal pitch is the distance in inches, measured along the chord of the 
pitch circle between the center lines of two successive teeth; let N be tbe 
number of teeth, D the diameter of pitch circle, then 


Chordal pitch = D sin (<=). 


The diametrical pitch is the quotient of the number of teeth by the diameter 
of the.pitch circle. 

Pinion. — The smaller whcel of a gearing consisting of two gear wbeels 
is called the pinion; e.g., the gear wheel on the shaft of a railway motor 15 calle 
the pinion. The name pinion is also used for the smaller of two gears mounte 
on the same shaft. 

Sprocket. — A gear wheel driven by a chain. 


Gear Ratio or Velocity Ratio. — The ratio of the number of teeth in 
the larger wheel of a gearing to the number of teeth in the smaller wheel; this 
is also equal to '' velocity ratio," or the number of revolutions of the smaller 


wheel corresponding to one revolution of the larger wheel. 

Spur Gear. — A gear wheel in which the external surface 
on a cylinder and the center planes ‘of the teeth pass through th 
— the common type of gear wheel. 

Bevel Gears. — A gear wheel in which the external surface? of the teeth 
lie on a cone, so that the gear may mesh with another gear having its axis W- 
clined to the axis of the first. i 

, Stepped Gears. — Two gears of the same pitch 1 d 
side by side on the same shaft will act as a single gear. Tf one gear 1$ keye 
the shaft so that the teeth of the two wheels are not in line, but the teeth 0 
one wheel slightly in advance of the other, the two gears form a stepP um 
If mated with a similar stepped gear on a parallel shaft the number of tee 


s of the teeth lie 
e axis of the gear 


and diameter mounted 


i mM 
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contact will be twice as great as in an ordinary gear, which will increase the 
streagth of the gear and its smoothness of action. 


Twisted Teeth. — If a great number of very thin gears were placed together, 
one slightly in advance of the other, they would still act as a stepped gear. 
Continuing the subdivision until the thickness of each separate gear is infini- 
tesimal, the faces of the teeth instead of being in steps take the form of a spiral 
or twisted surface, and we have a twisted gear. The twist may take any shape, 
and if it is in one direction for half the width of the gear and in the opposite 
direction for the other half, we have what is known as the herring-bone or 
double helical tooth. This form of tooth is much used in heavy rolling-mill 
practice, where great strength and resistance to shocks are necessary. They 
are frequently made of steel castings. The angle of the tooth with a line parallel 
to the axis of the gear is usually 30 degrees. 

Spiral or Helical Gears. — If a twisted gear has a uniform twist it becomes 
what is commonly called a spiral gear (properly a helical gear). The line in 
which the pitch surface intersects the face of the tooth is part of a helix drawn 
on the pitch surface. 

Pitch Angle. — The pitch angle of a helical gear is the angle between 
the center line of the tooth and a line perpendicular to the axis of the gear. 


Screw or Worm. — A spiral wheel may be made with only one helical tooth 
wrapped around the cylinder several times, in which it becomes a screw or 
worm. {Tf it has two or three teeth so wrapped, it is a double- or triple-threaded 
screw or worm. 

Worm-Gearing. — When the axes of two spiral gears are at right angles 
und a wheel of one, two or three threads works with a larger wheel of many 
threads, it becomes a worm gear, or endless screw, the smaller wheel or driver 
being called the worm, and the larger, or driven wheel, the worm wheel. With 
this arrangement a high velocity ratio may be obtained with a single pair of 
wheels. For a one-threaded wheel the velocity ratio:is equal to the number 
of teeth in the worm wheel. The worm and wheel are commonly so constructed 
that the worm will drive the wheel, but the wheel will not drive the worm. 


Differential Gearing. — Various forms of differential gears are used. The 

object is to devise a motion such that the velocity ratio is equal to the ratio of 
the number of teeth in one gear wheel to the difference between the number 
of teeth in this gear wheel and the number of teeth in the other wheel. In one 
form of differential gearing one wheel meshes with a set of teeth on the inside 
of a second wheel. The second wheel is so arranged that it cannot turn about 
its own axis but its center is caused to move in a circle concentric with the first 
wheel. ; 
But for the limitation that the difference between the wheels must not be 
too small, the possible ratio of speed might be increased almost indefinitely, 
and one pair of differential gears made to do the service of a whole train of wheels. 
If the problem is properly worked out with bevel gears this limitation may be 
completely set aside, and external and internal bevel gears, differing by but a 
single tooth if need be, made to mesh perfectly with each other. 


DESIGN OF GEARS. — In order that the teeth of wheels and pinions 
may run together smoothly and with a constant relative velocity, it is necessary 
that their working faces shall be formed of certain curves called odontoids. 
The essential property of these curves is that when two teeth are in contact the 
common normal to the tooth curves at their point of contact must pass througn 
the pitch point, or point of contact of the two pitch circles. Two such curves 


are in common use — the cycloid and the involute. 
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The design of gears is treated in detail in Kent’s Mechanical Engineers’ Pockel- 
Book and in Halsey’s Handbook for M achine Designers. 


Materials and Construction.* — Gears are usually made of cast iron or 
steel. To obtain the most satisfactory results the teeth should be machined. 
Rawhide pinions, cambric-cloth pinions, and composite gears, consisting of alter- 
nate sheets of rawhide or fiber and steel or bronze, are also used where smooth 
and quiet running are necessary. Of this latter form of gearing the cloth 
pinions have the advantages of being strong, not liable to damage from cold 
or hot oil, unaffected by atmospheric changes, and vermin proof. 


POWER TRANSMITTED BY GEARING. — The strength of gear- 
teeth and the horse-power that may be transmitted by them depend upon 50 
many variable and uncertain factors that the formulas and rules given by 
different writers show a wide variation. The pitches indicated in the accom- 
panying table* are recommended as representing safely conservative practice 
and, although somewhat smaller teeth may afford sufficient strength in some 
cases, these standards should be adhered to with as few exceptions as possible. 


Maximum 
horse-power 
transmitted 


Maximum Diamet- 


horse-power | .. ; 
: tch 
transmitted rical pi 


Diamet- 
rical pitch 


EFFICIENCY OF GEARING. — An extensive series of experiments OD 
the efficiency of gearing, chiefly worm and spiral gearing, is described by 
Wilfred Lewis in Trans. A.S.M.E., Vol. 7, p. 273. The average results are shown 
in a diagram, from which the approximate average figures in the table on the 
following page are taken. , 

The experiments showed the advantage of spur gearing over all other kinds 
in both durability and efficiency. The variation from the mean results rarely 
exceeded 5 per cent in either direction, so long as no cutting occurred, but the 
variation became much greater and very irregular as soon as cutting began. 
'The loss of power varies with the speed, the pressure, the temperature and the 
condition of the surfaces. 

The excessive friction of worm and spiral gearing is largely due to the end 
thrust on the collars of the shaft. This may be considerably reduced by roller 
bearings for the collars. When two worms with opposite spirals run In Luis 
spiral worm gears that also work with each other, and the pressure on one geat 
is opposite that on the other, there is no thrust on the shaft. A low efficiency 


* By D. B. Rushmore. 
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nfs fora worm gear means more than the loss of power, since the power which is 
lost reappears as heat and may cause the rapid destruction of the worm. 


ut PER CENT EFFICIENCY OF SPUR, SPIRAL AND WORM GEARING ; 


Velocity at pitch line in feet 


Spiral pinion or worm 
Spiral pinion or worm 


BIBLIOGRAPHY. — Drake, C. W., Gear Data for Motor Applications, 
Elec. Jour., 1912, Vol. 9, p. 552; Riddell, J., Gears for Motor Driven Tools with 
Combric Pinions, G. E. Rev., 1910, Vol. 13, p. 284; Diefendorf, W. H., Strength 
of Rawhide Gears, Am. Mach., 1911, Vol. 34, p. 626; Darke, J. M., Gears and 
Pinions, G. E. Rev., 1909, Vol. 12, p. 325; Eaton, C. C., Gears and Pinions, 
G. E. Rev., 1911, Vol. 14, p. 335; Brown & Sharpe Mfg. Co., Treatise on Gear- 
ing. See also the works on Machine Design listed in the Bibliography in the 


article on Bearings. 
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GENERATORS, ALTERNATING-CURRENT. — (See also Alternal- 
ing Currents; Electricity and Magnetism, Principles of; Generators, Direct Current- 
Motors; Standardization Rules.) The following is a brief table of contents of 
this article: 
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In all dynamo-electric machines of the usual forms (excepting the homopolar) 
the electromotive force induced in any one conductor or turn varies in value 
and alternates in direction. If the terminals of any coil or group of coils are 
brought out to an external circuit by means of revolving contacts, such as slip 
rings, an alternating current will flow in the circuit. In order to obtain à 
direct or continuous current it is necessary to add a commutator or rectifier. 
Thus the most simple and elementary form of electric generator is an alternating- 
current generator and the direct-current generator is a special form adapted 
by the addition of a commutator to give a continuous or unidirectional current. 


CLASSIFICATION. — Alternating-current generators may be classified 
according to several different distinguishing characteristics. The following 
classification considers these characteristics in the order of their prominence. 

Synchronous Generators. — In the synchronous type the action of inducing 
the electromotive force results from the relative -motion of the armature con- 


ductors and a constant magnetic field produced by exciting coils in which à 


continuous or direct current flows. The frequency of the alternating electro- 
motive force depends directly on the number of field poles and the angular 
velocity of the revolving part. 

Induction Generators. — In the induction type the magnetic field is of the 
rotating polyphase type and is produced by polyphase alternating currents 
flowing in the same windings with the load current. The mechanical construc 
tion is usually that of an induction motor with a short-circuited polyphase wind- 
ing on the revolving member. The frequency depends upon the characteristics 
of the external circuit. In practice the frequency is determined or "set" by a 
synchronous machine, either generator or motor, in the external circuit. This 


“frequency setter” is necessary to supply the exciting current of the induction - 


generator; that is, by means of the frequency setter the power factor of the 
total load is adjusted to equal the inherent power factor of the generator. 

Advantages and Disadvantages of Induction Type. — A minority of 
the units of a station may be of the induction type with advantage a5 they wil 
cause less disastrous effects in case of a short circuit on the system. Ther 
instantaneous short-circuit current is less. A certain number of the units must 
be of the synchronous type to “set” the frequency and supply the exciting 
current for the induction machines. Consequently, if there is a large propor- 
tion of induction machines the synchronous machines operate at a poor power 
factor unless there is much capacity effect in the load system, such as synchronous 
motors or line capacity. 
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Revolving-field and Revolving-armature Types.— In the revolving- 


ti^ field or revolving-armature type there are two, or some multiple of two, poles, 


«dir 
uic. each pole is to all intents and purposes constant in value. The relative move- 


each pole having its own coil for the direct-current excitation, and the flux in 


ment of the poles and conductors causes the variation in flux interlinkages both 
ih direction and intensity. 

The early machines were constructed with an armature revolving inside a 
stationary field. As sizes and voltages increased it was found that a more 
effective use of the material could be obtained by making the armature the 
extemal member, and that the insulation of the high-voltage member was 
better preserved if that member was kept stationary. l 
. At the present time all generators of large capacity (500 kilowatts and greater) 
and for high voltages (600 volts and up) are made of the revolving-field type. 


Inductor Type. — In the inductor type the direct-current excitation is con- 
centrated in one (usually stationary) coil and the variation in magnetic flux is 
obtained by revolving a spider with bare projecting poles which alters the 
reluctance of the magnetic path. ‘Thus the flux threading any particular arma- 
ture coil is always in the same direction, but varies in intensity or quantity. 


Comparison of the Inductor Type with Revolving Field or Revolving- 
armature Type. — There are no windings or insulation on the moving member 
of the inductor type, which is, therefore, adapted to high speeds. The shorter 
and more compact magnetic circuit of the revolving-field or revolving-armature 
type, however, makes for a better voltage regulation. This type is also better 
adapted to operation in parallel with other generators. It is the type in by far 
the most general use. | 

Single Phase, Two Phase or Quarter Phase and Three Phase. — 
The single-phase generator is usually about 30 per cent heavier and more costly 
than a polyphase generator of the same rating. By changing the internal 
armature connections a polyphase machine may frequently be reconnected to 
be a three-, two- or single-phase machine. 

As transmission by three-phase currents is more economical of copper than 
by two-phase or single-phase currents, all power transmission lines are three 
phase. Consequently unless there is some local condition requiring single or 
two phase, the three-phase generator is preferable. 

Two-phase and three-phase generators of the same capacity and voltage 
strain are of practically the same dimensions, weight and cost. 

Trade Terms. — It has become almost universally the custom to classify 
an alternating-current generator as ASB, AQB and ATB; the A standing for 
alternator, S for single phase, Q for quarter phase, T for three phase and B 


for revolving field. 

Separately-excited and Self-excited Types. —For years it was attempted 
to develop a satisfactory and simple self-excited alternator and some were very 
successful but not simple. The object was to obtain a constant voltage on the 
load by means of automatic self-excitation. However, with the perfection of 
the automatic voltage regulator the need for automatic self-regulation ceased, 
and there is now very little demand for self-excited alternators. 


METHODS OF RATING. — While generators have been built to meet 
many different special specifications, it has generally beea found more economi- 
cal to adopt one of the three ratings standardized by the large manufacturing 
companies. These rating specifications are summarized below. However, it 
should be noted that in the standardization rules issued by the A.I.E.E. in 
1914 a number of radical changes in methods of rating are recommended; 


see article on Standardization Rules of the AI.E.E. 
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A-Rating. — Generator designed to give the rated load in kilowatts at 
100 per cent power factor continuously with a maximum rise in temperature 
by thermometer of 45° C. above the surrounding air at 25° C. Allowances for 
other temperatures of the air to be made in accordance with instructions given 
in the Standardization Rules of the A.I.E.E., Edition of 1911. Also required 
to give for 2 hours an output in kilowatts, at 100 per cent power factor, 25 per 
cent greater than the rating, with a maximum rise in temperature by thermometer 
of 55° C. above surrounding air at 25° C., the overload condition occurring 
immediately after the machine has'been running for some hours at the rated 
load. - 

The A-rating has been most generally used, particularly for lighting and 
general power-station installations. 


B-Rating. — Generator designed to give the rated output in kilowatts at 
100 per cent power factor continuously with a rise in temperature by thermom- 
eter not to exceed 35? C. above the surrounding air at 25? C., and to give 50 pet 
cent more than rated load in kilowatts for 2 hours with a rise in temperature 
by thermometer not to exceed 55? C. above the surrounding air at 25° C., the 
overload occurring immediately after a run for a stated number of hours at rated 
load. 
. The B-rating was designed particularly for railway work and is desirable in 
cases of varying loads, loads varying from moment to moment as well as loads 
with pronounced peaks for an hour or two. 

Continuous or “ Maximum"! Rating. — Generator designed to give con- 
tinuously the rated load in kilowatts at roo per cent power factor with a 
maximum rise in temperature of any part of 50° C. above the surrounding 21 
at 25°C. (or above the incoming air at 25° C. when forced ventilation 1s 


corrected as per 1911 edition of the AI.E.E. Standardization Rules. This type- 


is not designed to give any overloads except momentarily. . 

The maximum rating has been developed particularly to harmonize the 
characteristics of the electric generator with the steam turbine. ‘The rating 9 
the generator corresponds to the maximum economical rating of the turbine. 
If the generator is driven by a water wheel the maximum rating corresponds 
to the maximum continuous rating of the wheel at full gate opening. 


VOLTAGE. — Alternators are now built to generate voltages up to 15,000 
and 15,000 volts between lines, either single phase or polyphase. Above that 
voltage the extra cost of the insulation and the danger of damage from dis- 
charges cause it to be less expensive to install transformers with a lower voltage 
alternator. Some engineers consider the limit of economical voltage of genet- 
ators to be even lower than 13,000 volts. 


FREQUENCY. — The frequency depends upon the speed of rotation and 
the number of poles. If the speed of rotation of the revolving part is given ID 
revolutions per minute, the frequency is 
r.p.m.__ number of poles | 

60 2 


Te 


In the early alternators it was found much more economical to run at high 


speeds, and thus high frequencies, such as 153 and 125 cycles per second, Wer? 
customary; but, as systems increased in size and complexity, electrical difficulties 
arose as a result of these high frequencies and the tendency has been to redie 
the frequency till now we have 6o, 50, 40 and 25 cycles per second as usua 
frequencies, of which 25 and 60 are standard in this country. In Europe 
so cycles is used instead of 6o. Of late there has been an attempt to have 15 


or 16 cycles standardized for railway work. 
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A frequency of 25 cycles is preferable where there is a very long transmission 
line, on account of the lower inductive voltage drop, and where there is much 
synchronous machinery, such as synchronous motors and rotary converters, as 
these are more stable and better adapted to parallel operation at low fre- 
quencies. | 

A higher frequency (60 cycles in U. S. A., and 50 in Europe) is preferable for 
electric lighting, as the light is steadier. The higher frequency is also prefer- 
able where many transformers are used, as these are cheaper and more efficient 


at the higher frequencies. 


PHASE AND LINE VOLTAGES AND CURRENTS. — For moderate 
voltages, up to 3000 between lines, the method of connection is decided by such 
details, as which will give a convenient number for the conductors per slot for 
the required voltage, but for higher voltages the Y connection is usually chosen 
as it causes a lesser strain on the machine insulation for a given voltage 
between lines. See also p. 645. 

Single Phase. — In a single-phase generator the voltage per phase is the 
same as the voltage between lines and the current per phase is the same as the 
current per line, the product of voltage and current giving the volt-ampere 
rating of the machine. 

Two Phase or Quarter Phase. — In 4 properly designed machine of this 
type each phase supplies half the rating, thus the voltage and current per phase 
in the machine are respectively the same as the voltage and current per phase 
on the line. The current is equal to 1000 X (kv-a.) + 2 X volts per phase. 


Three Phase. — Machines of this type may be connected either Y or A. 
In a Y-connected machine the current per phase is the same as the current in 


each line and is equal to 1000 X (kv-a.) + v 3 X (volts between lines), while the 


voltage per phase is (volts between lines) + V 3. | 
In a A-connected machine the line current is equal to 1000 X (kv-a.) + v 3X 


(volts between lines) and the current per phase is equal to (line current) + V3, 
while the voltage per phase is equal to the voltage between lines. 


DESIGN. — The procedure in designing an alternating-current generator 
for a given power output, voltage and frequency to fulfill given requirements 
regarding regulation, efficiency, etc., is partly analytical and partly empirical. 
The data of four specific designs are given below in the section on Examples of 
Design and Performance. The method of procedure is to lay out a preliminary 
design from rough calculations, calculate the performance of this design, modify 
the preliminary design where this calculation indicates, recalculate the per- 
formance, etc., until a design is arrived at which meets the given require- 
ments. 

Definitions. — The following terminology is used in the discussion of the 
design of generators: 

Pole Arc. — The arc subtended by one pole face, measured along the 
petiphery of the armature; in the following discussion it will be expressed in 
inches, 

Pole Pitch. — The arc measured along the periphery of the armature 
from the center of one field pole (N-pole, say) to the center of the next field 
pole (S-pole); in the following discussion it will be expressed in inches. 

Ampere Conductors per Inch of Armature Periphery. — The prod- 
uct of the number of conductors per inch measured along the periphery of the 
armature by the effective amperes flowing in each conductor. 
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Slot Pitch. — The distance in inches measured along the armature 
periphery between the centers of two adjacent slots. The slot pitch is equal 
to the pole pitch divided by the number of slots per pole. 


Coil Pitch. — The number of slots spanned by a coil; that is, if a coil 
has one side in slot number 1, and the other side in slot number 7, the pitch of 
the coil is 7 — 1-2 6. A coil which spans a distance exactly equal to the pole 
pitch is said to have a "full pitch,” but if it spans a lesser distance it is said 
to have a *'fractional pitch.” For example, if there are six slots per pole and 
a coil has one side in slot number 1, and the other side in slot number 5, it is 
said to have a fractional pitch of $ or $. 


Leakage Factor. — The ratio of the flux per pole which enters the arma- 
ture core to the total flux (including the leakage flux) which would be produced 
by the field winding. 


Preliminary Calculation of Main Dimensions. — Let 


Po = output in kilovolt amperes (kv-a), 
p = ratio; pole arc divided by pole pitch, 
2 = average magnetic flux density per square inch in air gap, 
= ampere-conductors per inch of periphery, 
ve peripheral velocity in feet per minute at gap, 
D = diameter of armature in inches, 
L = length of armature along shaft in inches, 
N = revolutions per minute, 
: p = number of poles, 
f = frequency in cycles per second, 
A=D-~+p. 


Then the following relation holds for either a single-phase or a polyphase 
machine: 
pBoVDL n M 


Po = 
144 X 10? 


(1) 


Five of the six design constants in the right-hand member of this equation are 
subject to choice; the equation then fixes the sixth constant. The choice of 
the values of the various constants should be based upon modern practice, an 
idea of which is given below. ` 


Ratio of Pole Arc to Pole Pitch (o) is governed by two antagonistic 
phenomena; for the sake of small magnetic leakage and good form factor of 
e.m.{. wave a low value is desired; for the sake of low reluctance to the main 
flux and economy of material a high value is desired. The usual values are 
ranged from 0.6 to 0.7. 


Magnetic Flux Density (B) is limited by 
the exciting ampere turns required to produce it, 
length of gap and sometimes by the heating result- 
ing from core loss. Usual values B are given in the 
accompanying table. 


Ampere-Conductors per Inch of Periph- 
ery (c) is limited by the heating resulting from 25 
high current densities. If ventilation is good, in- 6o 
sulation thin, or if the slots are very deep, as in 
armatures of large diameters, the values of e may 
be high... Usual values of o for continuous rating 
and for a rise in temperature of 40? C. are: 


Lines per 


Cycles sq. in. 


44,000 to 58,000 
32,000 to 48,000 
30,000 to 40,000 


* For an exact check the constants of p.-629 must be)introduced. 
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Diameter of arm- Less than 500 to 2000 | 2000 to 7000 Above 
500 volts volts volts 7000 


ature, in. 


250 to 350 
350 to 600 
600 to'9oo 


Naturally, with special means of ventilation, ¢ may be much greater than the 
values here given, as, for example, in turbo-alternators with forced ventilation. 
Peripheral Velocity (V) is altogether a matter of mechanical design and 
values may be found from 2000 feet per minute to 10,000. Usual values are 
from 3000 to 6000. 
Diameter and Length of Armature. — The diameter of armature (D) 
is related to the number of revolutions per minute (N) by the formula 


Hence, for a given value of N, the diameter D is fixed when V is chosen. This 
value of D together with the chosen values of p, B,o and V then fixes the value 
of L by equation (1). 

If, however, the value of N is not given, reasonable values for D and L may 
be found by assuming that, in accordance with normal and economical condi- 
tions, L is approximately equal to the pole pitch. 
This gives, putting A = diameter divided by num- 
ber of poles, L = rA, and equation (1) reduces to A x diameter 


apBoVAD per pole, in. 


144 X 10° 


5 to6 
2.5 to3 
1.75 


This fixes D when p, B, ø, V and A are chosen. The 
value of D must, of course, be adjusted to the fte- 
quency and an even number of poles (see next para- 
graph). Usual values of the diameter per pole are 
given in the accompanying table. 

Number of Poles (p) and Revolutions per Minute (N). — The 
number of field poles is related to revolutions per minute N and the frequency 


f by the formula 


poke: 5: patel. 
120 


Hence when the frequency and speed are both given, the number of poles 
is fixed. When N is not given, but L is assumed approximately equal to rA 
as above, the number of poles is found, when D has been determined, from 


the relation. . 
A 
4 


A value of A must of course be chosen such that p is an even number. The 
speed WV is then obtained from the relation 
120f 
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Armature Windings. — While there are many forms of armature windings baxim ae 
which may be used, there are practically only two forms that are in general tutii 
use in this country. These are the “Chain Winding” and the “Lap Winding.” zwi; 

Chain Winding (Fig. 1). — This winding is characterized by having à lakres 
number of coils equal to half the number of slots; that is, there is only one side — xz 


of a coil in each slot. The coils may be either uei 
form wound and insulated, in which case slots EFH * | Cis pry 
with open faces are required; or they may be | = HD HEEJ 
wound by hand in place, in which case partly (E 
or entirely closed slots may be used. =A i 
There are at least two kinds of coils in each [E HH Vx dam 
machine. These are characterized by the shape aaa Tbe d 
of their end connections, as these end connec- m 
tions lie some in one plane and some in c" 
another. If there is more than one slot per a i 
pole per phase, there must be four different | 2 
shapes of coils, having two different pitches; | =" o 
the coils of any one phase per pole are placed A : AU 
concentrically. The chain winding is most Z-€- EB M. I 
generally used in high-voltage machines, 2000 e Ap 
volts or higher. . "Hw iu 
Lap Winding (Fig. 2).—This winding — "9 OOP wine us 
contains a much larger number of coils, all of the same form and size. There — 4 e 


may be two, four, six, etc., sides of coils 
in each slot, the coils being placed side 
by side two coils deep. This winding 
is similar to the multiple-drum winding 
of a direct-current armature. With two 
coil sides per slot the slots must be open, 
but with more than two coil sides per slot 
the slots may be partly closed. This type 
of winding is satisfactory for low voltages 
and very convenient if there are a large 
number of slots per pole. 

The coils are connected in groups of 2, 
3, etc., per pole per phase, depending 
upon the slots per pole per phase. Suc- 
cessive groups or poles of the same phase 
are connected in series or multiple by 
* pole connections. " 


Fig. 2. Lap Winding 


In both forms of winding each coil may contain from one to many turns in 


series. 


Turns in Series per Phase (S). — Let 


o = ampere-conductors per inch of periphery, 


D = diameter of armature at gap, 
Q = number of phases, 


I = effective amperes per phase at rated load, 


S = turns in series per phase. 


Then, for a uniformly distributed winding, such as is used in two- or three-phase 
machines, and all conductors of each phase in series, 


ap Wiss: 

by bars: 
way x j 
HE 


pnt 


i 
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AR 
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li 
item: If the conductors are arranged in 2, 3, or more parallel paths, the factor 2 in 


are D ats 
| machines see special treatment below. 


. the denominator should be changed to 4, 6, etc., respectively. For single-phase 


Number of Slots. Pitch of Slots (s). — The number of slots per pole 
in the armature of a two-phase gcnerator may be any multiple of 2, and in a 
three-phase generator any multiple of 3. The pitch of the slots for any assumed 
number of slots per pole is 
TD 


d $ X (slots per pole) f 


- where D is the diameter of the armature at the gap and p the number of poles. 


Number of Conductors per Slot is øs/I, where ø is the number of 
ampere-conductors per inch of periphery, s the slot pitch, and J the effective 
fullload amperes per phase. 


Size of Conductors. — The size of cach conductor is a compromise 
between a size which will give a reasonable current density in the conductor, 
and a size which will properly fill a reasonable slot (see discussion of magnetic 
circuit below). The current density in the copper conductor should be from 
2500 amperes per square inch in small machines to 2000 in medium and 
moderate voltage and 1600 in high-voltage machines. 

The conductors are arranged in the slots so that the slots are usually about 
four times as deep as they are wide. The size of the slots should be such as 
to allow a space for insulation over and above the space occupied by the con- 
ductors and such cotton covering as they may have. The space required for 
this extra insulation in strajght slots is as follows: 


Insulation, inches 


tib o| CA d ein 
zi ‘Vertical | Horizontal 

500 2 0.350 0.150 

2,000 2 0.430 0.160 
3,000 2 0.50 0.30 

5,000 I 0.75 0.375 
6,600 I 0.835 0.50 
13,000 I 1.125 0.75 


For example, the necessary vertical depth of slot may be found in a machine 
insulated for 2000 volts with 2 coil sides per slot by multiplying the over-all 
diameter of cotton-covered wire, or depth of bar, by the number of conductors 
in a vertical row and adding 0.43 to the product. 

Slot Factor. — The ratio of cross section 
of copper in a slot to cross section of slot is Slot factor 
known as the slot factor. Normal values of the 
slot factor for a 1000-kilowatt machine are given : 
in the accompanying table. For smaller ma- 
chines the slot factor is slightly less and for 
larger machines slightly greater. 


Preliminary Dimensions of Magnetic Cir- 
cuit. — The diameter of the armature and the 
axial length of the pole face for the preliminary 
design are fixed by the above calculations. 
There remain to be determined the air gap, the 
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dimensions of the armature teeth, the length and radial depth of the armature 
iron, the dimensions of the field poles, and the dimensions of the field yoke. 
Preliminary values for these quantities may be arrived at as indicated below. 


Air Gap. — The minimum clearance be- 
tween armature core and field poles in modern Armature Minimum 
generators is given in the accompanying table. Diameter, in. | air gap, in. 
The average length of the air gap, due to the 
chamfer on the poles, is about 25 per cent 
greater. 


Armature Teeth. — The dimensions of 
the armature teeth depend upon the number 
and dimensions of the slots, which in turn must 
be such as to contain the necessary conductors. 
Another important limitation to the width of 
the teeth, however, is the value of the magnetic 
flux density therein. Let s = pitch of slots, a = 
pole arc, g = average radial depth of àir gap. Then the effective number of teeth 
under each pole is (¢+ 2 g)+ s. The effective width of the tooth is its width at 
a section one-third the distance from its minimum width towards its maximum 
width. The effective axial length of the teeth is approximately equal to 0.9 
of the axial length of the pole face L determined above. From these data 
the effective cross section of the teeth perpendicular to the flux lines is 
determined, and this divided into the total flux per pole œ gives the average 
flux density in the teeth. The value of $ from the preliminary calculations 
above is TpLDB + p, where p = ratio of. pole arc to pole pitch, D = diameter of 
armature at gap, B = average magnetic flux density in gap, and p = number of 
poles. The average flux density in the teeth in modern alternating-current 
generators ranges from 90,000 to 110,000 lines per square inch. 


Armature Core. — The axial length of the armature core is usually 
slightly greater than the axial length of the pole face. A fair allowance is 
twice the radial depth of the air gap. The core is usually built up of sheet- 
steel punchings, 14 mils thick, the punchings having received previously a 
thin coat of varnish. Ventilating ducts from % to 12 inch in width (measured 
along the shaft) are usually provided, these ducts dividing the core into sec- 
tions from 2.5 to 3 inches thick (measured along the shaft). The effective 
axial length of the armature iron is therefore the total length of the armature 
core less the space occupied by the air ducts and insulation between punchings. 
This latter is about 10 per cent of the net length after deducting the space 
occupied by the air ducts. 

One-half the total flux per pole passes through each section of the armature 
core. The flux density in the armature core of modern alternating-current 
generators ranges from 50,000 to 70,000 lines per square inch. Let Ba = the 
value of the flux density chosen, / — effective axial length of armature iron, 
@ = flux per pole. Then the necessary radial depth of the armature core is 
Q =+ 2 By. R 
Field Poles. — The axial length of the pole face f is about o.5 in. less 
than L, the length of armature. The pole arc a has already been determined. 
The radial length of the magnet core (c in Fig. 3, see below) and the width of 
the magnet core (b in Fig. 3) have yet to be determined. The width of the 
magnet core is usually from 65 to 75 per cent of the pole arċ (see Fig. 3), and 
the radial length in modern machines from 5o to 150 per cent of the width. 
'The dimensions chosen must be such that the core will accommodate the field 
spool, the approximate size of which is determined as follows: 

The number of ampere turns required per pole to force the flux through the 
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alr gap is: 0.313 0g + af, where $ = flux per pole; g = average radial depth of 


gap; a= pole arc, and f = axial length of pole face. The ampere turns re- 
quired for the rest of the magnetic circuit is about 40 per cent of this for most 
25-cycle machines and 20 per cent of this for most 60-cycle machines. Hence 
the total net ampere turns required to produce the flux $ is approximately 


Z* 0.44 6g + af for 25-cycle machines, and 0.38 $g + af tor 6o-cycle machines. The 
-actual ampere turns required on. each field spool at full load, however, will be 


. greater than this, on account of the armature reaction, by an amount depending 


upon the armature ampere turas per pole and the power factor. For prelim- 
inary calculations of the field winding space, however, it is su(ficient to increase 
the net ampere turns as above calculated by about so per cent, giving as the 
approximate total number of ampere turns per pole F = 0.66 $g/aL for 25 cycles 


~ and F= 0.57 $g + aL for 60 cycles. 


It is usual to allow a current density of rooo amperes per square inch in the 
field copper. The cross section of the copper in the winding is then F + 1000. 


The total cross section of the winding including the cotton insulation and inter- 


stices will be 40 per cent greater than the cross section of the copper when wire 
is used, and 15 per cent greater when strip is employed. The field pole may 
then be laid out to accommodate this winding, which is usually wound on a 
spool, allowing 3$ inch for the insulating collar at each end, and 0.25 inch for the 
thickness of the spool and protecting material. 

In deciding upon the width of the core, the flux density] in the core should 
also be considered. This should not exceed 100,000 lines per square inch in 
a laminated steel core. Let ¢ = useful flux per pole, v = leakage factor, f = 
axial length of core, b= width of core, then the flux density is Bc = vp + bf. 
The value of v in modern generators ranges from 1.1 to 1.5. 

Field Yoke. — The diameter of the armature and the radial length of 
air gap and field magnet cores fixes the internal diameter of the field yoke 
(or external diameter in case of revolving-armature type). The radial depth of 
the yoke, which is usually of cast iron or cast steel, is. determined by the flux 
density desired. Let @= useful flux per pole, »= leakage factor, e= axial 
length of yoke, and By the flux density in the yoke, then the radial depth is 
w+ z Bye. In modern machines By ranges from 25,000 to 30,000 lines per 
square inch in cast-iron yokes, and from 70,000 to 80,000 lines per square inch 
in cast-steel yokes. 

Field Winding. — It is unnecessary to attempt an accurate calculation of 
the field winding until a design of the armature and magnetic circuit has been 
adopted which will give the required regulation. The method of calculating 
the regulation and determining the number of field ampere turns is given in the 
next section. 

After the excitation in ampere turns per pole required for various loads and 
power factors desired (according to the specifications or the service required of 
the generator) has been determined, that condition of operation which requires 
the greatest number of ampere-turns F is selected. A field winding which: will 
give this excitation and a margin for safety, with the exciter voltage specified, 
is then designed. Using this value of F and a current density of 1000 amperes 
per square inch, the cross section of the field winding is 1.4 F + 1000 when made 
of insulated wire, or 1.15 F +1000 when made of insulated strip. The length of 
the coil will be c~ 0.75 (see Fig. 3), allowing % inch at each end for the collar 
and insulation. Therefore the depth of winding will be for wire ô = 1.4 F + 1000 
(c~ 0.75) + thickness of spool on which the wire is wound, or 6 = 1.15 F + rooo 
(c~ 0.75) + thickness of spool. The spool is usually 0.25 inch thick. 

.. The radiating surface of the coil is then 


A=2c (f+b4+4ô). 


POE nr RR 
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Resistance and Temperature Rise of Field Winding. — The ris : 


in temperature per watt radiated per square inch of surface of a field coil de 


pends on the peripheral speed of the ——— — e 


revolving field or revolving armature. 
'The accompanying table gives the tem- 
perature rise in degrees centigrade per 
watt radiated per square inch. For 
other rates of radiation the temperature 
rise is proportional Let w= watts 


Peripheral | Temp. rise 
speed, ft. * C. per watt 
per min. per sq. in. 


—— 


radiated per square inch for the as- E 45 
sumed temperature rise (usually 45° BS 40 
C.), A = area of radiating surface, then 5 a 25 
the allowable loss per pole is wA, and e 15 
the field current is then [f= wA +v, |- 

where v= volts per pole. The volts D y 80 
per pole should be taken as 80 per cent i E 60 
of the exciter voltage divided by the 3 4S 
number of poles (all field spools in E : p 


series), allowing 20 per cent for emer- 
gencies (low speed, etc.). The number 
of field turns per pole is then ¢= F + I¢+0.5, the half turn being added for 
convenience in connecting up. The proper resistance (7) of the field winding is 
then wA +I $, and the necessary {cross section (g) of the conductor in square 
inches is 

ya eU E f 


12,0007 


(The resistance of 1000 feet of copper 1 square inch in cross section at 60° C. is 
9.0093 ohm and 2 (f+ 6+ 26) is the mean length of turn.) From this cross 
section the nearest size of wire may be chosen and r, w and volts per pole cal- 
culated by reversing the above procedure. 

The cross section of the winding should now be recalculated, and the necessary 
adjustments made to make it fit the winding space available on the field poles. 


Bearings, Shafts, Bedplates, etc. — Alternating-current generators may 
be belt-driven or direct-connected and the latter type may have either 2 hori- 
zontal or vertical shaft. 

Belt-driven generators are only used in the smaller sizes up to 500 kilowatts. 
The smallest sizes usually have two bearings and an overhanging pulley. The 
larger sizes frequently have three bearings and the weight of the pulley and pull 
of the belt are taken by two of the bearings. 

Generators with horizontal shafts for direct connection to water wheels are 
usually built with two bearings and a coupling and are complete in themselves, 
i.e. they have bedplates, shafts and bearings. 

Generators with horizontal shafts for direct connection to steam engines are 
usually built without bedplates, shafts or bearings. The generator frame is 
supported on the foundation by a suitable sole plate. The engine bearing serves 
for one of the generator bearings. The revolving field is carried by an exten- 
sion of the engine shaft. The shaft and bearings are usually furnished by the 
engine builder and the revolving member of the generator is pressed on 
shaft at the factory where the generator is built. ; 

Vertical shafts are sometimes used with water-wheel-driven generators, and in 


this case the weight of the revolving part of the generator may be balanced by 


the upward thrust of the water jet. 
In some machines of the revolving-field type the magnetic yoke is made 
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extremely large to serve as a flywheel. Such machines are known as flywheel 
generators. 

For the purpose of preparing the foundations for the generator, the manu- 
facturer usually supplies in advance a template showing the shape and size of 


bedplate, number, size and spacing of bolt holes. 

Design of Turbo-Generators. — In turbine-driven generators the steam 
turbine is usually built by the same company that builds the generator and the 
two machines are practically one unit. The steam turbine has developed to 
such an extent that for a given capacity in power it weighs less than a recipro- 
cating engine, occupies much less space, costs less and is fully as economical of 
steam if not more economical. Good economy in steam turbines, however, is 
obtained only with high angular velocities. This has made it very difficult to 
apply the turbine to useful purposes. The electric generator has shown itself to 
be the most natural device to absorb the power of the turbine and make it avail- 
able for various applications in a convenient form. However, it required many 
years of experience to develop an electric generator which would operate success- 
fully at the high angular velocities suitable for direct connection to the steam 
turbine. The principal difficulty was the design of a. construction which would 
withstand the enormous stresses in the revolving member which resulted from 
the centrifugal force. Thus the design of the machine as a whole turns upon 
the type and construction of the rotor, which ís usually in the form of a revolving 


field. 
Normal Weights and Speeds. — Most turbo-generators have much 
more copper on the fields and less on the armature than do slow-speed machines, 
although the total amount of copper is not far different in the two classes of 
‘machines. It is quite normal to build machines of from 1000 to 5000 kw. 
capacity to operate at 3600 r.p.m. and machines of 10,000 kw. at 1800 r.p.m. 
To do this involves the use of peripheral speeds of from 15,000 to 25,000 feet 
per minute. At these high speeds the amount of material per kilowatt is much 
reduced. Increasing the speed ten fold reduces the weight of material to about 
one-quarter. Thus these machines have a lesser cost per kilowatt of capacity. 
But this low weight is somewhat offset by the higher cost of the construction 
necessary to withstand the enormous centrifugal forces. Most of the machines, 
even the large sizes, have two or four poles or at most six poles. This necessi- 
tates the use of a pole pitch of from 25 to 30 in. in 6o-cycle machines and 5o to 
60 in. in 25-cycle machines. Since such large powers are concentrated in such 
small bulk a great deal of energy in the form of losses must be dissipated from 
a small space. Thus special means of ventilation must be provided such as 
numerous air ducts, fan blades on the rotor or a separate blower and air ducts. 
Usually from 15 to 20 per cent of the whole length is occupied by air ducts. 


Methods of Rotor Construction. — The centrifugal force in the revolv- 
ing member is from 1000 to 1500 Ib. for every pound of material. A method for 
determining the centrifugal force in every part is given in Electric Machine 
Design by Gray and High-speed Dynamo-electric Machinery by Hobart and Ellis. 
The rotor must be of substantial and rigid construction so that the critical speed 
of vibration is above the normal speed of operation. There are several methods 
of construction, prominent among which are: . 

a. Steel punchings with radial slots, assembled on a forged steel shaft with 
the distributed windings held in place by wedges and bronze end rings. 

b. A steel forging with a distributed winding in parallel slots milled in the 
periphery, the shaft either being in one piece with the forging (4 poles) or bolted 


on at the ends (2 poles). l 
c. Laminated pole pieces attached to the spider by keys and holding four or 


More concentrated field coils. 
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- In these revolving fields the diameter is not much greater than the length of 


core and the air gap is quite large compared to the diameter; for instance SM 
diameter 48 in., length 40 in., gap 1.25 in. A symmetrical air gap is necessary pus 
to prevent noise and undue strains. A sine distribution of flux is desirable to Nun ks 
reduce magnetic losses and give a good wave form to the electromotive force of 77 
thearmature. Thisisobtained by using a distributed field winding of concentric Ws : 
coils. The pole arc is usually from 60 to 65 per cent of the pole pitch, the flux per Pas 
pole very high, and the average gap density lower than in slow-speed machines, b 

ERU) "ur 


since due to the sine distribution the maximum density in the gap is 1.57 times 
the average (usual value of maximum density 50,000 lines per square inch). 


Construction of Stator. — Since the pole pitch is large, a large number 

of slots per pole are used (4, 6 and 8 slots per pole per phase) and this gives a | 

low armature self-inductance and high short-circuit current. Due to the long *"»( 
pole pitch the end connections are long and subjected to considerable mechanical ‘22x34 
forces as a result of the leakage flux. They must, therefore, be well held in place Sist; 
by non-magnetic supports. For armature reaction in ampere turns per pole zi 
values from 6000 to 8000 are common and the field winding is usually of a capac- — «uz; 
ity three times the armature ampere turns, namely, 18,000 to 24,000, giving — i 
a regulation of from 4 to 6 per cent. The current density in the copper (2000 i: 
amperes per square inch) is lower than in slow-speed machines. ‘The constant, Sti, 


“ ampere conductors per inch periphery," has values from 500 to 800. Temy 


Provision for Ventilation. — The ventilation of these machines isa “+3 
problem similar to that of air-blast transformers. Thus there must be pro- * 
vided: (a) Sufficient air to carry off the heat generated with a reasonable rise yy 
in temperature of the machine and the air. (b) Ample duct capacity to prevent <4... 
too high velocity of the air. (c) Proper spacing of the ducts so that there is no ` iiy; 
part very far from an air duct. (d) Proper. precautions to prevent the air from iy . 
carrying dirt and moisture into the machine. e 

Lamme (Trans. A.I.E.E.) states that 100 cu. ft. of air per minute will carry — 
off 1 kw. with a rise (of the air) of 18°C. Velocities of the air of from sooo to wy. 
6000 feet per minute are common in the machine proper. The surface cooled — i... 
will give off 4 or 5 watts per square inch with a rise of 35 to 40° C. above the ‘g. 
cooling air. 5 


PREDETERMINATION OF PERFORMANCE OF A GENERATOR 
FROM ITS DIMENSIONS. — From the above calculations a preliminary 
drawing to scale of the machine may be laid out. The next step is to calculate 
its performance, i.e., predetermine what will be the regulation, the efficiency 
and the temperature rise in the various parts. " 

The calculations for a quarter-phase or a three-phase machine are very similar — | 
and are given together in the paragraphs immediately following. The special — | 
features of a single-phase machine are described below. Examples of specific 
designs and the tested performance are also given below. 


Magnetization Curve. — The first step is the calculation of the magnetiza- 
tion curve, i.e., a curve showing the relation between the voltage per phase at 
no load (at normal speed) and the field ampere turns. To do this the useful flux 
per pole corresponding to any given value of the no-load voltage is first calcu- 
lated, and then the field ampere turns per pole required to produce this flux 
are determined. A sufficient number of points to give a magnetization curve 
up to 20 per cent above rated voltage should be calculated. 


Useful Flux (i.e., the flux cut by the armature conductors). — Let 


E =a given value of the terminal voltage per phase with zero armature 
current, i 
f = frequency in cycles per second, x 
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S = number of turns in series per phase, 
ki =a constant, depending on the shape of the pole shoe, which may be 


called the “pole shoe constant,” 
ks =a constant, depending on the distribution of the armature winding, 
which may be called the “winding-distribution constant, " 
ks =a constant, depending on the pitch of the armature coils, which may 
be called the “pitch constant." 
Then the useful flux per pole entering the armature is 


T E x 108 
^ 444 Rikekg fS 


Pole Shoe Constant (kı). — This constant is proportional to the form 
factor of the flux distribution around the periphery of the armature. In all 
modern machines the pole faces are so shaped that this distribution is practically 
a sine wave, and therefore £1 = 1. This is usually done by making the air gap 
at the pole tips greater than at the center of the pole. 

One method of doing this is to make the outline of the pole face a portion of a 
citcle of such a radius (less than the radius of the armature in revolving field 
machines) that the gap at the tips is twice the gap at the center. 

For very accurate predeterminations the distribution of the flux is carefully 
calculated. (See S. P. Thompson, Dynamo Electric Machinery, Vol. II, p. 206; 


C. A. Adams, Trans. A 1 .E.E., Vol. 33.) 


Winding Distribution Constant (kz). — This constant allows for the | 


fact that if there is more than one slot per pole per phase, the conductors in 
the various slots of one phase under a pole do not generate e.m.f.'s of exactly 
the same phase. Since the slots pass under the pole consecutively the e.m.f.'s 
of the conductors reach a maximum consecutively. These e.m.f.’s must there- 
fore be combined vectorially and not merely added together. &e is different 


in single-phase, two-phase and three-phase machines. 
The following table gives the values of ka for uniformly distributed windings 


with equally spaced slots. 


Value of kK, 
Slots per 
————— te a sateen en a 


i phase 2 phase 3 phase 


pole 


These constants apply to a winding uniformly distributed around the arma- 
ture periphery. This is always the condition in a two- or three-phase machine. 
A single-phase machine usually has its working winding irregularly distributed, 
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so the above constants are only of theoretical interest. (See special treatment of 
single-phase machines below.) l 

Pitch Constant (ks). — It is sometimes desirable to use coils having a 
fractional pitch, particularly in machines of large pole pitch, in order to save . 
copper and J?R loss, and also in any machine to give a particularly good wave 
shape. When this is done each turn connects 
in series two conductors generating e.m.f.’s which 
are not in phase and their resultant is therefore 
not as great as their arithmetic sum. The con- 
stant ks is the ratio of this resultant or vector 
sum to the arithmetic sam of the two e.m.f.'s. 
The relation between ks and winding pitch ex- 
pressed as a percentage of the pole pitch is given 
in the accompanying table. 

Leakage Factor (»). — The leakage fac- 
tor, i.e., the ratio of the total flux produced by 
the field to the flux which enters the armature, 
may be determined by calculating the per- 
meance of the path of the armature flux and the permeance of the various leak- 
age paths. The sum of the permeances of the main and leakage paths, divided 
by the permeance of the main path, is then the value of v. 

Referring to Fig. 3, the average radial depth of the air gap is approximately 
1.25 g, and the reluctance of the gap is therefore 1.25 g/af. The reluctance to 
the useful flux of the iron part of the magnetic circuit is about 20 per cent 
of that of the gap in 6o-cycle machines, and 40 per cent in 25-cycle machines. 
Hence the approximate value of the permeance of the path of the main flux is 


af 
1.758 


The flux emanating from or entering each side of a pole has a path } inches 
long and cf square inches in cross section. The permeance of this path to the 
plane midway between a pair of poles is 2 ¢f/h. There are two of these paths 
in multiple, one in each direction, from opposite sides of each pole. The total 
permeance of this path per pole is therefore 4 cf/. If a uniform m.m.f. acted 
on this path at all points the flux would be proportional to this permeance, but 
since the m.m.f. varies from o at the yoke to the full m.m.f. per pole at the pole 
shoe, the average m.m.f. is one-half the m.m.f. per pole. The leakage flux 
through this path is therefore proportional to the m.m.f. per pole and to one- 
half this permeance. Hence the ''effective permeance" of this path is 


Po ar for 6o cycles, and Po = for 25 cycles. 


The same reasoning applies to the flux which leaks out from the end surface be 
(see Fig. 3) of the poles, giving as the effective permeance of this path 


b 
h+- : 
2 


The leakage between the pole tips is due to the total m.m.f. per pole, and 
the permeance of this path is therefore 
2f 
P E Pp o——— € 
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The leakage from the faces of the poles at the chamfer is also due to the total 
mmf. and the permeance of this path is 


p, 454. 
^ 
The leakage factor is then 
Pi Po P34 P 
y-14- E : (3) 


Ampere Turns. — The 
ampere turns required to pro- 
duce the useful flux @ may now 
be calculated by the following 
systematized procedure. The 
symbols are: @ = useful flux per 
pole; y= leakage factor; T= c 
pole pitch; J = effective length 
of armature iron; $= pitch of 
slots at gap; D= diameter of 
isa at gap; Di= outside Fig. 3. Dimensions of Magnetic Circuit 

ameter of armature iron. 
Other dimensions as shown in Fig. 3. All dimensions are in inches. 


Prepare a table like the following: 


Cross Flux | Ampere | Length 
section, | density | turns per! of path, 
A = flux/A | inch, m * À 


Field yoke. ...| 0.5 ud 
up 


* The value of m is found from Fig. 4 when the flux density has been calculated. 


Field Yoke. — The field yoke carries only half as much flux as the pole 
piece, as the flux divides at this point. The material is usually cast iron or cast 
steel. Find the magnetic density as indicated and refer to the proper magnetiza- 
tion curve to find the ampere-turns magnetizing force per inch for this density 
(e Fig. 4). The length of path is one-half the distance from the center of 
one pole to the center of the adjacent pole and is shown by 7 in Fig. 3. Find 
the total ampere turns as indicated. 

Field Pole or Magnet Core. — This carries all the flux. The material 
Is usually sheet steel of high permeability, but sometimes solid steel (formerly). 
The factor 0.95 is used for laminated steel poles; for solid poles this factor is of 
course unity. The length of this path is usually taken as c, the length of the 
space for the field spool. This is not strictly accurate, but the density in the 
Dole shoe (cs) is so low that the excitation required for this part is negligible. 

Air Gap. — All the flux in the pole piece does not cross the gap, as some 
leaks across the interpolar space. ‘The value of the flux in the gap is taken the 
same as the useful flux in the armature. For the area of gap section the cross 
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Fig. 4. Typical Saturation Curves 


tection (af) of the pole shoe is taken. The length of the path in the air gap is 
laken as the mean of the gap length. As the maximum length (at the pole 
tips) is usually made twice the minimum, and tbe outline of the pole face is 
made the arc of a circle, the average length is usually 1.25 times the minimum. 
The ampere turns per inch are 0.313 X (density per square inch). 

The total ampere turns calculated as above indicated 3s sometimes multiplied 
by a constant (o.9 to 1.1), to allow for the spreading of the flux into the slots. 

Armature Teeth. — The flux is confined at any one time to a certain 
portion of the teeth per pole known as “teeth under one pole." Since the flux 
spreads somewhat on leaving the pole piece it is logical to assume that it takes 
up a peripheral length equal to the pole arc plus twice the length of the air gap. 
If, therefore, this length is divided by the pitch of teeth at the periphery of the 
armature, the quotient is the average number of teeth carrying flux at any 
given instant. This figure may quite properly contain a fractional number of 
teeth. The teeth being wedge shaped or sectors of a circle, that cross section 
(not the mean cross section) which will give theaverage excitation must be chosen, 
since saturation increases more rapidly than the cross section decreases. A good 
approximate value is found at a point one-third the distance from the minimum 
width towards the maximum width. 

The effective cross section of the teeth is then equal to this width multiplied 
by the product of the effective length of the core by the number of the “teeth 
under one pole." The effective length of core is the net length of iron in the 
core after deducting the space occupied by air ducts and. insulation between 
sheets of steel. This latter is usually 1o per cent of the measurable length of 
iron. The effective length (1) = 0.9 x (total length of armature core less space 
occupied by ducts). 

Armature Core. — The flux divides again in the armature core, one-half 
the useful flux being in each section of the armature core. The core is made of 
annealed sheet punchings. The cross section of core is equal to the radial depth 
of core back of the slots multiplied by the effective length of iron in the core. 
The length of path is a little greater than one-half the pitch of poles at this 
radius, and is as shown at (k), Fig. 3. 
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The total ampere turns per pole as thus calculated, corresponding to the 
chosen value of the voltage per phase give one point on the magnetization 
curve. As noted above, a sufficient number of points should be calculated in 
the same manner to enable one to extend the saturation curve up to about 
120 per cent of rated voltage per phase. 


Armature Resistance. — The length of wire in the armature winding is 
estimated from the mean length of one turn and the number of turns. Let L = 
total length of armature core in inches; y = per cent pitch of coils; D = diam- 
eter of armature at gap; p= number of poles; S= number of turns in series 
per phase; a= cross section of conductor* (wire or strip); m = number of 
parallel paths per phase; & = ro for low-voltage machines, and 12 for high-volt- 
age machines (k allows for the curves in the ends of the coils). Then the 


mean length of turn is 


jouit. 


and the resistance per phase is 
_ 9.0093 1S 


3 
12,000 am 


where 0.0093 is the resistance at 60° C. of 1000 feet of conductor having a cross 
section of 1 square inch. 60° C. is the approximate temperature of the armature 
conductors at full load. 

This is the resistance per phase to a direct current, The alternating-current 
resistance, due to eddy currents and hysteresis, is about 15 per cent greater; 
see paragraph on Load Loss, below. 

In a single-phase or two-phase machine this resistance is the same as the 
resistance between terminals. In a Y-connected three-phase machine the 
resistance between terminals is twice the resistance per phase. In a A-connected 
three-phase machine the resistance between terminals ts two-thirds of the 
resistance per phase. 

Armature Leakage Reactance. — The load current in flowing through the 
armature conductors sets up a local magnetic flux which interlinks with the 
armature conductors, producing inductance. ‘This inductance causes a loss of 
voltage and a “dephasing” effect, or lag of current behind the e.m.f. 

The inductance L of any circuit, expressed in henries, is 


"L= 1.016 T.S2P X 1078, 


Where 5 = number of turns in series, 
P = permeance of flux path in inches. 


The corresponding reactance is 2 wfL, where f is the frequency in cycles per 
second, 

There are several paths for this so-called armature leakage flux, each path 
surrounding one or more slots, namely, the path around each slot, the path 
around a group of slots of one phase, the path around the end connections. 
The effect of the lux of one phase on the conductors of another (mutual induc- 
tance) must also be considered. 

The slots lying under a pole have a path of greater permeance than those 
lying opposite the interpolar space or between poles, as the former are more 
completely surrounded by iron. 


* If pressed cable is used, the cross section of the copper in the cable is approx. 
imately 82 per cent of the cross section of the cable, exclusive of insulation. The 
length of each of the wires forming the cable is about 7 per cent greater than the length 
` of the cable. 


m ——— — —— 
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With the exception of the path around the end connections, the permeance 
of each path is readily calculated by the same process as used above in calculat- 
ing the leakage factor. The path around the end connections is so complex 
and the permeance so small | 
compared with that in the core 
proper, that it is convenient 
and sufficiently accurate to 
add a percentage for this flux. 
This is done by allowing for 
every inch of the projecting 
length of the end connections 
one-tenth as much flux or in- 
ductance as for an inch of the 
embedded portion of the con- 
ductors. 

In calculating the perme- 
ance of the various paths only 
the length of the path in air 
is considered, as the reluc- 
tance of the path in iron Fig. 5. Leakage Flux 
is so small compared to the path in air as to be negligible. 

Let } = effective length of armature core; /' = length of end connections (one 
end); Pi- the total permeance of all the leakage paths for a slot under a pole 
piece; P»- the total permeance of all the leakage paths for a slot midway be- 
tween two poles, and the other quantities as in Fig. 5. Then 


u Í : 
Pi = (5124 +4) (oar) 


(mum b, tA( , 
n-(Leme +--+ pa) (non) 


In addition to the above symbols, let f = frequency in cycles per second; p= 
the slots per pole per phase; s’ = slots in series per phase; c = effective con- 
ductors per slot = 2 X (turns per phase)/slots per phase; ka = “pitch constant” 
(see above). Then the effective reactance in ohms per phase corresponding to 
the permeance P1 is 


- $17 20.1 fo'cis'bsPi X 107%, 
and corresponding to the permeance P: is 
X» = 20.1 f b'Cs'baPa X 1075. 


Reactance Drop. — For preliminary or approximate calculations it is 
better and more conservative to use the value found for the inductance of the 
slots ‘‘under the poles, " as this gives a greater reactance and voltage loss, and, 
as the poles usually cover about two-thirds of the armature periphery, this is 
nearer correct. "That is, the armature reactance drop per phase is taken as 
Im, where I is the armature current per phase. 

For more accurate calculations both values must be used: and the power 
component and reactive component of the current considered separately. Let 
0 be the power-factor angle and J the armature current per phase. Then the 
reactive drop per phase is 


IX=IV (x1 cos 0)? + (xe sin 6)?, 
which is therefore equivalent to taking for the effective armature reactance 
X=aV (xı cos 0)? + (xe sin )2. 
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Armature Reaction. — When current flows through the armature the arma- 


^ ture winding becomes the seat of a magnetomotive force which reacts on the 
^ feld mmf. and either distorts or diminishes the useful flux. If the current 


in the armature is in phase with the generated e.m.f. it causes a “cross magnetiz- 
ing" force acting along an axis passing midway between any pair of poles. 
As the phase of the current in the armature changes, the direction of the 


magnetizing force due to the armature m.m.f. shifts, and a component is intro- 
' duced either opposed to the field magnetizing force (for lagging current) or 


assisting the field magnetizing force (for leadinz current). In a polyphase 
generator the magnetizing force due to the armature m.m.f. for a given armature 
current is constant in magnitude and has a fixed direction with respect to the 
field magnetizing force, depending on the phase of the current. 

If the field iron had no polar projections nor interpolar spaces, the direction 
of the armature magnetizing force would be suclf that the angle between this 
magnetizing force and a line perpendicular to the field magnetiziug force would 
be equal to the phase angle between the induced voltage and current. 

With the usual type of alternator having interpolar spaces the reluctance of 
the path offered to the armature m.m.f. is intentionally much greater than that 
offered to the field m.m.f. The result of this is that the effect of armature reac- 
tion is minimized. The non-uniformity of the field iron, however, changes the 
relative directions of the two magnetizing forces and renders accurate calcula- 
tions difficult. Asa rule, however, the approximation resulting from the assump- 
tion of uniform distribution of field iron is sufficiently accurate. The error 
introduced by this assumption is on the safe side, since the armature reaction 
as thus calculated is greater than its actual value. 


Armature-Reaction Ampere Turns per Pole. — Let S = number of 
turns in series per phase; J = effective value of armature current per phase; p= 
number of poles, and ks = pitch constant of the winding (see above under Mag- 
nelization Curve). Then the armature ampere turns per pole effective in pro- 
ducing armature reaction are 


Yeast . for two-phase machine, 
ts YahS : for three-phase machine. 


As noted above the armature reaction for a given effective value of the current 
is constant in magnitude. The armature reaction in single-phase generators is 
given in the discussion of these machines below. 

The armature-reaction ampere turns of different machines at full rated load 
is greater for a high than for low pole pitch, and is less for high frequencies than 
for low frequencies. The permissible armature-reaction ampere turns depend, 
of course, upon the desired regulation. 

A reasonable value for armature reaction would be between 1500 and 5000 
ampere turns per pole for a 25 cycle machine and between 1000 and 2000 for a 
60 cycle machine. 

Synchronous Reactance. — The effect of the armature leakage reactance 
and armature reaction upon the terminal voltage of a generator at given field 
excitation are of like character, since the voltage induced in the armature due to 
each of these causes is in quadrature with the current. The "synchronous 
reactance" of a generator is the equivalent reactance which would produce the 
same effect as the armature leakage reactance and armature reaction combined. 

The synchronous reactance may be predetermined by finding the excitation 


 &mpere-turns (from magnetization curve) corresponding to a voltage equal to 
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the drop due to leakage reactance and adding to these ampere turns the arma- 
ture reaction ampere turns. The voltage from the magnetization curve corre- 
sponding to this sum divided by the armature current per phase gives the 
synchronous reactance per phase. In the calculation of regulation by the 
"magnetomotive force method" (see below), however, it is more convenient to 
express the synchronous reactance in terms of the excitation ampere turns to 
overcome it. 


Regulation. — The regulation of a generator machine is defined as the ratio 
of the difference in terminal voltage at no load and at full Joad to the full-load 
voltage, the field excitation being kept constant at its full-load value. Ex- 
pressed as a percentage the regulation is xoo (Vo — V) + V where V is the full- 
load terminal voltage and Vo the no-load terminal voltage at full-load field 
excitation. 

Two different methods havé been employed for the calculation of regulation, 
one known as the “magnetomotive-force” method, and the other as the “elec- 
tromotive-force" method. Both are approximations, the first giving a value 
lower than the actual value, and the second a value higher than the actual 
value. More accurate methods have recently (1914) been recommended by 
the American Institute of Electrical Engineers (see Standardization Rules). 


Magnetomotive-force Method. — One way in which this method has 
been applied is the following: Let V = terminal voltage per phase at full load; 
R = alternating-current resistance per phase in ohms (= 1.15 times direct- 
current resistance); J = full load amperes per phase; cosÓ = power factor of 
‘the load; X = leakage reactance per phase in ohms. Calculate 


pe ot etc Oe ee aoe face V sin + X 
i 2 i ‘= “" 17> ALP? 
V V(V cos 0 + RI) C-(Vsin0-- XI? and 6'-tan V cos 0 + RI 


taking 0' positive for I lagging behind V’. From magnetization curve find m= 
excitation ampere turns corresponding to V’ and let n = armature reaction ampere 


turns per pole for current I (see p. 635). The total field ampere-turns is then 
F= V mint 2mn sin 0’, 


Let Vo = voltage per phase from the magnetization curve corresponding to this 
excitation F; then the regulation is 


Vo- V 
V 


The difference between V’ and V and between 6’ and @ is usually quite small, 
and in preliminary calculations m may be taken as the excitation ampere turns 
corresponding to V, and 0' may be taken equal to 0. 

Electromotive-force Method. — Let V — terminal voltage per phase 
at full load; R= alternating-current resistance per phase in ohms (see p:e- 
ceding paragraph); XI- volts per phase from magnetization curve correspond- 
ing to the field excitation required to send full-load current through armatur? 
on synchronous impedance test; I = full-load amperes per phase; cos 0 = power 
factor. Then the voltage per phase E at no load, FOIT CODORBIBE to the full- 
load excitation, is the vector sum of V, RI and XI, or 


E — V (V cos0 + RI 4- (V sin 6 + XIP. 


The regulation is, as before, 100 (E — V)/V, and the full-load field ampere turns F 
is taken from the point corresponding to E on the magnetization curve. 

Losses. — The losses in a synchronous alternating-current generator or motor 
are: 
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(a) Friction, bearing and windage. 
(b) Excitation or field copper loss. 
(c) Core loss. 

(d) Armature copper loss. 

(e) Load loss. 


Of these the first three are approximately constant for various loads, but the 
last two vary as the square of the load current. 


Friction and Windage depend in magnitude upon the details of the 
physical or mechanica] construction, the amount of induced ventilation and 


. speed. It is impossible to give a method of predetermining this quantity which 


will apply to various designs and makes. Each manufacturer has an empirical 
formula for each line of machines. This loss ranges from 2.5 per cent in 100 kv-a. 
machines to 0.5 per cent in 10,000 kv-a. machines. These values are for com- 
plete machines with their own bearings (two in number). Some machines are 
designed with only one bearing, the other bearing being a part of the prime 
mover (hydraulic or steam) in which case the friction chargeable to the genera- 
tor is less. Some machines with devices to produce ventilation, such as fan 
blades attached to the revolving part, have greater friction losses. 


Core Loss. — The core loss is made up of hysteresis and eddy-current 
losses. These losses are principally in the armature core and tecth, but if 
proper care is not taken there may be a considerable loss in the frame of the 
machine and the pole shoes. 

It isa simple matter to calculate the magnitude of these losses in the armature 
core proper, as the frequency and flux density are definite in this part, but 
the losses in the teeth are due not only to the fundamental frequency and main 
flux, but also to pulsations due to the passage of pole tips past the teeth and the 
leakage flux of the armature. The total core loss is the sum of the hysteresis 
and eddy-current losses. See Magnetic Properties of Iron and Other Metals for 
curves of hysteresis and eddy-current losses and formulas for thcir calculation. 


Excitation Loss. — The calculation of the field current and of the resist- 
ance per pole of the field winding is given above in the section on Field Winding. 
The total power required for excitation will be the product of this resistance, 
the square of the current and the number of poles. 

If the machine is separately excited, which is usually the case, the losses in 


the field rheostat are, by convention of the Am. Inst. of E. E., not chargeable: 


against the generator. 


Armature Copper Loss. — The calculation of the direct-current resist- 
ance per phase of the armature winding is given above in the section on Arma- 
lure Resistance. The total armature copper loss is equal to the number of 
dos times this direct-current resistance times the square of the current per 
phase 


Load Loss. — When a current flows in the armature conductors a local 
flux is set up which will cause eddy currents in these conductors, if they are not 
well subdivided, and in the surrounding iron, as well as a hysteresis loss in the 
surrounding iron. The loss due to this load flux is called the ‘‘load loss." 

The load loss is a function of the leakage flux and the subdivision of the con- 
ductors. A large number of turns of fine wire will involve a very small loss. 
If the conductors must be large, they may be made of stranded cable pressed 
toshape. It is almost impossible to calculate this loss, and very difficult to 
measure it. A rough method is to assume the resistance per phase increased by 
15 per cent, as this loss, like the true copper loss, is proportional to the square of 
the armature current. The total amount of the loss is less than x per cent of 
the input in well-constructed machines. 
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Efficiency. — Let P = total output in kilowatts; R, = resistance per phase 
of armature; Ja; — armature amperes per phase; Ry = resistance per pole of 
field winding; I = field current; g = number of phases; = number of poles; 
C = total core loss in kilowatts; and F = friction and windage loss in kilowatts. 
Then the per-cent efficiency is 

100 P 


P+C+F+ (1.15 Ralat RI) X 105. 


This assumes the load loss equivalent to increasing the armature resistance 
(as calculated or measured by direct current) by 15 per cent. If the load loss 
is determined from the short-circuit core loss the formula for efficiency is 


100 P 
P CFL (Ragl’at pRyl?s) X 103 


where Z is the load loss in kilowatts. 

The efficiency is a maximum for that load at which the constant losses are 
equal to the variable losses. 

Customary values for the efficiency at full load and each of the losses at full 
load for various sizes of generators are given in the following table. "These 
values are merely indications and vary with the frequency, voltage, speed, power 
factor, etc. A 60-cycle low-voltage machine will be likely to have a better efi- 
ciency than a machine of the same rating for 25 cycles or high voltage. 


EFFICIENCY AND LOSSES, USUAL VALUES 


Rating, Efficiency, | Friction, | Excitation, Core, Armature,* 

kv-a. per cent per cent per cent per cent per cent 
2.4 1.6 
2.2 Bc 
2.I 1.0 
1.8. ' 0.9 
1.7 o.8 
1.6 0.5 


I.5 0.45 


* Copper and load loss. 


Heating. — The rise in temperature of the field coils is ascertained as an 
incidental step in the calculation of the field winding as explained above. 

The rise in temperature of the armature is best determined by a method 
given by Arnold (see Wechselstromteknik, Vol. IV, p. r41). In this calcula- 
tion the losses in the projecting portions of the end windings arc assumed to be 
radiated by the end windings while the core loss and copper loss in that portion 
of the winding embedded in the slots are radiated by the surface of the arma- 
ture core. Let L= length of armature iron in inches; A= mean length of 
armature turn in inches (see Armature Resistance, below); Ro = armature resist- 
ance per phase in ohms; Ia= armature amperes per phase; D; = outside di- 
ameter of armature punchings in inches; D = inside diameter of armature 
punchings; z= number of ventilating ducts; q = number of phases; ¢= rise in 
temperature in degrees centigrade per watt radiated per square inch of surface. 
Then the watts to be radiated are 

2 LaRgl*a 


. P = core loss + X 


ed 


Generators, Alternating-Current 639 


and the radiating surface, including only one-half the area in the air ducts, as 


re pers! ; 3 à 
; the sides of the air ducts are not as effective as the rest of the surface, is 


KM, 
her at xs 


jd A= sL (Di 4- D) > (Di? — D?) (2 +2). 


The risen temperature by resistance in degrees centigrade is then 
Pt 


=o 


The value of ¢ for a well-ventilated stationary armature ranges from 30 to 40, 
depending upon the thickness of coil insulation, and the peripheral speed of 
the field. For a stationary field and revolving armature the value of / given 
above for the rise in a revolving field may be used. 


SINGLE-PHASE GENERATOR. — Single-phase generators do not make 
as effective use of the material as do polyphase generators, for the reason that 
the armature winding can occupy effectively only about onc-half of the periph- 
eral surface of the armature; if it occupies more than this there will be volt- 


tx ages generated in the windings which are so out of phase with each other that 
J y the resultant voltage is only from 63 to 70 per cent of the sum of all the voltages 
„é Generated. 


Therefore, if a polyphase generator is used as a single-phase machine with the 

ı same magnetic densities and the same copper densities, the output will be much 

less on account of the lesser voltage available. It is, therefore, customary to 

— | overload the magnetic elements of the machine somewhat to raise the voltage 

and thus reduce the overload on the copper which would be necessary to get 

i the desired output. However, if both the iron and copper densities are in- 

creased until the machine gives as much output single phase as it is intended to 

^l give polyphase, there will be an increased heating. Thus, for the same heating, 

obtained by a readjustment of the iron and copper losses, a machine of a given 

frst cost will give about 75 per cent as much output single phase as may be 
obtained polyphase. 

In addition to the disadvantage of a single-phase generator that it cannot 
make use of all the periphery of the armature, it also labors under the disad- 
vantage that its armature reaction is pulsating instead of constant, and this 
introduces an additional loss in the form of eddy currents. 

By using two phases in series of a three-phase machine, or one phase of a two- 
e phase machine, a fairly good single-phase mathine is obtained. By arranging 

| the winding slightly differently the same number and arrangement of inductors 
„` (or coil sides) can be connected up to give a simpler winding requiring no cross- 
.| ings of coils, that is, a winding ‘“‘in one plane." 

"d The formula for the calculation of the e.m.f. of a single-phase generator is 
E= 4.44 kekafSd 10-8, where the symbols, with the exception of k2, have the 
| same significance as in the formula for polyphase 
+ machines p.629. The value of kz depends upon 
the portion of the armature periphery (including 
the teeth between slots) occupied by the main 
winding. Let A = this fraction of the armature 
: surface, then the corresponding values of ke are 
given in the accompanying table. The value 
of A corresponding to a uniformly distributed 
winding is unity. 
The average value of the armature-reaction 
ampere turns per pole of a single-phase machine © 
is SI/p, where S = the number of turns, J = the 
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armature current per phase, and p= the number of poles, but this quantity 
pulsates between o and twice the above value. The evil effects of this pul- 
sating may be reduced by employing a short-circuited winding having its axis 
at go degrees to the main field winding. A squirrel cage or “ amortisseur " 
winding in the pole faces is frequently employed for this purpose. 

Due to this pulsating action the load losses are greater and this should be 
taken into account in calculating the efficiency and regulation by considering 
the effective armature resistance as 1.15 to 1.5 times the direct-current resist- 
ance. 

'The leakage reactance of a single-phase machine pulsates between a value 
equal to that obtained by the formula above in the paragraph on Armature 
Leakage Reaciance, and a value two-thirds as great. Satisfactory results are 
obtained by multiplying the value obtained from the formula by 0.85 for 
the effective single-phase value. In this case the whole winding is considered 
as one phase. 


CHECKING CALCULATIONS. —’Substitution in the following formula 
gives an excellent check on the above calculations: 


DL; KA X10 
Q  {Bgnakeks ’ 


where D = diameter of armature at gap in inches; Ly = length of pole face 
parallel to shaft; Q = total kv-a. of generator; f = frequency in cycles per 
second; = armature-reaction ampere turns; @ = pole arc a inches; k: and 
ks = constants (given in the tables on pp. 629 and 639); A = diameter per 
pole in inches; Bg = flux density, lines per sq. in. in air gap; and K = 22.5 
for single-phase and 15.9 for two-phase or three-phase generators. 


TESTS OF ALTERNATING-CURRENT GENERATORS. — (See 
also Standardization Rules of the A.I.E.E.) The principal tests are | 


Magnetization or saturation test; 
Core-loss and friction tests; 
Synchronous-impedance test; 
Load-loss test; 

Resistance measurements; 

Heat runs; . 

Insulation tests. 


Examples of test results are given below; typical test curves are given in 
Fig. 6. | 3 
Magnetization Curve. — The magnetization curve, popularly named the 


* no-load saturation curve,” shows the relation between the no-load voltage and _ 
the current in the field. Fig. 7 shows the connections for making this test. - 


On account of the existence of the hysteresis loop (see article on Magnetic Prop- 
erties of Iron), it is necessary, in running this test, to increase the field cur- 
rent gradually from point to point and never reduce the value at any step 
until the highest excitation has been obtained. The curve differs in shape 
from the magnetization curve of a closed sample of iron because the magnetic 
circuit of the alternator contains a considerable air gap, the magnetization 
curve of which is a straight line. Therefore, if the saturation curve of 4 
machine contains à portion which is very straight, the indications are that 
the air gap is of considerable magnitude. If the machine is operated at 
very high magnetic densities, this is indicated by the fact that the point cor- 
responding to rated voltage is found at a point on the curve where it is nearly 
horizontal. 
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Ampere-Turns per Pole Volts between Terminals 


t 
MAGNETIZATION CURVE CORE LOSS CURVE 


Watts Coreloss 


Amperes between Armature Terminals 


_Amperes Armature 


Ampere-Turns per Pole 
SHORT-CIRCUIT CORE LOSS 


SYNCHRONOUS IMPEDANCE 
Fig. 6. Typical Test Curves 


Some machines obtain good regulation by operating at high saturation, as 
this is a cheaper method than by using a low value of armature reaction and 


leakage reactance. ` le—D- : 
The magnetization curve is usually ` i 
plotted in terms of the volts between Au ela R Am. Pd R 


terminals In comparing the observed ^ Am 
and calculated magnetization curve it fy 
should be noted that the calculations are Q/& y 
expressed in terms of the volts per phase. st 


3C € e n- ' 
Core Loss and Friction. — The ope D.C, Motor A-C. Generator 


A 


ircui e shows ; s 
| circuit, or true core loss curv Fig. 7. Connections for Magnetization 


i 


i the core loss in watts for each value of Curve, Core Loss and Friction Tests 
‘the no-load terminal voltage. It is 
made by driving the generator at rated speed by means of a small motor, the 
| i efficiency of which is known, and varying the generator excitation. Fig. 7 
| 


' shows the connections for this test. The voltage and mechanical power P 
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( = input to motor multiplied by its efficiency) required for each value of excita- 
tion are noted. The power Po for zero excitation is the friction loss in the 
machine. The core loss for any excitation is P — Po. The no-load saturation 
curve can be made at the same time as the core-loss test. ; 


Synchronous Impedance. — The synchronous-impedance curve shows the 
relation between various values of field current, or excitation ampere turns, and 
the current that flows in the armature on short circuit. It is made by short 
circuiting the armature through amme- | 
ters and operating at full frequency with ds iss nv 
various values of field current. Fig. 8 Field Amt) eld 
shows the connections for this test. Of | 
course only fractional values of normal o 
excitation are used, or the current in the “Ig 
armature would be so great as to cause . | 
damage. D-C. Motor ' A-C. Generator 

The synchronous-impedance curve gives Fig. 8. Connections for Synchronous 
approximately the ampere turns corre- Impedance and Load-loss Tests 


sponding to armature reaction and the leakage reactance drop in the arma- 
ture combined, i.e., the ampere turns corresponding to the synchronous react- . 


ance. The approximation arises from the effect of the armature resistance 
and the low saturation or magnetization of the magnetic circuit under the short- 
circuit conditions. | ; 


Load Loss. — The power dissipated in the core and armature conductors 
under short-circuit conditions, called the “ short-circuit core loss," may be 
made at the same time as the preceding test, by measuring the power required 
to drive the machine under the same condition, proper allowance being made 
for friction. From this test the load losses for normal load conditions are 
assumed, as recommended in the Standardization Rules of the AIEE., 1011 
Edition, to be, for a given armature current, one-third of the value found with 
the same current in the short-circuit test. This is reasonable, since the 
armature current is considerably out of phase, which condition magnifies the 
losses. Another approximation to the load loss is to assume the “ effective " re- 
sistance of the armature to be 1.15 times the d-c. resistance. In the stand- 
ardization rules of the A 2. E.E. issued in 1914 the allowance for load loss (called 
the “stray load loss") is differently treated; see Standardization Rules of 
the AI.E.E. 


Resistance Measurements must be made when all parts of the machine are © 


at some known temperature. They are also made after the heat run, when the 
machine is hot, to check the temperature as measured by thermometers (see 
article on Resistance and Conductance). 


Field Resistance is measured by the simple voltmeter-ammeter method 
(see article on Resistance and Conductance). 


Armature Resistance. — The armature resistance between terminals 
is also measured by the simple voltmeter-ammeter method, by connecting two 
of the terminals to a source of direct current (the other terminal being free), 
the rotor (field or armature) of course being at rest. In the case of a single- 
phase or two-phase machine the resistance as thus measured is the resistance 
per phase. In the case of a three-phase machine, let Rẹ = the resistance 25 
thus measured and Rp = the resistance per phase. Then for a Y-connect 
armature Rp = R,« 2, and fora A-connected armature Rp= 3 Re+ 2. 
connection is not known, the calculation of the resistance drop and copper loss 
may be figured correctly assuming it either Y or A connected, provided the 
resistance per phase and current per phase are both calculated on the same 
assumption regarding the connection. In the case of à two-phase machine the 
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resistance between terminals A and B and between B and C (B being the 
common terminal) should each be measured, and the average taken. In 
the case of a three-phase machine the resistance between A and B, B and C, 
and 4 and C should be measured and the average taken. 

Calculation of Regulation and Efficiency from Tests. — From the re- 
sults of the preceding observations, the regulation and efficiency of the machine 
at various loads may be calculated by the methods given above, in the 
discussion of Predelermination of Performance, using the test data instead of 
the calculated quantities. The synchronous-reactance ampere turns may be 
taken as equal to the synchronous-impedance ampere turns, since the resist- 
ance drop in the armature on short circuit and reduced excitation is seldom 
over 1o per cent of the synchronous-reactance drop, and as the two are in 
quadrature the synchronous-impedance drop differs from the synchronous re- 
actance drop by less than one per cent. In using the magnetization curve 
and the synchronous-impedance curve one must keep in mind whether they 
are plotted in terms of voltage and current per phase or in terms of volts 
between lines and line current. 

Full-load Saturation Curve. — This curve shows the relation between the 
terminal voltage and field current with full-load current in the armature. It 
may be plotted from tests er calculated from the magnetization curve and the 
synchronous impedance in the same manner as the regulation is calculated, 


Armature Leakage Reactance. — There are three methods by which the 


leakage reactance may be determined: 
(t) Synchronous-impedance Method. — This gives only approximate 


. Tesults but is very generally used as a synchronous-impedance test is made on 


every generator. Let be the field ampere turns per pole required to force 
full-load current through the short-circuited armature. Let a be the calculated 
ammature-reaction ampere turns per pole (see above), with rated current. 
Then s — a is the excitation necessary to induce the leakage reactance voltage 
(IX) inthe armature. From the open-circuit saturation curve find the voltage 
corresponding fo (#—~«@) ampere turns. Reducing to volts per phase, if 
necessary, and dividing by the current per phase, the result is the leakage 
reactance X per phase in ohms. ! | 
.. (2) Full-load Characteristic Method. — This method is also approxi- 
mate. Let the excitation in ampere turns per pole required to give rated voltage 
at full non-inductive load be q. Let the ampere turns to give rated voltage 
Without load be m. Thenn= V. g? ~ m? is taken as the synchronous-reactance 
ampere turns, and the leakage reactance is calculated as described in the pre- 
ceding paragraph. 
(3) Inductance-measurement Method. — This method gives exact 
values, but is not very often employed. From, an external source of proper 
frequency, full-load current is sent through the armature of the machine to be 


"tested, with the fields excited to the normal value but not rotating. The 


voltage drop across the armature terminals js measured for several different. 
Positions of the coils with respect to the poles, ranging through an arc of about 
one-half the pole pitch. Let Z = the voltage per phase divided by the current, 

= the resistance per phase corrected for load loss (i.e., 1.15 times the direct- 
Current resistance), then the leakage reactance per phase is X = V/Z?— Ri. 
This reactance will vary with the position of the coils and the maximum and 
minimum may be found by making this calculation for the different positions 
of the coils with respect to the fields. 

Heat tuns are made at rated load arid various other specified loads: The 
Parts in which the rise in temperature is of interest are: "$ 
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Armature core surface; 
Armature core ventilating ducts; 
Armature conductors; 

Collector rings; 

Both pole tips; 

Field winding; 

Bearings; 

Frame; 

Room. 


The temperature of the field and armature winding should be measured both 
by thermometers and by the resistance method. In taking the temperature of 
a hot surface by thermometer a small pad of waste should be placed over the 
bulb after the thermometer is put in place. The pad should not be too large 
or it will prevent the normal radiation from the surface. 

With large machines it is inconvenient and expensive to test under full-load 
conditions. For determining the heating without actually developing the full 
power of the machine there are several methods available. 


Reversed-field Method.— The field circuit may be tapped and the 
full-load field current sent through a portion of the field coils in a direction 
opposed to that for normal operation. For example, in a 24-pole machine the 
current in 8 of the field coils may be directed in such a manner that they are 
reversed with respect to the remaining 16. The armature winding will therefore 
generate a voltage due to the 8 poles that are not neutralized and therefore of 
approximately one-third rated value. If the armature is short circuited a cur- 
rent will flow due to this reduced voltage, and this current can be made to ap- 
proximate closely the full-load value by making a proper division of the poles. 
If the machine is operated under these conditions the friction, excitation, core 
loss and armature copper loss will be very nearly equal to their value under 
normal operating conditions, yet to drive the machine only an amount of power 
approximately equal to the sum of the losses is required. 


Synchronous-motor Loading. — If two machines are available they 
may be connected up as a generator and synchronous motor and the field excita- 
tion of the motor adjusted so that a current of full-load value, but having a 
large reactive component, will flow in the armature, the power factor being 
nearly zero. The power required to drive the generator at full-load excitation 
and at full-load current will then be small. 


Direct-current Loading. — Full-load losses may be simulated on a 
three-phase generator by connecting the three phases in delta and leaving the 
delta open at one point, to which a direct-current ammeter and a source of direct 
current may be connected in series. The delta is first closed through an alter- 
nating-current ammeter and the triple-frequency current in the delta (see 
Alternating Currents) is measured. ‘The direct-current ammeter and source 
of direct current are then connected in series with the delta and the direct 
current increased until the sum of the squares of the local current of triple 
frequency and the direct current is equal to the square of the rated current per 
phase. 

Open-circuit Short-circuit Method. — Another ingenious method, ad- 
vocated by Hobart, consists in alternating open-circuit and short-circuit tests, 
each under exaggerated conditions, so that at the end of each hour the total 
watt hours lost in each part are equal to the watt hours that would be lost ia 
normal operation. For example, let the core and field copper loss be 4 kilowatts, 
and armature copper loss 1 kilowatt. If, now, the machine is operated for 
20 minutes with armature short circuited and the excitation adjusted to give 
3 kilowatts copper loss, and for 40 minutes on open circuit with excitation 


i on 807 
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. windings and frame is made. 
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adjusted to give 6 kilowatts core and field copper loss, then the loss per hour 
in the armature copper is 1 kw.- hr., and in the field winding and core 4 kw.- hr., 
the same as under normal conditions. For an exact division of the time between 
the open-circuit and short-circuit conditions, the core and field copper loss 
during the short-circuit run must be taken into consideration. After several 
hours of this relaying the machine will have reached a temperature correspond- 


ing to full-load operation. 

Insulation Tests. — The insulation of a machine is usually tested by apply- 
ing a given voltage between the conductors and the part of the machine from 
which they are insulated. An insulation resistance test is also made. 

Voltage Tests. — During manufacture the coils are tested separately, 
and after the machine is assembled a voltage test between the completed 
After the heat run, while the machine is still 
warm, a third test of the insulation between windings and frame is made. 

For this third test an alternating voltage is applied between armature and 
frame, according to the Standardization Rules of the A.I.E.E. (q.v.) 

The voltage should be increased gradually and the final value should be 
applied for one minute. In this test the machine acts as a condenser and 
therefore care should be taken that the frequency is not so high or the inductance 
of the supply circuit so great as to set up resonance. It is advisable to have 
considerable resistance in the supply circuit. 

To prevent an uneven distribution of voltage, all the terminals of the winding 
should be connected together by fine wires and one terminal of the high-potential 
circuit connected to the common connection. The high potential should be 
measured by a spark gap connected in shunt to the machine. 


Insulation Resistance. — The insulation resistance is measured by connect- 
ing one terminal of a 5oo-volt direct-current supply to the windings of the ma- 
chine through a voltmeter with a 5oo scale, and connecting the other s500-volt 
terminal to the frame. If the resistance of the voltmeter is Ry ohms and the 


f : R 
voltmeter deflection x, the insulation resistance is R = | (500 — x). 


EXAMPLES OF DESIGN AND PERFORMANCE. — In the tables on 
pp. 646 and 647 will be found the essential data both of the mechanical and elec- 
trical features of four representative alternators. The list of items will be found 
useful as a guide in collecting data on various machines. Performance data 


are deduced from tests. 
OPERATION. — In the operation of an alternating-cürrent generator the 


following factors should be considered: 

Phase Connections and Grounding. — When a third harmonic is present 
in the e.m.f. wave of a three-phase generator, the triple frequency e.m.f.’s in the 
three phases (or windings) are additive when the three phases are connected in 
A, that is, the A forms a short circuit to the third harmonic e.m.f.’s, and a large 
triple frequency current may therefore be set up in the windings irrespective of 
the load on the machine. On this account, large three-phase generators are 
usually Y-connected, since with this connection the third harmonic e.m.f.’s 
between any two terminals of the machine neutralize each other. However, 
when two or more Y-connected machines are operated in parallel with their 
heutrals grounded, a triple frequency cross-current of considerable magnitude 
may be set up between the machines, unless the wave form of the e.m.f.’s of the 
various generators are exactly the same, which is practically never the case. To 
prevent such cross-currents with Y-connected machines with grounded neutral, 
it is the usual practice to ground the neutral of but one generator at a time. 
Provision must of course be made to shift this ground connection from one ma- 
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MECHANICAL DATA ON TYPICAL A-C. GENERATORS 
Dimensions in Inches, Weights in Pounds 


ATB ATB 
bus WANT 40 5 
Kv-a. rating... eese 2500 5000 
R: pie cde erioe ys ET (35 150 
Voltage between Sormindle.. 6500 4000 
Frequency......;..... pods a : 25 60 
Connection. ..... dure E a ELT "T Y Y 
Armature diam. at face........ 200 192 
Armature diam. at back....... 220 204 
Armature, total lemgth......... 22 30 
Armature air duct$.....5..... 

Number....... Pr 7 Ii 

Width.....:.. cc. eee oe Wy ty 
Slots; aumber.............uuuse 240 43a 
Slots, dimensions.............. 356X 1.55 2x9 
Condustor size. .... ree eee eee 0.485 X0.375| 0.79 Xo. 17 0.6X0.15 
Conductors, ro. in mult...... aoe 2 4 
Conductors, to. per slot... "€ 18 4 
Pitch of connection, ........... I I 
Air gap, minimum length...... 0.3125 0.313 
Air gap, avetage length........ 0.39 0.415 
Field pofeate...........uuuuuu io $ 
Field fole, length alorig shaft... 41.5 29 
Magnet core, width............ IO 5.5 
Magnet core, radial depth...... 9 9 
Spool, no. turns................ | 42.5 49.5 
Spool, size ef conductor ,....... 156 X0.17 DAXO. 14 
Yoke, fength.................. 29 40 
Yoke, radial depth.,............ 5 5 
Total weight................-. 209,000 EE 


ELECTRICAL DATA ON TYPICAL A-C. GENERATORS 


Percentages are all in terms of rated or full-load values 


RatiBg:; iare nine 
Rating..2.226 eer rd og kw. 
Rated volts pet phase... ... oe volts 
Full-ldad. current per eines 
Elut per pole.. ices. cece eae Let 
Arm. res. per phasé at 25° C... - ohms 

Field resistance at 25° C......... ohms 

Excitation amp. turhs, no load. ;Q. | Amp. turns 
Excitation amp. turns, full load... .| amp. turns 


13,470 


TRU 
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RLECTRICAL DATA ON TYPICAL A-C. GENERATORS — Conttaned 


Percentages are all in terms of rated or full-load values 
I 2 3 4 
ATB; ATB ; ATB! ATB 


Friction foss.. . . ...... en te kw. 10 29 14 25 
Core loss at rated volts.......... kw. 42 40 43 125 
Sya. inp., volts between tetin....| volts $100 3070 1000 1700 
Syn. imp., total amp. turns...... amp. turns! 5100 5300 2800 3070 
Short-circuit core loss, falltoad 

Current... n.n, kw 3.4 5.3 19.2 
Leakage reactance drop.......... per cent I4 23 7.8 7.3 
Regulation at full load... ........ per cent ».85 16.7 5.8 4.78 

at power factorof....| per cent 100 8o 100 100 

Friction loss.. .. .............. sn. percent ] 0.4 I.4 0.54 o.48 
Coreloss.............ls sees per cent 1.62 I.9 1.66 2.4 
Field copper loss................. per cent o.62 0.65 0.77 0.45 
Armature copper loss............ per cent 0.86 0.52 0.90 0.46 
Load loss.......... 0c ces eeee eens per cent T ios 6.20 o.12 
Efficiency at full load... .... ve... | percent | 96.5 |. 95-5 | 96.0 96.1 
Rise in temp. by thermometer: 

Armature.......... osse. eC 35 35 45 40 

Pid siis oes eres b Er bis °C 35 35 45 40 


chine to any other, eo that a ground connection can always be maintained itre- 
spective of which machine or group of machines may be running. 
The advantages and disadvantages of grounding the neutral are discussed in 


the article on Grounding of Electric Circuits. 

Division of Load between Alternators in Parallel. — The division of load 
between two or more alternators operating in parallel cannot be changed by 
altering their field excitation, as is the case with direct-curreat generators. 
Changes in the load taken by any alternator of a group can be effected only by 
admitting more or less steam to the driving engine or turbine (or water to a 
Water-wheel). Yn order that the various alternators shall share the combined 
load propetly, it is therefore necessary that the governors on the sevetal prime 
movers give the same speed-load characteristics. 

Although the field excitation has no effect on the distribution of the load among 
the alternators, it does affect the power factor of the load delivered by each 
machine, The excitation of each alternator should be so adjusted that it de- 
livers its load at the same power factor as the othets. 

Starting a Single Generator. — Before a generator is started up its bearings 
must be inspected and cleaned and filled with oil if necessary. ‘The machine is 
then brought up to the proper speed and the bearings again inspected to see that 
the oil-rings are running properly. The exciters or excitation circuit is then put 
in readiness and the rheostat in the alternator field circuit adjusted for maximum 
resistance. Before exciting the field the armature insulation must be thotoughly 
dty. If it is not the armature i$ short-circuited through an ammeter and run 
for several hours at a partial excitation to give about rated current in the short. 
circuited armature. When the insulation is thoroughly dry the short-circuit ís 
temowd and the excitation adjusted to give rated voltage at the armature 
tenttinals with correct speed. To shut down the machine the load is first 
removed by opening the circuit breaker; then the field rheostat is &utWed to 
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maximum resistance as is also the rheostat in the exciter field if there is an 
individual exciter. Then the field circuit is opened. 


Paralleling of Generators. — Before connecting a generator to bus bars to 
which one or more other generators are connected, the following conditions 
must be satisfied: 


f. The frequency of the generator must be the same as that of the bus bars. 

2. 'The frequency of the generator, and therefore its speed, must be constant 
for an appreciable interval of time. 

3. The voltage of the generator must be the same as the voltage of the bus 
bars. 

4. The generator and bus-bar voltage must be in phase. 


If the two machines have not the same frequency or if the frequency is not 
constant, a condition will occur intermittently in which the two voltages are 
180° apart or the two machines are in series on a short circuit, and a dangerous 
current will flow. If the voltages are not equal, a large “ wattless?' or reactive 
current may flow, and if the two voltages are not in phase, a large power cur- 
rent will flow which will cause a mechanical shock. To indicate when these 
conditions are fulfilled any one of several “synchronizing” devices may be 
employed, as described in the article on Synchronizers and Synchroscopes. 


Synchronizing with Lamps. — The simplest method of synchronizing 
small machines is to use incandescent lamps as shown in Fig. 9. In Fig. 9A, 
the connections are such 
that the lamps remain 
dark when the above con- l 
ditions are satisfied, while Generator _ Bus — Generator Bus 
in Fig. 9B they will re- 
main bright under these 
conditions. If the fre- 
quencies are wrong the 
lamps will flicker (the slower the flicker the nearer the two frequencies). If 
the voltages are wrong the lamps in 9A will glow slightly but steadily. Trans- 
formers should be used with the lamps in case of high-voltage machines. 


A-—DARK B-—LIGHT 
Fig. 9. Connections of Lamps for Synchronizing 


Hunting. — Unless the angular velocities of two machines which are connected 
in parallel remain the same, either both constant or both varying together, a 
cross current will flow, due to the phase displacement between them. This 
current will tend to drag ahead the machine which is lagging, but due to the 
inertia of the rotating parts the machine which is at first lagging will ‘‘over- 
reach" and become leading, and under certain conditions a cumulative see-saw 
action will be set up. When this takes place the machines are said to “hunt.” 
The value of this current is proportional to the short-circuit current of the 


machines and to the angular displacement expressed in electrical degrees. | 


In a machine having a large number of poles (40), a very small variation in 
angular velocity of the prime mover may cause a considerable (20-fold) phase 
displacement in electrical degrees. 

To prevent hunting it is necessary to have: 


1. A prime mover giving reasonably constant tangential effort and angular 
velocity. In general, the maximum variation in angular displacement between 
any machine and the bus bars should not exceed 2.5 electrical degrees. 

'To secure this condition the machines should have constants such that they 
are not especially sensitive as pendulums to the strokes or impulses of the 
particular engines used. 
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2. A governor which is not too sensitive to slight and sudden variations in 
load, i.e., a damped governor. 

3. A low-resistance drop (usually not over ro per cent) in the connections 
between the machines. This refers particularly to groups of machines in power 
houses miles apart. 

4. Short-circuited or *Amortisseur" windings on the fields of the ma- 
chines. Currents induced in these windings cause them to act as electrical 
brakes. `, 

Short Circuits. — An alternator when suddenly short circuited will deliver 
for an instant a current many times as great as will flow after conditions have 
become constant. This is due to the fact that it takes a finite period of time 
for the increased armature reaction to weaken the magnetic field. During 
this short period much damage may be done to circuit breakers, etc. This is 
especially true of large turbo-alternators, as these, due to their construction, 
have a very large short-circuit current. 

Use of External Reactance. — It is therefore frequently the case that 
reactance or choke coils are connected in circuit with these machines to prevent 
a dangerous current flowing in case of sudden short circuit. See Reactance Coils. 

Induction Generators on Short Circuit. — Induction generators are 
free from this fault, since they lose their excitation almost immediately on short 
circuit, and are therefore becoming popular in large central stations. 

. Use of Imbedded Thermometers. — In large generators thermocouples or 
tesistance thermometers (see Pyrometers) are sometimes embedded in the es- 
timated hottest spot of the winding, and connected to a suitable indicating 
device to show at all times the maximum temperature of the machine. See 


also Standardization Rules of the A.I.E.E. 


SPECIFICATION FOR A-C. GENERATOR.* — The following memo- 
randa are intended to assist in writing specifications. See also article on Speci- 
fications, | 

Principal Characteristics and Conditions of Service. — Service for which 
generator is to be used, such as a-c. lighting, single-phase railway service, 
operating railway or lighting synchronous converters, etc. Voltage and number 
of phases. Rated output in kilowatts or kilovolt amperes at stated power 
factor. Frequency and speed. 

Style and Description; Details of Construction. — Type of generator, 
revolving field, induction type, etc. Details of speed, governing of prime 
mover, and how generator is connected to prime mover, e.g., direct or belt- 
driven: by steam turbine, reciprocating engine, water wheel, water turbine, gas 
engine, oil engine, etc., with.vertical or horizontal shaft. Whether compen- 
sated. Whether exciter is to be supplied; if so, its characteristics. If field 
Iheostat is to be supplied, its characteristics, including the effect upon the 


_ Eenerator voltage of each step and of all steps; whether to be controlled by 


hand or automatically. Restriction of excitation current and voltage and re- 
quirements respecting carrying capacity of slip rings. Accessibility of armature. 
Maximum length of armature conductor projecting from slot. Windings shall 
be clamped securely to prevent any vibration of overhanging parts. Mechanical 
protection of armature conductors if exposed. If belt driven, specify pulley 
details; whether bed plate is desired. C l 

Work to be Done by Other Contractors. — Whether Contractor is to 
furnish and install the following. Main wiring, field wiring, field rheostat grids, 
n plate and chains. Point of division between engine and generator con~ 

cts, 
rox * By W. A. Del Mar. 
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Performance and Testa. — (See Standardization Rules of ihe A.I.E.E.). 
Temperature rises upon which ratings are to be based. Details of overload 
capacity. Efficiency at 29$, 50, ¥5, 100, and 125 per cent load. High- 
potential tests of insulation. Requirements regarding effects of moisture upaa 
insulation. Requirements for parallel operation, i.e., whether the machine ia 
to operate in parallel with similar machines or different ones. It is usual to 
specify that the terminal voltage shall vary according to a sine law. Regulation 
with roo per cent power factor and normal speed; the load may „be varied 


from gero to rgo per cent of rated lead witheut causing more than 4 skated 
variation of voltage, the exciter field being kept constant. 


DIMENSIONS, WEIGHT AND COST. — While generators vary widely 
in their specific weights and costs, that is weight per kv-a. rating, and cost per 
kv-a. rating, they may be divided into classes in which these characteristics are 
fairly definite. 

The conditions primarily affecting the specific weight are: method of atng 
speed, frequency, voltage and size. In addition there are the peripheral speed 
and mechanical construction which cannot be easily classified. The method of 
rating is fundamental. For purposes of comparison the rating may be taken 
as the output in kv-a. which each machine will give continuously with a rise 
in temperature not exceeding 45° C. On this basis the specific weight decreases 
as the speed, frequency ar capacity increases, and inereases with Increase of 
voltage, The cost per pound decreases ag the frequency decreases, and as 
the capacity increases. The cost per pound increases as the voltage and 
peripheral speed increase. 


Alternating-current generatora may be divided into three classes according 
to their speeds and purposes: 


High speed, as turbine-drlven generators. 


Medium speed, as belt-driven and water-wheel-driven. 
Slow speed, as engine-driven generators. 


Approximate over-all dimensions of typical 6o-cycle three-phase generators 
ef various ratings for each of the above classes are given in the table helaw. 
The dimensions and weights for the turbo-generators include hoth the turbine 
and the generator. The voltages given in this table are the highest values for 
which the given size of a standard line is wound. Lower standard voltages 
are obtainable readily. 

Approximate weights, costa per kv-a. and suitable speeds are indicated in 
Fig. 10 for engine-driven and in Fig. 11 for water-wheel-driven 6o-oycle, 23004 
volt, polyphase machines. The weight and cost of as-cycle generators ar& 
from xo to 20 per cent greater than for Ge-cycle generators, The cost of 
machines for less than 2300 volts is practically the same as for 2300-volt equip 
ment. 'Pwo-phase generators weigh and cost practically the same as three 

phase. Single-phase generators weigh and enat from 25 to 39 per cent more. 
These data are of course suitable only for preliminary estimates the cnsts, 
particularly, are subject to large variationa due to changes in commercial cons 


ditions from year to year. For final estimatea exact dimensions and quotations 
should be obtained from the manufacturers. 


BIBLIOGRAPHY. — Arnold, E., Wechselstromtechnik, Vol. 4 Bertin, 1904) 
Thompson, S. P., Dynamao-Electric M achinery, Vol. 2, N. Y., 1905; Parshall & 
Hobart, Electric Machine Design, N. Y., 1906; Torda, Alternating-Cursewi Me 
chine Design, N, Y., 1908; Berg, E. J., Electrical Energy, N. Y. 1 1908; Gray, A, 
Electrical Machine "Design, N. Y., 1913. 

The following references to recent articles in the technical press are furnished 
by Messrs. D. B. Rushmore and E. A. Lof: Design: G. E. Rev., 1912, Vol. 15, 
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Fig. 0. Cost, Weight and Suitable Speed of Engine-driven A-C. Generators for 
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p. 379; 1914, Vol. 17, p. 478; Elec. Jour., 1906, Vol. 3, p. 545, p. 631, p. 668; 1911, 
Vol. 6, p. 672; Trans. A.I.E.E., 1909, Vol. 28, p. 871, p. 932, p. 980; 1912, 
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Vol. 31, p. 1657; June, 1913; May 1914. Wave Form and Harmonics: Elec. 
Jour., 1907, Vol. 4, p. 189, p. 382; Elec. World, 1909, Vol. 54, p. 909, p. 916; 
Trans. A.I.E.E., Feb. 1913. Testing: Elec. Jour., 1905, Vol. 2, p. 11; 1906, 
Vol. 4, p. 610; G. E. Rev., 1911, Vol. 14, p. 505; Trans. A.I.E.E., Feb. 1913: 
Regulation: El. Rev. and West. Elec., 1911, Vol. 59, p. 1072; Elec. World, 1912, 
Vol. 59, p. 46; Trans. A.I.E.E., Feb. 1913. Parallel Operation: Elec. World, 
1907, Vol. 5o, p. 1243; 1908, Vol. 51, p. 1100; Trans. A.I.E.E., 1910, Vol. 29, | 
p. 765. Selection: Elec. Jour., 1909, Vol. 6, p. 583. Installation: Ele.  ' 


World, 1907, Vol. 49, p. 110, p. 357. Troubles: Elec. World, 1907, Vol. 49. 
p. 442; G. E. Rev., Feb. 1909. 
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GENERATORS, DIRECT-CURRENT. — (See also Alternating Cur- 
rents; Electricity and Magnetism, Principles of; Generators, Alternating-Current; 


Motors, Direct-Current; Standardization Rules.) 
The following is a brief outline of the contents of this article: 
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APPLICATIONS. — Direct-current, or, as it is sometimes called, continuous- 
current apparatus was in very general use before the alternating-current type 
was introduced, and wherever the distance to which energy is to be trans- 
mitted is not a factor, there is no doubt that the direct-current system is to 
be preferred. However, if energy is to be transmitted over long distances the 
alternating-current system with its transformer has unequivocal advantages. 
The result of these two conditions is that a compromise is adopted. The major- 
ity of the generating stations provide alternating currents and many of the 
motors use direct currents provided by rotary converters. Thus the direct- 
current generators are becoming of less relative importance while the direct- 
current motors maintain a very important position. 

Series Machines. — A series machine, generator or motor, is one in which 
the entire armature current flows through the field winding. Series generators 
are usually built to supply a constant current to an external circuit irrespec- 
tive of the effective resistance of that circuit. 

DEFINITIONS. — The fundamental principle involved in the construction 
and operation of any type of dynamo-electric machine is the production of an 
electromotive force in one or more conductors by the relative motion of these 
conductors and a magnetic field. Such a machine may, as a rule, be used either 


aS a generator or motor. 

Shunt Machine. — A shunt machine, either generator or motor, is one in 
Which the entire field excitation is derived from a circuit of many turns and high 
resistance connected in “shunt” or multiple with the armature circuit. The 
characteristic of a shunt machine is poor regulation; that is, the voltage of a 
shunt generator decreases as the load increases. This is so marked that some 
shunt generators may be short-circuited, their terminal voltage dropping to zero, 
Without resultant harm. i s 

Separately Excited Machine. — This type of machine is sometimes used in 
large stations where the exciting current is readily obtained from separately 
excited bus-bars and a voltage regulator is used. 

Compound-wound Machine. — This type of machine has on each field pole 
in addition to its shunt winding a few turns of thick wire which carry the load 
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current and are known as the series winding. This winding causes the excitation 

to increase as the load increases and tends to keep the terminal voltage constant 
‘oc even to increase it. {ff the field windings are proportioned to cause the 
voltage at full load to be higher than the voltage at no lead the machine ts said 
to be *over-compounded." A “flat compounded" machine has the same volt- 
age at full load and at no load; an "under compounded " machine has a lower 
voltage at full load than at ho load. 


Short- and Long-shunt Connections. — A compound-wound machine 
may be connected short shunt as in Fig. 1 or long shunt as in Fig. 2. The 
choice i is merely a matter of convenience of station wiring. 


— Hmmm 


Fig. 1. Short-shunt Connections s Fig. 2. Long-shunt Commertions 


Commutating Pole or Interpole Machines. — These machines have 
small auxiliary poles alternately placed with respect to the main poles and 
excited by a few turns in series with the load. The effect of these poles is to 
improve the operation of the machine in the matter of commutation; see below. 

Bi-polar Machines. — Small continuous-current machines ape usually of the 
bi-polar or two-pole type with a more or less inclosed frame of cylindrical shape. 

Muiti-polar Machines. — Large direct-current machines are of the multi- 

. polar type, that is, have a large number of radial pole pieces. 

Belt-driven and Direct-connected Types. — Direct-current generators 
may be of either the “ belt-driven"' or the ‘‘direct-connected” type, as deter- 
mined by the method of connecting to the driving unit. Belt-driven generators 
are characterized by a higher angular velocity than direct-connected. 


RATINGS. — It has been common practice (up to 1914) to rate direct-current 
machines on the basis of the output in kilowatts which they will give continu- 
ously with a maximum rise in temperature by thermometer of 5o? C. above the 
surrounding air at 25°C. See however the recent recommendations of the 
A.LE.E. in the article on Standardization Rules. 


VOLTAGE. — The standard voltages for which on nunus machines 
are built are: 

8o volts for use on shipboard. g 

110-125 volts for lighting purposes and incidental small power motors fan 

motors, cooking utensils. 

220 volts for three-wire systems with lighting and power combined. 

500-600 volts for power alone and particularly for railway service. - 

1200-2400 volts for special railway service and heavy traction. 

2000-6000 volts for series-arc-light circuits fed by series machines. 


ELECTROMOTIVE FORCE INDUCED IN ARMATURE, — Let 


Z = total number of armature conductors or sides of noiis. 
p = number of field poles. 


— m = number of parallel conducting paths between the positive and nega- 
Z. 
| tive brush sets; that is d is the number of armature conductors 


- in series between positive and mene brush sets. Vi below 
pander Armature Windings.) . 
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¢ = total useful magnetic flux per pole. 
N = revolutions of armature per minute. 
Í = frequency in cycles per second. 
If a coil of wire be revolved about an axis in a magnetic field, as shown 
in Fig. 3, each length of conductor, or side of the coil, will pass entirely around 


. 60 , 
the armature in Y seconds. The time taken for a con- b 


ductor to pass through the magnetic field under each 


6 
pole, or from a to b, is A Hence the average- value 


of the electromotive force induced in each armature 


; Np E 
conductor as it passes under each pole is oo roi volts, Fig. 3. Elementary 
Generator 


since a cutting of 108 lines per second gives one 
volt. Since in an actual machine the conductors are uniformly distributed 


around the surface of the armature, this is also the average voltage per con- 
ductor in each of the conductors between a and b at any instant. Since 


Z e e . LÀ . x 
there are — conductors in series between the positive. and negative brush sets, 
m 


the average value of the total electromotive force between the brushes; when a 
suitable commutator (see below) is provided, is 
POZN 
dec. 
60 X 10? m 


The electromotive force in each conductor alternates (i.e., passes through a 


volts. 


complete cycle of positive. and negative values) with: a frequency of f= e 


cycles per second. Hence the formula for the average e.m.f. between brushes is. 


The number of turns (S) in series between the positive and negative brushes is 
Z/1 n, whence E may also be expressed as 
E=4fpS X 1078 volts. 


Commutator, — A continuous electromotive forte can be obtained from the 
machine if pgovisiou iymade for reversing the.conheetion: from each conductor 
to the external circuit at the same time that tHe direction of e.m.f. induced in 
the conductor reverses. This is accomplished by the commutator. Taps 
leading -from the front. connections of the armature windings: are connected 
to the segments of the commutator, so that as the segments come alternately 
under positive and negative brushes the current delivered to the circuit is always 


in the same direction. 


ARMATURE WINDINGS. — Though tliere.are a large variety of: types of! 
armature windings the practical:man and even the designing engineer seldom 
meets types other than (1) the multiple-drum. or. lap winding: and (2) the twoe- 
creuit. series drum:or. wave winding, The other types may be used. in ai fewer 
special and exceptional machines but a designer may work. for many years with- 
out finding any necessity for using them. 

Multiple-drum. or. Lap Winding. — This: type. of: winding: is: very — 
in direct-current machines; rotary converters, inductiort motors and is somewhat’ 
used in alternating-current generators: Its chief advantage is that it affords a 


«OM 
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very free choice in the number of coils and slots, and is very simple to lay out 


and connect up. Its disadvantage is that it is not easily adapted to high volt- 


ages. Its chief characteristic is that there are always as many circuits in multiple 
and as many studs of brushes as there are poles. The distinguishing feature in 
appearance is the direction of bending of the end connections, as represented 
by Fig. 4. The characteristic form of the coils is shown in Fig. 7. 


e : 


Fig. 4. Lap Winding Fig. 5. Wave Winding 


Conditions for Lap Winding. — The conditions to be fulfilled in laying 
out a simplex multiple-drum winding are expressed in the formula 


Z= pz- sb, 
where 


Z - total number of coil-sides or bars, 
p = number of poles, 


front pitch 4- back pitch 
2 


z = average pitch* = 


s = total number of slots, 
b = number of coil sides or bars per slot. 


The total number of inductors (Z) is double the number of coils, as each coil 
has two sides. Z must be a multiple of the number of slots (s) and of the number 
of poles (5). 

The average pitch (z) must be an even number so that the front and back 
pitches may be different and odd (z — 1) and (z + 1), respectively. There are 
always two layers of coil-sides, top and bottom. One side of each coil lies in the 
top layer in one slot and in the bottom layer in another slot. The actual front 
and back pitches of a coil are always odd because they are made from a coil-side 


in the top layer (odd numbers) to one in the lower layer (even numbers) as in 
Fig. 6. Here the pitch is 14 —1 = 13. 
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Fig. 6. Pitch of Connection '  Fig.7. Lap Winding : 


In order that the winding should progress continuously the front pitch, or 
pitch of commutator connections, must differ by one coil (or two coil-sides) from 
the back pitch, or actual pitch of coils. The actual spread of a formed coil 
(Fig. 7) is the same front and back and is equal to the “back pitch." 

The total number of coils Q = Z/2 is equal to the number of commutator 
segments and must be a multiple of the number of slots. In general if Q isa 
common multiple of the number of poles and the number of slots, a multiple- 


* Let the coil-sides be numbered consecutively from slot to slot, and let a point 
travel through the conductors in the order in which they are connected; if this point 
starting at conductor No. r, say, passes through the point or (commutator) connection 
to conductor No. 8 and thus through the back connection to No. 3, then the front 
pitch is 2— 1= 7 and the back pitch is 8— 3 = 5, and the average pitch is 6. 
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drum winding is possible. It is desirable that the number of slots should not 
be a multiple of the number of poles. In order to group the coils in poly- 
coils z should be a multiple of the coil-sides per slot. 

Series-drum or Wave Windings, Simplex. — This type of winding is used 
in direct-current armatures where the ordinary multiple drum would give either 
too low a voltage or require too many turns of fine 
wire in each coil. Its advantage is that it gives an 
armature that is better balanced magnetically and 
that only two brush studs are necessary. A greater 
number of studs may, however, be used. There are 
always two circuits in multiple, regardless of the 
number of poles. The characteristic reverse bends 27 22 
of its face conductors are shown in Fig. 5. The pi, & Wave Winding 
Characteristic form of the coils is represented in Fig. 8. 

Conditions for Wave Winding. — The conditions to be fulfilled im 
laying out a series-drum winding are expressed in the formula 
Z -22:2 5b, 
Where 


Z = total number of coil-sides or bars, 

$ = number of poles, 

$ average pitch of end connections, 

$ = total number of slots, 

b = number of coil-sides or bars per slot. 


The total number of coil-sides (Z) is double the number of coils and must also 
be a multiple of the number of slots. In the formula + 2 is preferable to — 2, 


85 the positive sign gives shorter end connections. 

The average pitch z may be odd or even. If it is odd the front and back 
pitches are both equal to z. If it is even the front and back pitches must be 
(1-1) and (s+1). For a wire winding the back pitch must be one greater 
than a multiple of the coil-sides per slot b in order to fit the coils into the slots 
in groups. 

The total number of slots (s) is very much restricted and is intimately con- 
nected with the number of poles unless the expedient of using a dead coil is used 
(see below). 

The bars or coil-sides per slot b must be even and cannot be 4 or 8 in a four- 
pole machine and cannot be 6 or 12 in a six-pole machine, unless a dead coil 
is used. 

Use of Dead Coils. — By leaving one of the coils dead or out of circuit, 
à greater choice of slots and conductors is available. Four coil-sides per slot 
for 4 poles and 6 coil-sides for six poles may then be employed. In general 
$X b may be any number divisible by the number of poles. The formula is then 


Z-$2—2 5b —2. 


Two bars or one coil are not connected in at all and the number of commutator 

segments is equal to the number of active coils or one less than the total coils. 
The total number of active coils is Z/2. 

Usual Arrangements for 4- and 6-pole machines with no dead coil are: 

Four Poles, — For b = 6, then z may be 1, 7, 13, etc., and usual values ful- 

filling all conditions are s = 17, 2x, 25, 29, 33, etc. For b = ro, then s may be 


I, I1, 21, etc., and s may be r9, 23, 27, 31, etc. 
Six Poles, — For b = 4, then s may be 1, 5, 9, etc., and s may be 26, 32, 38, 


44, etc. 
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Multiplex: Wave Windings. — It sometimes becomes desirable ta prevides 
winding which has. more than two circuits in multiple: but not as; many as the 
number of poles. In such a case a multiplex wave winding would be: selected. 
These are windings in which. the circuit passes completely. around the armature 
more than once. If to do this we use two entirely separate electric circuits: we 
have a duplex doubly reéntrant winding, denoted by the symbol O ©. If, on the 
other hand, the winding closes on itself, after passing twice around the armature 
we have a duplex singly reéntrant winding, denoted by the symbol Q. 
These types of windings are sometimes used when it is desired to have a num- 
ber: of circuits in parallel different from the number of poles. Thus we may 
have a six-pole machine with four circuits in multiple which. with a given 
number of inductors would give a greater voltage than a multiple-drum wind- 
ing and lesser voltage than a series drum. This would be a. duplex winding. 


Conditions for Multiplex Winding, — The. conden: are. impose by. 
the formula 


Z —$z252m = sb, 


where the symbols have the same meaning as before and m is the number of 
multiple windings and 2 m the number of circuits in multiple. If m and z are 
prime to each other we have a singly reéntrant winding, The greatest common 
factor of m and z gives the number of times the winding reénters or in other 
words the number of independent windings. | 
The multiplicity and complexity may be carried to a very extreme limit. 
(See under Armature Windings in any standard textbook.) These multiplex 
windings are hardly ever used in the United States and England and only 
. @ecasional ly: in. Germany and France. 


ARMATURE REACTION (OR ARMATURE INTERFERENCE). — 
The armature reaction of a d-c. machine has a very important influence on the 
commutation and regulation of both generators and motors. It is the effect. 
of the magnetomotive force of the current in the : armature conductors ou the. 
magnetic field set up by, the field coils. 

Separate Fluxes by Field and Armature Currents. — When current flowsi 
in the field coils and no current flows in the armature, a flux is set up following 
a path directly across the armature from pole to pole.as.in.Fig. 9. Oa theothet. 
hand when current flows in the armature and there is no current in the field. 
flux is set. up in the armature across.the axis, of the. poles, as. in. Eig. 10.. 


Fig. 9. Field Flux | Fig. 10 Armature Flux Fig. 1 11. Distorted Flux 


Resultant Flux..— As a result of this action the flux is shifted around_so-that 
one tip of each pole Has its density increased’ and one tip has the density de- 
creased as in Fig. lY. If the brushes are at the geometrical neutral they are no- 
longer on an axis at right angles to the flux; that is, they are no longer. at the 
neutral point: with respect: to- the resultant! flux: : With. tHe: Brustes`in this 
positiem the coil: underneath: a hruslris cutting flux'and generating a voltage, 
whichis shosrbtcirouitet by the brush and causes sparking. The brushes- must, 
therefore, be moved a small angle im: the:direction. of rotation-in-a generator (in: 
the oppositedirectioniin:a. motor). untibthey. are othe neutravaxis. Fhe shift 
of the brushes aggravates the conditions, but nevertheless, unless the armaturë 
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strength is too preat, a position can be found in which a brush sbort-cirouits a 
coil that is in the real neutral position and is inactive. . 

Relations Shown Vectorally. — In Fig. 12 F1 and 41 are the m.m.£'s. of the 
feld and armature with the brushes on the geometrical or apparent neutral axis. 
Ri is the resultant of these. The brushes which are in line with 41 are not at 
right angles to Ry. If the brushes are moved to an axis at right angles to Ri as 
at As then the resultant becomes A» and the desired conditions have not been 
attained. By moving the brushes still further to As giving the resultant Rs 
we are able to geb Rs and 43 at right angles to each other. The stronger the 
armature flux as compared to the field flux the greater will be the angle through 


Which the brushes must be moved. 


Ri RR, A; ASA, 
Ato a 
R A Sin @ Doc 


Fig. 12. . Vector Relations of M.M.F.'s Fig. 12 Demagnetizing and Cross- 
magnetizing Turns 


When the brushes are moved through an angle œ to the position As there is 
pne component of the armature m.m.f., A sin o, directly opposed to the field 
m.m. Another component, A cos a, is at right angles to the field m.m.f. This 
is better understood by a reference to Fig. 13. 

Demagnetizing Action and Cross-magnetizing Action. — Let tbe move- 
ment of the brush from A: to Ag be represented in Fig. 13 by the movement from 
Ü to B, or through the angle a. Then the conductors in the angle 2 œ, between 
A and B and between C and D, carry currents whose m.m.f. directly opposes the 
magnetic strength of the field coils; these are known as back or demagnetizing 
conductors. The remainder of the armature conductors, in A-C and B-D, 
carry currents which give a m.m.f. at right angles to the field and cause a dis- 
tortion of the lux; these are known as cross-magnetizing conductors. 

It should be noted that while all the conductors in the sections A-B and C-D 
subtending an angle 4 æ constitute back ampere-turns, these are opposed to the 
strength of two poles. When we come to our quantitative treatment in which 
our unit of design is a pole we make use of the turns of 2 æ as the back ampere- 
turns per pole. | 

Effect of Interpoles on Armature Reaction. — The demagnetizing effect 
of armature reaction may be almost entirely overcome by placing the brushes 
in the neutral axis O-O. To prevent sparking under these conditions inter- 
poles must be used. The use of interpoles does not in itself prevent armature 
reaction, but makes possible sparkless commutation when the brushes are set 
in such a position as to reduce armature demagnetization to a minimum. 


ARMATURE INDUCTANCE. — Each coil of the armature carries a 
current flowing in one direction as it travels from a positive brush to a negative 
brush and in the opposite direction as the coil travels from a negative to a posi- 
tive brush. Thus the direction of the current in each coil reverses during 
the time the commutator bars to which the coil is connected pass under the 
brush. To reverse the current in any circuit it is necessary to take eut the 
energy stored up in the form of magnetic flax kmkod with the circuit, and put 
back an equal amount represented by a flux.ia the opposite direction. In doing 
this there is induced in the circuit a voltage which is proportional to the timg 
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rate of change of the flux and which opposes any change in the value of the 
current. This voltage is the e.m.f. of self-inductance of the coil. 


Methods of Improving Commutation. — To minimize the voltage of self- 


inductance it is necessary to keep the number of ampere-turns in each coil as 
low as possible and to cause the reversal to take place as slowly as possible. It 
is possible to neutralize the voltage of self-inductance by introducing an opposing 


voltage, which is accomplished in practical machines by giving the brushes a 
forward lead or by using interpoles. 


Forward Lead of Brushes.— The brushes are movéd in the direction 
of rotation in a generator (opposite direction in a motor) away from the true 
neutral until the coil undergoing reversal is moving in a flux coming from an 
adjacent pole tip of such a density that it induces by rotation in that particular 
coil a voltage that opposes and neutralizes the voltage of self-inductance. 


Effect of Interpoles on Commutation. — Interpoles or commutating 
poles are placed between the main poles over the neutral space. "These poles 
are excited by the load current until they give a flux of the proper direction and 


value to induce the desired neutralizing voltage. (See also above under Arma- 
ture Reaction.) 


Increasing Resistance in Path of Short-circuit Current also aids 
commutation. This changes the time constant of this circuit, that is, some of 
the stored energy of the magnetism is dissipated in 7?R loss in this resistance 
instead of in sparking at the brush. The usual method of accomplishing this 
is to use carbon brushes which have a higher resistance of contact than metal 
brushes. Another method is to introduce a high resistance in the connection 
between the winding and the commutator segment. 


DESIGN. — The steps in the systematic procedure i in the design of a d-c. 
machine of given voltage and power rating are given below. Simplex windings 
are assumed. 

1. Statement of problem. 
Suitable speed. 
Number of poles. 
Diameter and length of armature. 
Length of air gap. 
. Number and size of slots. 
. Total flux, preliminary. 
. Number of turns on armature, preliminary. 
. Armature reaction, ampere-turns. 
. Number of conductors per slot. 
. Form of armature winding. 
. Size of armature conductors. 
. Exact size of slots. 
. Armature resistance and heating. 
. Design of commutator and brushes. 
. Reactance voltage. 
. Exact value of flux. 
. Cross-section of magnetic path; usual flux densities. 
. Excitation; calculation of magnetic circuit. 
. Stability factor. 
. Armature reaction or interference. 
22. Field winding, series, shunt. 
23. Interpoles or commutating poles. 


The performance of the machine should then be calculated from the pre- 
liminary design to determine whether the design meets the imposed conditions 
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euh: and such modifications as are necessary should then be made. The steps in 
| calculating the performance are the calculations of: 
olg ds 24. Core-loss. 
MTS 25. Friction. 
uk, 26, Excitation loss. 
27. Armature circuit loss. 


pue 
ji, 28. Efficiency. 
29. Regulation. 
Wüc 9 Heating. 
gu: Symbols. The following notation is employed uniformly throughout 
icy  thisarticle; other symbols, and the same symbols with primes or subscripts, are 


jui; defined in the paragraphs in which they are used. 
"3 (AR) = armature reaction ampere-turns per pole. 
B= flux density in air gap, lines per sq. inch. 


P b= number of coil sides in series per slot. 

ait’ C = total field ampere-turns per pole. 

iy c= number of conductors per slot. 

: | D = outside diameter of armature, in inches. 

E E = terminal armature voltage. 

p ' e= reactance voltage of short-circuited coil. 

s f= n = frequency of voltage induced in armature. 


I = full-load line current, in amperes. 
L= length of. armature, in inches. 
m = number of parallel paths between brushes. 
| N = revolutions per minute. 
I5 P = power output in kilowatts in case of generator; input in case of motor. 
z p= number of poles. 
(P = permeance of local magnetic path of short-circuited coil. 
q = cross-section of one armature conductor, in square inches. 
Ra = effective resistance of armature between brushes, in ohms. 


Z : . 
NES ei number of turns in series between brushes. 


s= total number of slots. 

V = peripheral velocity of armature in feet per minute. 
Ve = peripheral velocity of commutator in feet per minute. 
Z = total number of coil sides. 


| 2r ; = average pitch of end connections. 


y= leakage coefficient. 


p= Ioa. pole pitch is the arc from pole center to center of adja- 
pole pitch cent pole, measured at air gap; pole arc is the arc 
covered by the pole face. 
o = ampere-conductors per inch of armature periphery. 
$ = total useful flux per pole. 


I. Statement of Problem. — The rating in kilowatts or horse-power and 
the voltage are always given. The current and speed may or may not be given. 
The line current at full load is found as follows: 

1000 P ] 


For a generator I= 


746 X (Horse-powet) 
F a A e a VAR T Tm 
or a motor T E x (Efficiency) 
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"The proper efficiency to assume may be taken from the table of usual values 
given below in section 28. | | 
2. Suitable Speed (N). — Machines are classified in commercial practice idis 
as high speed, moderate speed and low speed. The proper speed for a machine ul S 
of a given size for each class is given in the curves in the section below on Cosi, “ste nu 


Zur work b 


Weight, and Speed. . | Hs 
3. Number of Poles (p) depends upon the size, speed and character of ix. 

the machine. There is, how- | T" 
ever, much variation depend- Uui 
ing upon specific conditions. . | | Number of poles id 
Reasonable arrangements are - E | iate] 
indicated in the accompanying | Kw. rating . V4 gg 
table. xi) 
4. Diameter and Length ] i 

of Armature are related by by 
the following formula: ES Ty 
a 
550 P X 10° 

2 = ———— a v. 
d 

Usual Values of the hier, 
Constants in the above for- | the 


mula are: 

Magnetic Density in Air Gap 
(B) has values from 40,000 lines per square inch in small machines, 55,000 
in medium and 70,000 in large machines. In general, the density in the air 
gap is taken the same as the density at the pole face. - | 

Amipere-Conductors per Inch of Periphery, or the Specific Loading (o) is the 
product of the total conductors around the armature times the current in each, 
divided by the periphery of the armature. ‘The usual values for o are given in 
accompanying table. 

Ratio of Pole Arc to Pole Pitch (p) 
varies from 0.6 to 0.85 with an aver- 
age value of o.7. | 


Determination of D and L. 
— Having found D?L the two factors | dor con For in- 
may be separated by two methods. | iindaus 
Assuming a square pole face (a desir- rating 
able proportion for economy of arma- 


c-amp.-cond. per 
anch of periphery 


ermit- x 
fent 


ture and field copper), then S 
L- mea, 
P 


and substituting in D*L we can solve 
for D. l pe 
Another method of determining separate values fpr D amd L is by a considera- 
tion of the peripheral speed. The peripheral speed is fairly uniform jn d-c. 
machines, having values of from 3000 to 5000 feet per minute. Assume an S 
average value near 4000. "The diameter of armature is given by the formula i 
(Peripheral speed) X 12- * 
Ds 
TN 


s. Length of Air Gap in inches for a given diameter has a value given — : 
approximately by the table im the next paragraph. This gives a good value 
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for preliminary work but it may be found advisable to change it later in the 
design. 

6. Number and Size of Armature Slots. — A oven approximation to 
practice gives the number of slots ; 
as four times the diameter in inches. Deb 
General practice is shown in thef ',. i No. of "is 
table ; à Sici of slots, 

1. Total Flux in the Armature 
($) is fixed by the assumed gap 
density B and the length L and 
diameter D of the armature: 

soLDB 

? p, 


& Number of Turns in Series 
(S) between brushes is 


9. Armature Reaction EE per Pole are 
IS 
(AR) s 7. 
(AR) n 


The armatuye reaction ampere-turns per pole (AR) should not exceed certain 
values and should properly check as explained in the accompanying table, 

H the (4R) comes out higher than, advisable it 
is reduced by increasing the value of the flux by, 
increasing either B, L or D. 

10. Number of Conductors per Stot (c). — If 
3 is the total number of slots on the. armature, the 
fiat number of conductors per slot (c) must 

lilt two qonditions which are sometimes antag- 
onistic and therefore the solution, ix a compromise. 


For a multiple-drum winding: 
tga TAD and ix te. 
Is $ 
For a seziesdpum winding: 
2 TOD E 4S 
ves Is apos gem rj 


c must be an even number and give a number of conductors which can be 
conveniently arraaged, in. a, slot. having a depth of from 3 to 4 times its width. 
lf c comes out very, large for a multiple wiading-we then choose a series winding. 

It, Form of Armature Winding (for general discussion of fogms of wind- 
ings see above). 

Multiple-drum Winding, — If the number of conductors; per slot (c) 
indicates the desirability of a multiple-drum winding, we choose an arrangement 
having an even number of coil sides per slot and assume the conductors per slot 
at a value the nearest multiple of the coil sides per slot, thus grouping the con- 
ductors into coils. 

Serieg-drum, Winding, ~- If a series-drum winding is sedigated: 

For a four-pole machine cheese a number of condueters. pem slot (c) divisible 
by 6 and a number of slots (s) in the series 29, 33, 37, etc., endeavorihg to obtain 


ke.r 
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[^] r i " : : x [ 
that value of = that comes nearest to our preliminary value of S, the number = tei 
of turns in series between brushes. Or for a four-pole machine choose a number 
of conductors divisible by 10 and a number of slots in the series 27, 31, 35, that 

c PER 
gives a value of ~ the nearest the preliminary value of S. " 
Sunt ss 


For a six-pole machine choose a value of c divisible by 4 and a number of 
slots (s) in the series 26, 32, 38, that gives a value of 4 nearest the desired value 


of S. ! 
The preceding values of s give the best winding arrangement but there are "tpi 
other combinations giving unequal front and back pitches and longer connections. ‘Satay 
Revised Value of Turns in Series (S). — Having chosen arbitrarily — 
values for s and c to fit the form of winding desired we must revise our preliminary `h 
assumption for the turns in series, S, to accord with the actual winding. Thus 


for a multiple drum S = r and for a series drum S = £. ! 


12. Size of Armature Conductors.— The current in each conductor is equal 

to the line current J divided by the number of poles in a multiple-drum winding, 
and to I/2 in a series-drum winding of the simple type. The cross-section of PT 
each conductor is equal to the current per conductor divided by the allowable 
. amperes per square inch, which varies from 
3000 in small machines and 2000 in interme- 
diate size machines to 1500 in large machines. 


I3. Exact Size of Slots, Slot Factor. — 
'The total number of slots is definitely set by 
the style of winding. The maximum allow- 
able depth depends upon the diameter of 
the armature. The width of each slot 
should be from 0.4 to 0.6 of the pitch of the 
slots, which is the quotient of the periphery 
of the armature divided by the number of 
slots. The ratio of the total cross-section 
of copper in a slot to the cross-section of the 
slot is known as the slot factor and has more 
or less consistent values. A 

The actual dimensions of the slots are found by adding to the width and depth ds 
of the cotton covered conductors, suitably arranged, an allowance for the coil 
and slot insulation. The allowances in the accompanying table are for voltages 
of 5oo and less. 


` Slot factor Nig 


For 125 | For 500 
volts volts 


Allowance for coil 


No. of bars| and siot insulation, 
or coil- i 


sides per 
slot 


Type of slot 


Partly closed 
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14. Armature Resistance and Heating.—-The mean length of tum is 
obtained from a drawing or is roughly estimated as 


10D 
l=2 L4 —— > 
p 


The equivalent resistance of the armature from brush to brush is 


0.0093 S} 
- 12,000 gm 


The voltage drop in the armature is Ral. 

The loss in armature copper is RaJ?. 

l The rise in temperature of the copper in ° C. is given approximately for pre- 

iit’, liminary purposes by 

riu 100 Ral? 
^s Los T 

1 (a+) is 

where | 


a = width of coils in slot, in inches. 
b = depth of coils in slot, in inches. 


Es 15. Design of Commutator and Brushes. — The diameter of the com- 
M mutator must be less than the diameter of the armature. "The peripheral speed 
L^. Should be about 3000 feet per minute and should not exceed 4000 unless a special 

construction is used. The number of segments should be such that the average 
it volts per bar should be less than 15. 


# Volt b (Rated voltage) X (Poles). 
elo aaa Number of segments 
" 


To avoid a weak construction the pitch of segments should not be less than 
ad o20inch. Of this amount about 30 mils is occupied by insulation. 

Dimensions of Brushes. — The width of the brushes is limited by the 
number of commutator segments which it is permissible to cover and the width 
of these segments. The number of segments covered is limited by the reactance 
voltage, as explained below. In general, the width of the brushes is from 2 to 
3 times the pitch of segments. The area of the brush surface is such as to allow 
from 40 to 50 amperes per square inch of brush contact surface at full load. 
9 This surface is distributed equally over a number of studs equal to one-half the 
^| number of poles with a multiple-wound armature and may be all on one stud 
{or disposed at pleasure with a series-wound armature. 

5 Total Length of Commutator. — The total length of brushes per stud 
or the active length of the commutator is 


l= 2 X (Total brush surface) 
° (Width of brushes) X (No. of studs) 


The total length of commutator is greater than this by about 0.5 inch to 
allow for clearances between brushes and at the ends. It is also customary to 
allow an extra space at the end of the commutator for insulation to prevent 
creepage. Commutators in general have a gross superficial area of from 0.67 to 
1.0 square inch per ampere of total current. 

Resistance of Brushes and Brush Contact is a variable quantity. 
Some designers allow 2 volts total drop in positive and negative brushes under 
all conditions of load. | 


| 
} 
! 
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— Awother method is to use the values fét the resistance pet squnte Bach ofeach mra 


ah 


' brush and brush contact as given in the accotapanying table. di 
- "tui 
Res. of each brush, ohm | Bn 
Peripheral Ši 
| speed, ft. 
per min. f xim 
per sq. in. | per s. in. | per sq. in. um» 
pu 
y ! 
Friction of Brushes on Commutator. — The value of this loss is “i 
E (No. of brushes) X (Pressure per brush) X Ve Xk ^ 
Friction in watts = , 


45 
where ; i 


Ve. æ aea a of oomimutetbr, feet per minute. 
k = coefficient of friction = 0.2 to 0.3. 


“The usual value of pressure on the brushes is from 1.5 to e nni per square 
inch of contact surface. , » 
Rise in Tetmpet&ture of Commetator is | | 
(Brush Y?R) + (Brush friction) ! 


T «t 
x Surface of commutator 


where / has thë value indicated in the accompanying table; tis the tempera- 
ture tise in °C. fot a total commautator loss 
of t watt per sq. in. 


Fig. 14. Slot Diagram 


I6. Reactance Voltage. — The permeunce of the local magnetic path sut- 
rounding each coil i is 


@ -f tg BSN ato 


where the distances, expressed in inches (see Fig. 14), are as follows: 
A = from top of upper conductor to bottom of fower, 
` Be fronti top of upper conductor to a eS 
Ç = width of booth at face, — 
D = pitch of slots at surface, 


de 
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E= mean width of wedge portion of slot, 
F = width of slot proper, 
h = length of embedded portion of & coil side, 
h= length of free portion of coil side. 
The coefficient 0.1 for h allows for the fact that the flux surrounding the end 
connections isabout one-tenth as great as that tt the embedded portion of the coil. 
The flux set up by each ampere flowing per coil is 3.2 (9 C, where C is thenumber 
of conductors undergoing commutation simultaneously. 


(Brush width) x k 


z ir eoil 
(Turns per coil) X Segment pitch 


If the brush covers two segments there are 2 coils undergoing commutation 
at that brush and 2 under the brush of opposite polarity. All these coils will 
have conductors lying in the same slot if the windings have full or normal pitch. 


Hence $ « 2, for full pitch, less for other pitches. 
The inductance of a short-circuited coil is 
Le — 3.2 (PCI X 107? henries, 
Where 
= turns in series short-circuited by the brush 


= ke X (turns per coil) 
h= 1 for ali multiple drum-windings 
» number of poles i in series in armature for series drum-windings, 


The reactance voltage is then 


e = 2Tfelelo 
where 


I Tm 
Ig= = “ corrent per circuit, 
f commutati E a s 
Jue ae o on * T20 X (Brush width in inches) 
Ve = peripheral speed of commutator, feet per minute. 


17. Exact Value of Flux Leakage Coefficient (v). — The exact number 
0f turns was determined under Form of Armature 
Winding, section xz, above. The useful flux in the 
armature must then be 

_(E+Ral) X 16 


P= MS. | 
The flux in the pole or magnet core and the field 2.5 
yoke is gréater than this, due to the leakage be- 5 


tween poles. The ratio of the flux in the field to IO 
that in the armature is knowr as the leakage co- 25 
eficient. It may be easily determined for each 50° 
particular machine by the method given in the | 100 
article on Generators, Alternating-Current; or if | - 500 
ample margin in the strength of field is always 
allowed it may be assumed without great error. 

18. Cross-Section of Magnetic Path.—- Usual Flux Densities. — 
Usual magnetic densities for determining the propertions of the magnetic circuit 
are given in the accompanying table. A « a 
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Material - Eos = sq. 


Field yoke Steel 70,000-I100,000 


Field yoke Cast iron 35,000- 70,000 
Pole core Steel 70,000-100,000 
Air gap Air 40,000- 70,000 
Armature teeth | Steel laminations | 90,000-125,000 
Armature core Steel laminations 60,000- 90,000 


The proper cross-section of each part is found by dividing the flux in that part 
by an assumed density. (See also following paragraph.) In most cases one 
dimension, as the length along the shaft, is known and the other is thus fixed. 


19. Excitation. — Calculation of Magnetic Circuit. — It is advisable to 
calculate the densities and excitation for a value of flux corresponding to E + Rel 
at the speed at full load, as this is the most important condition. It is common 


practice to assume a loss of voltage of 5 per cent at full load instead of accurately 
predetermining the value. | 


Values of Flux in Different Parts of Magnetic Circuit. — In the ar- 
mature teeth and air gap the total flux is equal to the calculated value of the use- 
ful flux. In the armature core the flux divides and we have one-half the useful 
flux in each branch. The field flux or flux in pole cores is greater than the 
useful flux and is equal to the useful flux multiplied by the leakage coefficient 


(v). (See section 17.) In the yoke the flux divides and each branch contains 
one-half as much as the pole core. 


Ampere-Turns. — The number of ampere-turns required for excitation 
is best calculated by the assistance of a tabulation like the following, in which 
the symbols refer to the dimensions shown in Fig. 15. 


I 2 3 4 | 5 6 7 
No load 
: Amp.- | | 

Cross-Sec- Flux Length | amp.- 

Put SIME tion density Mitos of path turns 
PME per pole 

v 

Field yoke.... $ de "5 sae [auena A  - Seeeate 

Pole core...... vd |o.58s5/!orfb | ....... "T G- dues 

Air gap.....:.. $ó Lp | ...... 0.313 B EC doo 

Arm. teeth.... (o Tig l; "IPIS "Pr a | eee 

Arm. core..... £ Mi "d usuras E oU us 


Net ampere-turns for flux: ..... 


The dimensions in column 3 can be taken directly from a sketch similar to 
Fig. 15. If the pole is circular its area is 0.785 f? and if it is square its cross- 
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section is fb. The length of pole shoe Lp is usually about o.5 inch less than Z, 
the length of armature core. 

The effective cross-section of the armature teeth is found as follows: At any 
given time only a portion of the teeth are carrying flux. These are known as 
the teeth under one pole, T, and are slightly greater than those actually under 
the pole, on account of the 
tendency of the flux to spread. 


Tatt? 


9 


where a = pole arc, g = length 
of gap, #1 = pitch of slots at 
face. 

The effective or equivalent 
cross-section of the teeth is 
not that which gives the aver- 
age density but that which 
gives the mean excitation re- 
quired and is 


(a+ 2h) 


Hj = bol. 


Fig. 15. Dimensions of Magnetic Circuit 


The factor J; is introduced to give the effective length of iron, excluding that 
space occupied by the insulation between laminations. 


l; = 0.9 X (L — space of air ducts). 


Thus the equivalent cross-section of armature teeth = T b /;. 

Column 4 is the flux (column 2) divided by the cross-section (column 3). 

Column 5 contains the ampere-turns per inch which are to be taken from 
saturation curves for the respective materials as given in the article on Magnetic 
Properties of Iron. The magnetizing force for a one-inch gap is always 
0.313 B. l ; 

Column 6 gives the lengths of the respective paths as shown on Fig. 15. 

Column 7 contains the ampere-turns required for each part of the path and 
is obtained by multiplying the values in column 5 by the respective lengths in 
column 6. The sum of all values in column 7 is the excitation in ampere-turns 
required on each pole of the field to establish the necessary flux in the machine. 
With no current flowing in the armature this would give a voltage about 5 per 
cent greater than the rated voltage of the machine. See section 21 below for 
compensation for armature reaction. 

20. Stability Factor. — It is necessary at this point in the design to check 
the relations to see if the machine is liable to be unstable or require an excessive 
shift of the brushes. If interpoles are to be used this is not important, but if 
interpoles are not to be used certain conditions must be fulfilled. The criterion 
of these conditions is the "stability factor" which is the quotient of the field 
ampere-turns required for gap and teeth divided by the armature ampere- 
turns beneath the pole. 

The ampere-turns beneath the pole are equal to 


(Armature reaction ampere-turns) X (Pole arc) . 
Pole pitch 
The conditions to be filled are that at maximum current in the armature the 


armature ampere-turns beneath the pole shall not exceed the field ampere-turns 
required for gap and teeth. This is covered by the custom of making the stability 
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factor at full load kave a value: of from r. 3 to 1.5 in generators and I. i to 3 in 
motors. 

2x. Armature Reaction or Interference. — The current in the armature 
conductors sets up a magnetomotive force which ieacts on the magnetomotive 
force of the field coils and prevents them from setting up as much flux as when 
there is no current in the armature. It is, therefore, necessary to have the field 
strength at any load greater than at no lead by an amount sufficient to over- 
come or neutralize the armature reaction, or to provide special auxiliary poles 
for the purpose. There are four methods of estimating the effect of armature 
interference and overcoming it. | 

(a) It is common practice in the manufacture of d-c. machines fo provide a 
field coil of such ample capacity that it is sure to be more thar sufficient to 
overcome armature interference and set up the flux desired. This field is then 
adjusted in practice by putting an adjustable resistance in series with the shunt 
field and a suitable resistance in multiple with the series field. For this practice 
it is usual to provide a total number of field ampere-turns per pole (C) equal to 
the net ampere-turns per pole at full load required for flux, as calculated under 
item No. 19, plus a number of field ampere-turns equal to 40 per cent of the 

armature reaction ampere-turns as calculated under item No. 9. 
(b) The effect of armature reaction is divided into back ampere-turns and 


cross ampere-turns. The excitation ampere-turns to overcome the back ampere- 
turns (caused by shifting the brushes) is 


Me (Armature reaction) x (Brush shift in Senta XP. 
Total commutator segments 


The excitation to overcome the effect of the cross ampere-turns depends upon 
many variables but in machines designed in accordance with standard practice 
it bears a fairly uniform relation to the cross ampere-turns, depending upon the 
value of the ampere-turns in gap and teeth, as follows: 


Cross ampere-turns = (armature reaction ampere-turns) — Pace ampere- 
turns). 


Field amipere-turns to compensate for cross ampere-turns is xen B' = 
(cross ampere-turns). 


Where K has values as shown in Fig. 16 (given by Cramp, see Bibliography). 


KX 


Thus the total field ampere-turns at full 
pu is then equal to 


[ 
= (Net ampere-turns for flux, section 19) & 
4 A' 4- B'. 


(c) It is possible by working with the 
saturation curve of the machine to actually 
determine the effect of the cross ampere- 
turns on the saturation in the teeth and 
pole face. This method is too elaborate i 
and complicated to be discussed here and x 9 
is of more value for educational than for 
practical purposes. It is discussed very 
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fully in the books by S. P. Thompson and 


„Amp. Turus per Pole for 
E. Arnold (see Bibliography, below). B Gap and Teeth 
(d) Interpoles may be used as described Fig. 16. Constant for Cross 
in section 23. Ampere-turns 


Excitation for Various Loads.— At no load the excitation required 
would be only that necessary to produce a flux corresponding to the rated 


terminal voltage. 


At any load corresponding to a current J the excitation in 
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ampere-turns must be equal to the sum of: (x) that required to produce a flux 
corresponding to E + RI, where & is the total resistance of the armature between 
brushes, the brush resistance and the resistance of the series field; (2) that 
required to overcome the back ampere-turns caused by J, and (3) that required 
to overcome the cross ampere-turns due to 7. The process of calculation 
indicated in sections 19, 20 and 21 for full-load conditions is, therefore, repeated 
for other load conditions. 
22. Field Winding. — If the machine has a series field this should be laid 
_ out fist, since the shunt-field coils are sometimes placed outside of, and concentric 
with, the series-field coils. 

Series Field. — For a compound-wound machine the ampere-turns 
required in the series field are equal to the difference between the full-load 
ampere-turns and the no-load ampere-turns. .As it is usual to shunt about 
25 per cent of the current through a shunt resistance the number of series turns 
per pole for each coil is 

` Ampere-turns requ required. 


TO. 75 X Load current 


The cross-section of each turn in square inches is taken equal to the full-load 
current divided by 1000. 

This winding is usually wound in copper strap like a ribbon, the width being 
equal to the total length of field spool if it is wound under the shunt winding, 
or is arbitrarily chosen if the two coils are placed side by side. The thickness 
of each turn is the quotient of the cross-section divided by the width. 

The coils are wound with an extra odd half turn to facilitate connection. 
Thus the depth of winding is 

(Thickness + 0.016 for insulation) (h + 1). 


Allowance for a layer of insulation inside and outside adds about 0.375 inch 
to the depth of winding. 
The mean length of turn Jy’ is (see Fig. 15): 
For square pole Jy’ = (periphery of pole) + 4 (depth of winding). 
For found pole} =a {f+ depth of winding). 
The resistance is 
. 0.0093 ar 
^ I2,000g 


where q is the cross-section of a turn. 
The total drop in voltage in the series field is 0.75 ri which should be between 


0.5 per cent and 1 per cent of the rated voltage. 

Shunt Field. — The shunt field is required to give a certain R of 
ampere-turns, usually equal to the no-load ampere-turns. ‘Let this number of 
ampere-turns per pole be F. At tooo amperes per square inch the cross-section 
of copper in a coil would be F/1ooo. ‘The total cross-section of the coil, including 
insulation, is determined by means of the space factor /'. Then the cross-section 


of the coil = Te where f’ has a value of 0.5 if No. 18 B. & S. wire is used, 


0.55 for No. 12, 0.60 for No. 6, and from o.6 to o.8 where copper ribbon is 
used. Where very small wires are used f’ becomes as small as 0.25 (see arti- 
de on Electromagnet Windings). 

The depth of winding will be 


ya 
1000 f a 
Where i “gq = length of coil (see Fig. 17). 
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The superficial area will be (see Fig. 17) A2 = 2 (f+ b + 4 b2)c2. N: Ds 

The rise in temperature in ° C. of the coil will be from 60° to 80° per watt per Vt: 
square inch of 4»; thus for 40? rise on the spool the watts (wz) per spool should = iu 
be from o.5 Asto 0.6 Az depending ; 
upon the ventilating effect of the P 


armature. Zu 
Voltage per spool under normal 


SS WSS 


WE 


conditions, allowing 25 per centto G 7 ^ ier 
spare for rheostat, will be " ^e: "zx 
o.75 E Fig. 17. Dimensions of Field Coils n 

a= ty 
. . iny 
Current in shunt field = 7 = = E En 
Turns per spool = k = 2 uc 
Mean length of turn, in in. =}f = 2 (f +b +202) or =r (f + b). b 
Resistance per spool = 72 = 3 . | "n 
Cross-section of conductor in sq. in. = n 
0.0093 ly ba A 

CS... Vs 
12,000 f ug 


The size of wire having a cross-section as nearly equal to gz as possible is 
chosen and arranged in layers. Single cotton-covered wire is used. Thenumbe *: 
of turns per layer is found by dividing cz: by the outside diameter of the single — 
cotton-covered wire. “nl, 

Certain allowances must be made for the thickness of the spool and of the `; 
collars or flanges. Sy 

After these details of arrangement are settled it is advisable to recalculate ~, 
the mean length of turn, the resistance, and the heating to be sure that the — -., 
practical details have not interfered with the preliminary assumptions of watts — :. 
per square inch. | 

23. Interpoles or Commutating Poles are used where either the armature... 
reaction or the reactance voltage is very great. If the armature reaction at 
full load is greater than 80 per cent of the field ampere-turns at no load, then 
interpoles should be considered. If the reactance voltage is greater than 2.5 
volts, interpoles should be considered. N 

The design of the interpoles may be roughly made in accordance with the — * 
practice in some of the large companies by making its width equal to the width — * 
of two slots and two teeth, and proportioning the winding to have 1.4 times as — * 
many ampere-turns as the armature reaction ampere-turns (AR). The axial — 4 
length of the pole is frequently less than that of the armature, the gap density — 
should be about 40,000 and the iron or steel of the pole should not be saturated : 
when 1.5 times the full-load current is flowing through its windings. " 

In practice a shunt having inductance is connected across the terminals of i 
the interpole winding and adjusted for sparkless commutation. When the \ 
interpoles are used on a compound-wound generator it is possible to decrease V 
the strength of the series coils to such a value as will produce the proper flux for ` 
the desired E+rZ, letting the interpoles take care of the armature reaction. — '} 

Series coils having 20 per cent as many ampere-turns as the armature will be 
satisfactory. | 


- rr 
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Exact Design of Interpoles. — A more exact method starts with the 
value of the reactance voltage, e, and an assumed density in the air gap of 


Bi» 40,000. The axial length of the interpole is then 
108 IO Xe e 


l= kBi va Da 


where 
v4 = the peripheral velocity of armature in inches per second, 
k = number of inductors in series in short-circuited coil = 2 ¢ (see formula 
for reactance voltage, section 16). 


The width (a) of pole at face is made equal to or a little greater than twice 
the pitch of armature slots. The flux per pole in gap is $1 = Bilia. 
The leakage coefficient is higher for interpoles than for the main poles and is 


in the neighborhood of 1.6 to 1.8. 
The magnetic density is kept low in the pole core so that there will be margin 


for overload. 

The necessary exciting ampere-turns to force this flux through the gap and 
to take care of the leakage and increased densities i in the field and armature core 
are calculated. Let this value be A”. 

Let the armature reaction ampere-turns per pole be B". 

Then the total ampere-turns on the interpoles should be A” + B”. 

The number of turns per pole is (4" + B") divided by the full-load current 


of the machine, and the winding itself is laid out in the manner employed in 
laying out the series field. 


PREDETERMINATION OF PERFORMANCE FROM DESIGN. — 
The steps involved in predetermining what will be the performance of a given 
design are the following: 

24. Core-Loss, — The core-loss uais of hysteresis and eddy current losses 
in the armature teeth and core. It is best calculated by taking from the curves 
in the article on Magnetic Properties of Iron the hysteresis loss per cubic inch 
at one cycle per second for the proper density and the eddy loss per cubic inch 
at one cycle per second for the proper density and thickness of sheet. These 
values are substituted in the following formulæ. 


Total loss in core = VeCaf+ VeCef, 

Total loss in teeth = V(C4f + Vile f’, 
where 

Vcand V; = volume in cubic inches of core and teeth respectively, 

CA = constant from hysteresis loss curve for proper density, 

Ce= constant from eddy loss curve for proper density, and thickness of sheet. 

J = frequency. 
A rough value for V, and Vz cau be conveniently obtained from the values 
in the table for the calculation of the excitation, section 19. Then 


y = pX (area path) X (length of path), 

= 2 f X (area path) X (length of path). 

The calculation of the core-loss is one of the most unreliable and unsatisfactory 
steps in the design, as the value calculated by theoretical principles has to be 
multiplied by a factor having a value between 1.5 and 3 to obtain the value of 
the core-loss that will be found in the finished machine, on account of the pulsa- 
tions of flux caused by the teeth. This factor is obtained in commercial practice 
from tests on machines similar to the one being designed. 

35. Friction and Windage can be calculated by formula for any particular 
line of similar machines but no method applicable in general can be given. 
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Machines are designed so that the value of the friction loss very closely approxi- 
mates those given in the table in section 28. The true friction varies directly 
as the speed, and the windage as the square of the speed. In shunt machines 
the speed does not change much with the load so this loss may be assumed con- 
stant in this class of machines (for series motors see article on that subject). 


Stray Power Loss. — This term is sometimes used to include both the 
core-loss. and friction and windage. 


26. Excitation Loss or RI? in Shunt Field. — Since in a self-excited 
machine the loss in the field rheostat is charged against the machine the total 
loss is equal to the terminal voltage multiplied by the current in the shunt field. 


The loss is usually constant and only subject to the arbitrary variations due to 
hand regulation. 


27. RI? Loss in Armature Circuit, including the brushes, series field and 
connections, varies as the square of the armature current, and, therefore, approxi- 
mately as the square of the load, and also irregularly to a small extent due to 
the variation of brush contact resistance with the value of the current. The 


temperature of the copper must also be considered. (See Resistance ond 
Conduclance.) 


28. Efficiency. — The efficiency is the ratio of the output to the sum of the 
output and alllosses. It is predetermined by estimating the value of each loss 
for the particular condition of load under consideration, as described in the 
preceding paragraphs. 

If P = the output in watts and the symbols A, B, C and D represent re- 


spectively the values in watts of the various losses described in sections 24, 
25, 26 and 27 for the load P, then 


10? x P . 
P+A+B+C+D 


The efficiency is a maximum for that load at which the variable loss D is equal 
to the sum of the constant losses A + B -- C. Hence the desirability of making 


the constant losses small in a machine which is to be operated most of the time 
‘at a small load. 


Usual Efficiencies and Losses, — An idea of a reasonable value for the 
efficiency of d-c. machines of various sizes and the distribution of the losses is 
given in the following table. It must be remembered that the efficiency of à 


machine of any given size may vary throughout a wide range depending upon 
the speed, weight and cost. 


. Per cent efficiency = 


Friction Ms 
(total) Excitation, | Core-loss, | Arm. RP, 
per cent per cent per cent per cent 


Efficiency, 
per cent 
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49. Regulation is not very important ín a d-c. generator as compounding 
provides a means of obtaining any desired voltage at full load. Most generators 
are designed with a series field which will give 15 per cent overcompounding at 
full load. If less compounding effect is desired a certain portion of the load 
current is shunted by the series field, which adjustment is made by trial. 

The inherent regulation of a shunt generator may be predetermined as follows: 
Let C (see section rọ) be the total excitation in ampere-turns per pole to 
give a voltage E at the terminals at full load. C is made up of the m.m.f. to 
produce flux for E+ RJ and the m.m.f. to overcome armature reaction. Let 
Ey be the voltage at no load for an excitation C as shown by the no-load satura- 


tion curve, Then 
Eo- E 


Per cent regulation = 100 m 


30. Heating.— The rise in temperature of the field coils was found in section 
22. The rise in temperature of the armature conductors was roughly checked 
in section 14, but it is necessary to determine more accurately the probable rise 
in temperature of the armature conductors as the heat due to the core-loss 
affects the rise in temperature of the armature windings. The following method 
given by Arnold takes into account all the variables in this complex problem and 
with a correct choice of constants gives very reliable results. 
The dimensions are as indicated in Fig. 18. 

The surface of the armature core itself is taken as the sum 
of the outer cylindrical surface, the two annular surfaces at 
the ends, and one-half of the annular surfaces in the air ducts. 
Only one-half the surface in the ducts is used since this surface 
is not as effective as the external surfaces. It is assumed 
that the energy dissipated by this surface consists of the cOre- Eig. 18. Radia ting 
loss and that portion of the armature Raf? which occurs in Surlaceoh Core 


the portion of the conductors embedded in the slots. 
A part of the heat due to Ral? in the conductors flows from the copper through 


the slot insulation to the iron, if the temperature of the copper is higher than 
that of the iron. Sometimes, however, at light loads for instance, the tempera- 
ture of the iron is greater than that of the copper and the flow of heat is reversed. 
This condition is taken care of in the following method. — . 

The remainder of the heat due to R47* is dissipated through the insulation on 
the end connections to the surrounding air which is in motion due to the peri- 
pheral speed of the armature. 

Power in watts dissipated by surface of armature core is 


Pı = core-loss + Ral? (27) , 


I= full-load current; Ra = resistance of armature winding; L = total length 


of core; J= mean length of armature turns. 
Effective radiating surface of armature core in square inches is 


Aie DL. ^ (D*— Dy) (2 4- d). 


D = outside diameter of armature (Fig. 15); D2 = inside diameter of armature; 


dz number of air ducts. 
Rise in temperature in * C. of armature core above air is 


Bod ros mur" TET S 
i toda Lo y UMEN ee mL 


ee 
— eee 


676 Generators, Direct-Current 


t= 30 for narrow, or high-speed armature; = 40 for long or slow-speed 
armature. 


Permeance of heat path from copper to iron through slot is 


where 


U, = perimeter of slot insulation; s = total number of slots; kı = 200 to 250; 
dı = thickness of insulation in slot; L = length of core. 


Heat power in watts transferred from copper to iron or vice versa is 


Q2 M (Tc— T3), 
where 


Tc = rise in temperature of copper above air 
Permeance of heat path from copper to air at end connections is 
Ud Z 
=~? 
Kad» + ks 

where 

U,- perimeter of end connection; J, = length of end connection; Z = total 
number of bars or coil sides; kz = 400 to 500; dz = thickness of insulation on end 
170 


connection; k3 ———————— ; 
, "I + 0.00025 V’ 


V = periphery speed of armature, feet per 
minute. 


Heat power in watts transferred from copper to air by end connections.is 
Q= NT. 
Total power of RI? in armature winding is 
P2= Qi +Q2=M (Tc— TO-- NT. 


Whence, by transposal, the temperature rise, in °C., of copper of conductor 
above surrounding air is 


P2+ MT; . 
M+N 
Explanation of Constants and Choice of Values: 

t is the rise in temperature per watt per square inch at the surface of the 
armature or the specific drop in thermal potential from iron to air. It is af- 
fected by the peripheral speed and by the length of the armature. 

kı is the drop in thermal potential per watt per square inch for slot insulation 
having a thickness of one inch. For any other thickness di, the drop is kidi.. 

ke is the drop in thermal potential per watt per square inch for insulation on 
end connections when the thickness is one inch, k»d» for any thickness ds. 

ks is the drop in thermal potential per watt per square inch between the sur- 
face of the insulation and the surrounding air. For stationary conditions 
kg = 170. As the peripheral velocity increases ks decreases . 

Usually four-coil sides are bound together in the slot but separate on leaving 
the slot. Hence the reason for using s and Z in the different equations. 


TESTING OF DIRECT-CURRENT MACHINES. — Direct-current 
machines are judged by four characteristics: efficiency. regulation, commu- 
tation and heating. It is necessary to subject a machine to actual full-load 
conditions to determine its heating and commutation and it is desirable to do so 
to determine the regulation, but the efficiency is determined more accurately by 
the *separate loss method" which does not involve loading the machine. 
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The customary tests on d-c. machines are: (see also Standardization Rules.) 

(1). Resistance measurements, cold and hot. (2). Saturation curve. (3). 
Core-loss and friction test. (4.) Load run for commutation and regulation. 
(5). Heat runs. (6). Compounding test. (7). Insulation test. 

I. Resistance Measurements — The first measurements are made when 
the machine is at the same temperature as the room, that is, after it has been 
idle from r2 to 24 hours depending upon its size. This is in order that the 
relation between the resistance and temperature may be accurately known. 
The resistance of the shunt-field, series-field and armature winding proper are 
measured. 

Resistance of Lap Winding. —In measuring the resistance of the 
armature winding it is preferable to measure between two diametrically opposite 
points of the commutator of a multiple-wound armature. The effective re- 
sistance of the armature is calculated from this by the formula 
/ 
R= S 


Where R’ = resistance measured as "m and » = number of poles. 

Resistance of Wave Winding. — In measuring two-circuit series-drum 
windings it is necessary to measure between two commutator segments separated 
by a distance equal to the periphery of the commutator divided by the number 
of poles. This will give the effective resistance of the armature. 

Brush Contact Resistance. — The resistance of the brushes and brush 
contact is calculated from data such as given in section 15 in the above section 
on Design; a measurement made with the actual circuit is not very satisfactory. 
However, it is sometimes the practice to measure the resistance of the entire 
armature circuit from brush to brush by the drop in potential method for several 
values of current, the armature being at rest. This is not accurate, however, 
as the resistance of brush contacts depends upon the speed. 

2. Saturation Curve. — The saturation curve is not of immediate interest 
in determining the quality of a machine but is more particularly of interest to 
the designing engineer. It is made by driving the armature at the proper 
speed and supplying current to the shunt fields from a separate source of poten-~ 
tial. As the current in the shunt field increases the 
potential generated by the armature varies and this is 
measured by a voltmeter. 

On account of the existence of the hysteresis loop É 
(see Magnetic Properties of Iron) it is necessary to in- » f 
crease the field current gradually and never to reduce 2 
the value at any step until the maximum value has 
been reached. The curve is plotted with volts as ordi- : 


nates, and field current or ampere turns as abscisse | 

and shows the typical knee curve of all saturation , Amperes, Field. 

curves, Different curves are obtained with increasing Fig. x Saturation 
urve 


and decreasing excitation as shown in Fig. 19. 

3. Core-Loss and Friction, or Stray Power. — These tests are made with 
the same arrangement as used in determining the saturation curve, and may be 
made at the same time. The machine to be tested is driven by a small motor 
having a capacity about ro per cent of the rating of the machine under test. 


All the losses and constants of this motor must be known. 
First the machine under test is driven at the desired speed w'th no current 


in the fields and the power taken by the driving motor noted. The mechanical 
output of the driving motor is calculated and this gives the friction loss of the 


large machine. 


| 
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Then the large machine js excited and the power to drive it is determined. 
This power represents the core-loss plus the friction loss. Deducting the 
friction loss already determined, the values of the core-loss for various values 
of excitation are found. See also Magnetic Properties of Iran. — 

The combined core-loss and friction loss constitute the stray power loss. 


4. Load Runs. — The machine is run and the excitation adjusted to give 
the proper voltage at no load. The load is then added and the terminal voltage 
noted. If Eo = voltage at no load and E = voltage at full load, the regulation 
R Eo- E — E 
a 

If the machine has not commutating poles it is necessary to make a pre- 
liminary test in order to set the brushes at that position which gives the best 
compromise in sparking at no load and full load. Commutation is judged by 
observing the action of the brushes at full load and 156 per cent load. The 
conclusions are a matter of judgment and experience, although degrees of 


sparking have been arbitrarily agreed upon and are represented in a chart or 
series of pictures. 


5. Heat Runs are made by operating the machine at full load for a period 
of time until the temperatures of the various parts that can be noted during 
operation have become constant. The greater the capacity of the machine the 
longer will be the time necessary. 


Dead-load and Pumping-back Methods. — . Heat runs may be made 
either by the “Dead Load" method in which a resistance load, such as a water- 
rheostat, is connected to the terminals and full rated load power is required to 
drive the machine; or by the Hopkinson or ‘“‘Pumping-back” method in which 
two machines having similar characteristics are run tagether, Qne acting as à 
generator to supply electrical power to the motor which in turn drives the first 
by means of a belt or similar mechanical connection. For this test a ‘“loss- 
supply” is required which may consist of a source of either electrical power or 
mechanical power. The amount of power required is from 10 to 20 per cent 
of the rating of one of the machines. The connections are shown in Fig. 20, 
for electrical loss supply and Fig. 21 for mechanical loss supply. 


CSO 


Fig. 20. Hopkinson Load Test, Electrical Fig. 31. Hopkinson Load Test, Mechan- 
Supply of Losses . ical Supply of Losses 


Electrical 
cr, Loss Supply 


Thermometer Readings. — During the heat run there are taken at 
stated periods, readings of thermometers which show the temperature of the 
frame, field coils; bearings and surrounding air. After the heat run the ther- 
mometers are placed on various parts of.the machine, the hulbs being protected 
from radiation by small pads of cotton, and the following temperatures are 
noted: 


Armature-core surface; Field coils; 
Armature-core ventilating ducts; Bearings; 
Armature conductors or windings: Frame; 
Commutator surface; | Room. 


Pole tips; 
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The resistance of all electrical circuits should be measured and the average 
, temperature of the copper calculated from the formula, 


Ri 
ali . h= p (239 + fo) — 239, 
A d where R; and Ro are the hot and cold resistances respectively, and A and & 
WW” the hot and cold temperatures respectively, 98 per cent conductivity copper 
"U^ being assumed. See article on Copper. 
6. Compounding Test. — In order to adjust the current in the series field 
. so that a compound-wound generator will give specified voltages at no load and 
i full load, the machine is first operated at no load and the current in the shunt 
i field is adjusted to give the desired no-load voltage. The load is then put on 
pe and usually it will be found that at full load the terminal voltage is too great. 
E ` Strips of German silver or other resistance metal are then connected in multiple 
*" with the series field until by shunting current from the series field the voltage 
č is reduced to such value as is desired. This shunt resistance is then made up 
in permanent form and connected in circuit. Before making the no-load adjust- 
ment it is desirable to overexcite the shunt field for a moment in order to over 
come the hysteresis. See also section on Parallel Operation below. 


p. 7. Insulation Tests. — After the heat runs it is customary to apply a high- 
potential test to the insulation of the machine. This consists of applying an 
alternating potential between each electrical circuit and the frame of the machine 
for one minute. The value of the potential depends upon the capacity and 
rated voltage of the machine under test and is definitely" specified in the Stand- 


i.  ardization Rules of the A. I. E. E. (g. v.). 


EXAMPLES OF DESIGN AND PERFORMANCE. — In the tables on 
(^ — pp.68o and 681 will be found the essential data including mechanical, electrical 
x and magnetic characteristics of four examples of direct-current machines. In 
these data are included all the factors necessary to determine the efficiency, regu- 
lation, commutation and heating of the machines. Dimensions are in inches 
and weights in pounds. Performance data are deduced from tests. | 


SERIES ARC-LIGHT GENERATORS. — These machines are intended 
to give a constant value of current in the external circuit irrespective of the 
resistance or counter e.m.f. in that circuit. This is accomplished by causing 
the voltage impressed on the external circuit to decrease whenever there is a 
tendency of the current to increase. The load usually consists of a number ! 
(20 to so) of arc lamps connected in series, each taking about 40 volts. Each | 
lamp requires thé same value of current and the total voltage is proportional to 
the number of lamps in use. If a lamp is no longer needed it is Short-circuited 1 
by a switch and the current in the remainder of the lamps remains the same 1 
because the generator automatically reduces the voltage supplied. This fegu- í 
lation of the current is obtained by two or more of the following methods: (t) ; 
high armature reaction which tends to weaken the field whenever the current 
increases; (2) movable brushes to vary the number of turns in series between 
brushes; (3) a series field arranged so that turns may be shunted, short-circuited T 
or cut out; and (4) a high degree of saturation in the magnetic circuit of the field P 
so that the flux changes very slightly for considerable change of m.m.f. 

The pole face density is usually quite high and the path of the flux in the field 
is of high reluctance, whereas the path of the armature flux is of low reluctance; 
thus there is much field distortion. The machines are usually wound for 2000 
to 4000 volts. The distorting effect of armature reaction is usually relied upon 
to take care of sudden and small variations of the load, and large and lasting 
variations of the load are taken care of either by moving the brushes to another 
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MECHANICAL DATA ON D-C. MACHINES e 
Dimensions in Inches, Weights in Pounds 
I 2 3 4 
Type Motor Generator | Generator | Generator 
Pole. 122a drae a eere S 2 6 6 8. 
Rating; EWssce ci eect eens 2.25 35 go 250 
Revolutions per minute........ 1200 1050 750 150 
Volts aisha iv eS ERO EUPRYA Na IIS 125 125 250 - 
Currents ces ee ia Ea REP 23.4 280 720 1000 
Armature diameter at face..... 7.13 20.25 24 45 
Armature diameter at back.... 1.63 I3.5 14.5 32 
Armature, total length......... 4.69 3.38 7 21.5 
Air dücts...i ossi es hues 1X0. 38 1X0.5 7X0.5 
4 
Slots, number....«............ 34 109 gr 128 
Slots, dimensions.............. 0.95 X0.22 1X0. 28 1.16X0.49 | 1.32X0.52 
Conductors per slo&. ........... 28 2 4 6 
Conductors, size. ..... d bo qe - d-0.084 | 0.16X0.32 | 0.4X0.15 | 0.5X0.125 
Conductors in multiple......... 4 2 6 8 
Type winding........... verse Drum S.D. M.D. M.D. 
Pitch of coils. ................. I I I I 
Air-gap length................. 0.06 0.156 0.25 0.312 
Pole ALC coves oper ot yx eu 6.83 7.38 9.5 13.25 
Pole length.................. 4.25 ' 3.13 6.75 2I 
Magnet-core length ............ 4.25 3.13 6.75 21 
Magnet, width................. 3-94 4.83 5.87 8.13 
Magnet, radial length.......... 3.44 5.25 6.38 10 
Yoke leagth..... eere 6 8 9 21 
Yoke, radial length............ * 2.75 2.5 5.88 5 
Shunt spool, turns.............. 2210 481 436 372 
Shunt spool, size conductors...| d=0.018 d—0.083 d-o.r2 |0.144X0.156 
Series spool, turns............. 28 9.5 4.5 4.5 
Series spool, Size conductors...| o.14X0.13 | 5.06X 0.05 | 6.12X0.05 |9.25X0.075 
Commutator diameter......... 5 I3.5 I8 30 
Commutator length........... 3.13 6.25 10.62 14.5 
Commutator, number segments 34 109 . 162 384 
Studs X brushes............... 2x2 6x3 6x6 8X8 
Dimensions each brush........ 0.75X1 0.75 X1.38 | 0.75X1.63 | 0.75X1.25 
Interpole arc............. eese 0:87. I uisaasvs Ib ones pases. i. ops "Xon 
Interpole dimensions........... 087X33 T onesssbpk dM rRisSEESEL | arara 
Interpole, size conductors...... 0.09X0.09 | ........ 
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ELECTRICAL AND MAGNETIC DATA ON TYPICAL D-C. MACHINES 
Percentages are all in Terms of Rated or Full-load Values 


2.25 


*eco95í(aódt920í0í902^ 9v 


Rated voltage............ volts IIS 

Rated current. ........... amperes 23.4 1000 

Flux per pole............. maxwells | r.12X 105 13.5108 
Leakage coefficient.......] .......... ; I.13 


6525 


load....................| amp. turns | ........ 9140 
Armature reaction... ..... 6000 
Stability factor...........] sccseecee- ; ; 1.36 
Excitation to balance arm. 

reaction.. s.,n ennan. . turns | ........ 1150 


Volts per bar....,........ 


Armature res. at 25° C... 
Brush res. at full load, 


Series-field res. at 25°C... 
Interpole res. at 25? C..... «E23 | es en uro e ur 
Shunt-field res, at 25° C... 


Friction loses o naaa. 
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position giving either a lower or higher voltage, or by commutating or shunting 
some of the turns of the series field. 


Brush Arc Machine. — This was the first arc-light machine to be brought 
out. It consists of a ring armature having a winding of the open-circuit type. 
There are a number of spool-wound coils on the armature, diametrically opposite 
coils being connected in series to an independent pair of commutator segments. 
The brushes make a series connection of the various groups of coils, the coils 
of highest e.m.f. being connected in series, those of medium e.m.f. in multiple 
and those of low e.m.f. being left aut of circuit. The numerous field poles are 
on both sides of the ring armature. The two poles facing each other are of the 
same polarity so that the flux flows along the ring of the armature from one 
pole to the next pole on the same side of the ring. Regulation is obtained by 
shunting field turns and shifting the brushes for good commutation, A rotary 


oil pump is used as a regulator to move the handle of the field regulator and to 
move the brushes. 


Thomson-Houston Arc Dynamo. — This machine contains a spherical 
shaped armature with a three-part open-circuit winding. The three windings 
being spaced at 120° on a ring armature and connected in “Y,” the terminals 
going to the segments of a three-part commutator. The commutator has air 
spaces between segments and a jet of air to blow out any arcs between brushes 
and segments. There are four brushes on the commutator, connected in pairs. 
At some part of each revolution two coils are in multiple, at other positions only 
one. A relay moves the brushes so that as the load increases the positive and 
negative brushes move farther apart thus giving more voltage. As one brush 
of a pair moves forward the other moves backward thus keeping them symmetri- 


cal with respect to the neutral axis. The field structure is of a hollow, cage-like 
construction. 


Wood Arc-light Machine. — This generator has a closed-circuit Gramme 
ring armature with a commutator having a large number of segments. Regu- 


lation is obtained by moving the brushes so as to vary the voltage available and 
by the use of a high armature reaction balancing the field m.m.f. 


HOMO-POLAR GENERATORS. — This type of machine is also some- 
times called “acyclic” and was formerly incorrectly called uni-polar. Its method 
of operation is based on the principle of the Faraday disk, which consisted of a 
copper disk revolving about an axis and projecting between the poles of a magnet. 
By this rotation in a magnetic field an e.m.f. is set up between the axis and the 
periphery of the disk, and if brushes bearing on these two parts are connected 
to an external circuit a current will flow. The peculiar characteristic of a homo 
polar machine is that each conductor always cuts the flux in the same direction, 


consequently the e.m.f. induced in it is always in the same direction and is not 


alternating as in the usual direct-current machine. Thus no commutator is 
required. 


This absence of a commutator is the feature which makes the homo-polar 
machine attractive. The commutator presents many difficulties in high- 
speed machines to be driven by steam turbines, It is for this application that 
recent attempts to develop a successful homo-polar machine have been directed. 
Instead of a commutator, collector rings with brushes are used to collect the 
current from the moving conductors. These collector rings, however, present 
difficulties in construction and operation on accqunt of the high peripheral s 
at which they must run. The rings are subject to a considerable centrifugal 


force and there is a tendéncy of the current to arc between the brush and the 
collector on account of the high rubbing speed. 


Voltage. — The voltage of such a machine is not only unidirectional as in all 
direct-current machines but is really constant. But since there can be only à 
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few conductors in series, the voltage generated is very low. The voltage gener- 


áted per disk or inductor is 
E = Blv 107, 


where B= magnetic lines per sq. cm., ¿= length of conductor in cm., v= 
velocity of conductor in cm. per sec., 
This is more conveniently expressed, 


—8 
E= ene volts, 
60 


where N = revolutions per minute, Z = conductors in series, ¢= total flux 


traversing gap. 

Radial and Axial Types. — There are two types of homo-polar machines, 
the radial and the axial. The radial type (Fig. 22) is like the Faraday disc and 
consists of a disc revolving between the two poles of a cylindrical magnet. 
Brushes bear on the outer rim and the shaft to collect the current. The disc 
may be made of steel to reduce the reluctance of the magnetic path. The 
voltage of such a machine is limited to 10 or 15 volts but the current may be 


Fig. 2%, Radial Type of Homo-polr Fig. 3. Axial Type of Homo-polar 
Generator - Generator 


very large. A variation of: this type has two discs on the same shaft and the 
magnetic path so arranged that the voltage of the two discs may be added in 
series by brushes bearing on the peripheries of the two discs. The axial type 
(Fig. 23) consists of a cylindrical steel armature with copper bars in the surface, 
the whole revolving in a cylindrical field sò arranged that the magnetic flux flows 
outward from the armature in a radial direction at all points. The several con- 
ductors on the armature are connected to slip-rings at both ends, and by means 
of brushes and stationary conductors, these conductors are connected in series. 
The voltage of such a machine may be from 40 to 50 volts per conductor. 

Data on Large Axial Type Machine. — In the Trans. A.I.E.E.,Vol. 24, 
Notggerath describes a machine of the axial type rated at 300 kw. for 500 volts 
at3ooorp.m. The armature has 12 conductors connected in series for 500 volts, 
The diameter of thé armature is 19 inches and the length 12 inches. The peri- 
pheral velocity is 15,000 ft. per min. . The armature is of cast steel and has 24 
cast steel collector-rings on it. The stationary conductors connecting the 
collector-rings together are placed in the face of the pole and thus their m.m f. 
may be used to balance the armature reaction. l 

Excitation. — The armature reaction of such machines is very high and has 
only a distorting effect. However, it weakens the field as the cross maghetiz:. 


Ine 
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tion weakens one part more than it strengthens another due to saturation. By 
a proper arrangement of the movable connections between the E 
and stationary conductors a m.m.f. may be set up which will strengthen the fiel 
and thus the machine may be compounded. These machines may be made 
self-exciting but the resistance of the shunt fields must be very low in order that 
the machine may pick up on starting as the resistance in the brush contacts p 
high. The drop in voltage in each brush contact is about 0.8 volt at full loa 
but is higher before the current flows. It sometimes requires from 10 to 20 
times the normal voltage of brush contact to start the current. 


Losses. — Such a machine as described above has an efficiency of approxi- 
mately 9o per cent at full load. The losses are made up principally of friction 
and J2R in the brushes. The field 7?R is low as the air gap is small for mechani- 
cal considerations. The armature I?R is almost negligible due to the few B 
The eddy losses are low if the flux density is constant in one zone around t A 
armature but the density may vary along an element of the cylinder. The ge 
weight of the machine is about the same as for the usual d-c. machine but the 


proportion of copper is much lower than in the usual machines. 


SPECIFICATIONS FOR D-C. GENERATORS.* — The pone 
memoranda are intended to assist in writing specifications. See also article o 
Specifications. 


Principal Characteristics and Conditions of Service. — Service i m 
it is to be used, such as railway, lighting, etc. Voltage. Rated output, 
watts. Speed. 


Style and Description, Details of Construction. — Type, whether shunt 
or compound wound. Whether interpole. Details of speed and peu 
of prime mover and how generator is connected to prime mover, €.£- Sf: : 
belt driven by steam turbine, reciprocating engine, water wheel, water ae r 
gas engine, oil engine, etc., with vertical or horizontal shaft. If field r ee 
is to be supplied, its characteristics, including the effect upon the ne 
voltage of each step and of all steps; accessibility of armature. If belt driven, 
specify pulley details. 


Work to be Done by Other Contractors. — See Generators, Alternaling- 
Current, under same heading. l 


Performance and Tests. — (See Standardization Rules of the 4 a 
Temperature rises upon which ratings are. to be based. Details of n s 
capacity. Efficiency at 14, 15, 94, 1, and 1% loads. (Whether rheostat i x 
to be included in calculating efficiencies.) High potential tests of age x 
Requirements regarding effect of moisture upon insulation. When eat 
constant rated speed, the load may be varied from zero to a stated ve Seld 
of rated load without causing more than a stated variation of voltage, the 
rheostat being kept constant. . 


INSTALLATION. — In installing a d-c. machine the following precsutio? 
must be observed: be pro- 
1. For large machines with foundations the foundation bolts must be 
vided in accordance with drawings. ] th oil 
2. Bearings must be lined up and well cleaned before being filled wit ect at 
3. The armature must be properly centered so that the air gap }S ge 
all points. Taper wedges are used to measure the gap. The magne 
should be bolted to the base. uy with à 
4. The field coils must be properly connected. Test for polarity a self- 
compass in order to make sure that no field coils are reversed. For 


* By W. A. Del Mar. 
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exciting generator there is one particular connection of the field to the armature 
for each direction of rotation. 

5. The commutator must be smooth and polished; use sandpaper to polish 
the commutator, never use emery cloth. 

6. The brushes must be properly and accurately spaced around the com- 
mutator. They must be sandpapered and fitted to the curvature of the com- 
mutator. The pressure on the brushes must be adjusted to the correct value 
which is usually 1.5 to 2 pounds per square inch of contact surface. : 

7. The machine must be thoroughly dried out by heating and the insulation 
measured as a check. 


OPERATION. — In starting up a single generator it is sometimes necessary 
to "charge" the field by separately exciting the shunt fields for a moment to 
set up residual magnetism. 

To cause the machine to “pick up" or generate voltage by self-excitation it 
is necessary to cut out or short-circuit most of the resistance of the regulating 
rheostat connected in series with the shunt field. If the total resistance of the 
shunt-field circuit exceeds a certain critical value the machine will not “pick 
up,” however much time is allowed. 

Parallel Operation. — In order to operate a power station under economical 
conditions it is necessary to have a number of machines whose aggregate capacity 
is equal to the maximum demand on the station. As the demand varies the 
number of machines in operation is adjusted so that the machines running are 
operating at a load near their rating, and, therefore, at a good efficiency. 

Shunt Generators, — In order to operate shunt generators in parallel, 
that is, feeding the same bus-bars, it is only necessary to adjust them all to the 
same polarity and voltage, connect them to the bus-bars, and adjust the divi- 
sion of load by strengthening the field of the underloaded machine if the voltage 
of the bus-bars is low. If the voltage of the bus-bars is high, weaken the field 


of the overloaded machine. 

Compound Generators, Equalizer Connection. — In order to operate 
compound-wound machines in parallel it is necessary to provide an equalizer 
connection which makes a common connection on all the machines at the point 
between the armature and the series field + Bus 
as shown in Fig, 24. 

. The function of the equalizer is to Series 
divide the load current at all times in the 
Proper proportion: between the series 
fields of the different generators. This 
prevents the machines from acting as 
Series generators or differential motors 
Which would cause short-circuits. 

For compound-wound machines to oper- 

ate successfully in multiple all machines SE OTI —— : —— 
connected to one set of bus-bars must ABS AES A abe DETA Non Ol OMS 
have the same amount of compounding poundeqouncsGerenstorg 


Equalizer 


as well as the same voltage at no load. Due to saturation in the magnetic 


circuit it is not always possible to make the compounding curve a straight line, 
ie, the increase in voltage directly proportional to the load. It is, therefore, 
necessary to investigate the compounding curves of machines before they are 
operated in parallel. With unlike compounding curves one machine may be- 
come overloaded while another is under-loaded, unless the field current of one 
machine is adjusted. | 

In connecting a machine in parallel with those in operation it is necessary to 
see that it has the proper polarity and voltage, that the equalizer circuit is made, 
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and that the switches are closed in the order z, 2, 3 as shown in Fig. 24. If any 
other order is used the effect is the same as having no equalizer. 

In shuttitig down one machine switch No. 3 must be opened first, and then 
No. 2 and No. 1. 


COST, WEIGHT AND SPEED. — In Figs. 25, 26 and 27 will be found 

the weight and cost per kilowatt of direct-current generators for usual or stand- 

ard speeds. Fig. 25 gives the weight and cost of a line of high-speed machines 

i for the suitable speeds shown by the curve. Fig. 26 gives the same information 

; for a line of moderate-speed machines, generators or motors, and Fig. 27 for a 
line of slow-speed generators designed for direct connection to steam engines. 


Dollare'per Kw. 
A 
ds. 


Kw. Confinuous Ratinz 
Fig. 25. Data on High-speed D-C. Machines 


E Ew. Oontitinong Rating «= : 
Fig. 26. Data on Moderate-speed D-C. Mathines 
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Fig. 27. Data on Slow-speed D-C. Machines 


BIBLIOGRAPHY. — The following references will be found valuable in- 
studying the design of direct-current machinery and as reference books to be 
used in seeking solutions to special intricate problems: 

Amold, E., Gleichsiromtechnik, Vol. I and II, Berlin; Cramp, W., C. C. 
Machine Design, N. Y.; Crocker, F. B., Design of D. C. Machines, N. Y.; 
Fischer-Hinnen, Gleichstrom Maschinen, N. Y.; Gray, Electric Machine Design, 
N. Y.; Hawkins & Wallis, The Dynamo, London; Hobart, .H. M., Dynamo 
Design, London; Kapp, G., Dynamo Maschinen, Berlin; Parshall & Hobart, 
Electric Machine Design, London; Thompson, S. P., Dynamo-Eleciric Machinery, 
Vol. I, London. 

[W. I. Surcurer,) 
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GENERATORS, STATIC. — (See also Generators, Alternating-curren; 
X-Rays.) In electro-therapeutic and X-ray work a unidirectional high-fre- 
quency current is desired and is often obtained by a kind of electric generator 
called a static generator. There are two types of static generators available 
for the purpose, the frictional machine and the influence machine. 


Frictional Machine. — In the frictional machine two dissimilar substances 
are rubbed together in some form 
of rotating apparatus as shown in 
Fig. 1. <A rotating glass plate A 
is rubbed on both sides at BB by 
two pieces of leather which are 
greased and covered with the amal- 
gam I Zn, r Sn, 2 Hg. The glass 
is electrified positively and the 
charge is drawn off by the metal 
points CC which almost touch the 
glass. Two silk aprons DD cover 
the glass between the rubbers and 
the metal points, to prevent the 
leakage of the charge into the air. 
The rubbers are connected to ground 
to remove the negative charge which 
accumulates upon them. 


Influence Machine. — The influence machine generates an e.m.f. by elec- 
trostatic induction, the principle of the action being clearly shown (see Fig. 2) 
in a machine invented by G. Belli in 1831. Two spheres or disks AA. 
called carriers and normally in- - l 
sulated from each other, are 
rotated about the shaft B. The 
two fixed plates CC are charged 
initially from some external 
source. When the carriers 4A 
take the position shown in the 
figure, a momentary connection 
is made to the neutralizing wire 
E at the spring contacts DD. As 
a result of this connection be- 
tween A and A, the carriers are 
charged by induction, the charge on each being opposite to that of the adjacent 
plate. When the carriers rotate still further, the connections at DD are broken 
and the charges induced on the carriers become isolated. When the carriers are 
rotated through half a revolution. from the position shown, they strike the 
springs FF and add their charges to the field plates CC. 


Wimshurst Machine. — Many forms of influence machines based upon the 
above principles have been devised. The most successful designs were made by 
Toepler, Holtz and Wimshurst. The Wimshurst machine, shown in Fig. 3, has 
superseded most of the other forms because of its self-exciting powers and 
suitability for work in all conditions of atmosphere. Two glass disks, A and P, 
are rotated close together and in opposite directions. A certain number of 
tin-foil carriers CCC, are mounted upon the outside surface of each plate. 
Neutralizing conductors DD for each disk are placed at right angles to each 
other. The collecting combs EE are connected to a condenser F and a spark 
gap G across which the discharge takes place. If two diametrically opposite 


Fig. 1. Frictional Machine 


Fig. 2. Influence Machine 
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carriers on the back plate are charged positively and negatively respectively, 
opposite charges will be induced upon the adjacent carriers on the front plate 
if they are connected by the neutral- 
izing wire. The induced charges are 
isolated when this connection is 
broken and are drawn off at the 
collecting combs EE. In the Wims- 
hurst machine induced charges in 
moving from the point of electrifica- 
tion to the collecting combs also 
serve to induce other charges on the 
back plate. 

After a few revolutions of the 
disks, half of the carriers on each 
plate are charged negatively and 
half positively, giving a machine 
of reliable service and high power. 
Unlike the Holtz machine the Wims- 
hurst machine does not reverse its 
polarity when the distance between 
the terminals is made greater than G 
the sparking distance. Large influ- Fig. 3. Wimshurst Machine 
ence machines are constructed with 
several plates revolving in opposite directions and connected in parallel, the 
whole being contained in a glass case to protect the plates from dust. An eight- 
plate Wimshurst machine gives a spark of eight inches and a twelve-plate machine 
will give a spark of 1356 inches. The plates in these machines are approxi- 
mately 30 inches in diameter and the machines give 6 sparks for each revolution 
of the disks. i 


BIBLIOGRAPHY. — Gray, J., Electrical Influence Machines, London, 1903; 
Mason, H., Static Electricity, N. Y., 1904; Holtz, Dr. W., The Priority of Inven- 
lion of the Double-plate Influence Machine, Elec. Tech. Zeit., 1904, Vol. 25. p. 728. 

[R. G. Hupsow.] 
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GROUND CONNECTIONS. — (See also Grounding of Electric Circuits.) 
A ground connection is a conductor buried in the earth and connected by 
conductors to other conductors or apparatus which are to be maintained at 
earth potential, irrespective of the current which may flow through it. Usually 
a circuit is not grounded except at such points that under normal conditions 
of operation no appreciable current flows to ground. A current may, however, 
be established through a ground connection due (1) to a lightning discharge, 
(2) to an accidental grounding of a live wire of a grounded circuit, and (3) 
to a cross between the grounded circuit and a high voltage ungrounded circuit; 
in the last instance the current through the ground connection is only the 
relatively small charging current between the other wires of the high voltaga 
system and the ground (see Capacity and Charging Current), 


USE OF GROUND CONNECTIONS. — Ground connections are used 
for the following purposes; (1) for lightning arresters, to afford a path to ground 
for the lightning; (2) for lightning rods on buildings, for the same purpose; 
(3) for steel transmission poles to give the current a short circuit to ground in 
case of insulator failure. Also as a lightning protection; (4) to bring the 
neutral points of circuits to ground potential and thus reduce the potential 
stresses of the system and minimize the danger of accident from shock; (5) to 
bring transformer cases, instrument cases, conduits, etc. to ground potential 
and thereby reduce the danger from shock; (6) to obtain an earth return for 
telegraph circuits; (7) for wireless telegraph systems to obtain the use of the 
earth's electrostatic capacity. 


GROUNDING TO CONDUCTORS USED FOR OTHER PUR- 
POSES. — Where an extensive system of water pipes buried in the earth is 
available, a satisfactory ground connection can be made directly to the pipes. 
Gas pipes are not suitable for ground connections, as in case of broken joints 
the resulting arc might ignite the escaping gas. Stegm heat pipes are 
heat insulated (and therefore partially electrically insulated) from the earth. 
Where there are two ground connections, one to an electric railway track and 
the other to a water pipe, there is danger that railway current may thereby be 
introduced into the water piping system and produce electrolysis. Sheaths of 
cables are not good ground as the cables might be injured by the currents in 
their sheaths, either from electrolysis or unforseen heating. In fact, cable 
sheaths, like other buried conductors, have a tendency to collect stray cur- 
rents from electric railways and special ground connections sometimes have to 
be made to permit these currents to escape without producing electrolysis. 
Steel frames of buildings present only a limited surface to ground at the founda- 
tions and are therefore only good when the current to be discharged will be 
proportionally small. - 


Connections to Piping System. — The National Electrical Code contains 
the following requirements: 

Size of Ground Wires. — Not to besmaller than No. 6 B. & S. copper for 
lightning arresters (rule 5-c), or for grounding low potential circuits (rule 15-d), 
also not to be smaller than neutral for grounding three wire direct-eurrent 
systems (rule 15-d), or less in carrying capacity than any one of the three mains 
for grounding three-phase systems (rule 15-d). 

Method of Making Ground Connection. — Yn connecting a ground wire to 4 
piping system, the wire should be sweated into a lug attached to an approved 
clamp, and the clamp firmly bolted to the water pipe after all rast and scale 
have been removed; or be soldered into a brass plug and the plug forcibly 
screwed into a pipe fitting, or where the pipes are cast iron, into e hole tapped 


into the pipe itself. For farge stations, when connecting to underground pipes , 


————— 
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with bell and spigot joints, it is well to connect to several lengths, as the pipe 
joints may be of rather high resistance. 


GROUNDING TO SPECIAL PLATES, PIPES, ETC. — When suitable 
buried conductors are not already available, direct connection to the ground 
may be made (1) by burying a plate in the earth, (2) by burying a wite or rib- 
bon in the earth, or (3) by driving a pipe vertically into the earth. The last 
form of ground connection is now (1914) generally accepted as the best. "These 
three methods of direct grounding are described in detail in the section below 
on Design. 

Factors Affecting the Resistance of Ground Connections. — The resist- 
ance opposing the flow of current into the ground through a ground connection 
depends (1) upon the extent of metal surface in contact with the earth, (2) the 
thoroughness of this contact, (3) the wetness of the earth, (4) the distance 
between this ground connection and the ground connections (if any *) at which 


the current leaves the earth. 


The effect of the distance upon the resistance between the electrodes is an 
important one, but is frequently overlooked. If the electrodes are close to- 
gether, the resistance will be low on account of the shortness of the current 
path, If the distance between electrodes be increased, the resistance will be 
increased until a certain point is reached, after which it will steadily decrease on 
account of the increase in the cross-sectional area of the earth path. In the 
experiments the Cunliffes (Jour. I.E.E., 1909, Vol. 43, p. 449) the resistance 
reached a maximum when the ground plates were about 25 fect apart, the de- 
crease in resistance being quite sudden for smaller or greater distances, ag 
shown in Fig. 1. A curve by E. E. F. Creighton (G. E. Rev., 1912, Vol. I5, 
$. 69) shows the resistance between pipe grounds at various distances apart, 
the maximum resistance being again attained at 25 feet. 
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Definition of the Measure of the Resistance of a Single Ground Cor- 
nection. — If the distance between. ground connections be fixed and the drop 
of potential from one of them Gi and a point P between them be plotted against 
the distance of P from Gi a curve such as GiDA, Fig. 2, will be obtained, if the 
two gtound connections G: and Gs are similar. If, on the other hand, the ground 
connection Gr has very much more perfect and extensive contact with the earth, 
the curve of potential drop will have the shape GiDB. Both curves have the 
peculiarity of being steep near the electrodes and of becoming flat between them, 
indicating that the greater part of tbe resistance occurs near the electrodes, 


* The circuit thay be completed by a displacement current through the air from the 
Surface of the earth, 
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where the current is restricted to a limited area, practically no drop occurring 
where the current spreads out. 

The resistance of the ground connection G1 is then defined as the ratio of the 
potential drop CD, to the current entering the ground at Gi, and similarly for 
the ground connection Gz, 


Resistance of Some Typical Ground Connections. — The resistance of | 


ground connections varies so greatly with the condition and nature of the soil, 
that data on resistance have only local application. The following tests are 
presented merely to give a general idea of the results which are obtained in 
practice. 


Type of al 
Authority nie M of f. Dimensions F E 
tion 

Hoxie..... Feb.-]une | Surface loam Plate Y ft. X1 ft. .. |1940 

Feb.-June | Moist black loam| Plate 6 ft.X2 ft. 3in.| 6| 113 

Feb.-June | River bottom Plate I ft. X1 ft. .. | 132 

Feb.—June | Gravelly soil Pipe 114 in. 5. | 630 

Feb.-June | Gravelly soil 30 Pipes} 144 in each 5 13 

Feb.-]une | Swampy soil 7 Pipes | U4 in each . 5 15 

Del Mar...| Summer Rock & loam fill | Plate IS in. X15 in. 6 | 155 
Hayden...| Aug.-Sept.| Clay loam Pipe 215 in. 334) 26.1 

Hayden...| Feb.-Mch.| Clay loam Pipe 215 in. 394| 120 
Hayden...| June-]uly | Clay loam Pipe 24 in. 3.1| 35.4 

Mch.-Apr. | Clay loam Pipe 2% in. 3.1| 240 


E. E. F. Creighton (G. E. Review, 1012, Vol. 15, p. 67) says: “If an iron pipe 
one inch in diameter is driven into normally moist earth to a depth of 6 or 
8 feet, it will usually have a resistance of about 15 ohms. Eight ohms may be 
considered unusually low, while dry soils may give a resistance of 56 ohms and 
upwards." Creighton also states that after a depth of several feet in the con- 
ducting stratum has been reached, each additional foot decreases tbe total 
resistance by the factor 1f/d where d is the depth in feet. 


DESIGN OF GROUND CONNECTIONS. — It is as a rule impracti- 
cable to install a ground connection of sufficiently low conductivity to allow the 
passage of the maximum current it may have to carry without producing a 
considerable rise of voltage. The conductivity which a ground connection 
should have is therefore largely a matter of experience and judgment rather 
than a matter of exact calculation. Cheapness and durability usually deter- 
mine the material, usually iron or copper, and the thickness. 


Copper Plates. — Until recently the most common form of ground con- 
nection consisted of a copper plate embedded in charcoal or coke in moist 
earth. The use of coke is questionable, for the reason that the sulphur in the 
. coke is likely to corrode the copper plate and thus increase its resistance. Some 
engineers are of the opinion that neither charcoal nor coke is of any particular 
use in connection with a ground plate. The corrosion of copper ground plates 
is greatly reduced by coating with tin. As the conductance of a ground connec- 
tion is not proportional to the area of the metal plate, the use of a single large 
plate is an uneconomical method of obtaining a low resistance, 
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Copper Wire or Ribbon. — The wire or ribbon has the advantage of a lower 
resistance than the plate for the same area. The wire has the further advantage 
that no special material or connection is required. The wire may be laid out 
in a straight line or coiled with turns wide apart into a plane spiral. The latter 
form is sometimes made by wrapping a number of turns of wire around the 
butt of a pole before setting it. 

Pipes Driven into the Ground. — The driven pipe or rod is probably the 
best of all forms of direct ground connections. The pipe is usually an iron one, 
often galvanized or sherardized, from 34 inch to 2 inches in nominal size, driven 
6 feet or more into the moistest ground available. The diameter of a pipe has 
little effect upon its earth resistance; thus a pipe 2 inches in diameter has a 
resistance only 6 to x2 per cent less than a pipe rx inch in diameter (E. E. F, 
Creighton, G. E. Rev., 1912, Vol. 15, p. 14). To facilitate driving, the pipe is 
sometimes provided with a pointed casting at the lower end and cap at the 
upper end. The pipe has the advantage that it is cheap to install, as no hole is 
dug, and being driven vertically, it can tap any conducting stratum of the earth 
which is practically accessible. It is highly efficient as regards conductivity 
per square foot of surface exposed to the earth, and while the resistance of a 
single pipe will exceed that of a large plate, a higher and more permanent con- 
ductivity can be obtained from several pipes driven at some distance apart 
and connected in multiple, than from an equal expenditure in money on a 
single large ground plate. Ground pipes or plates in multiple should be not 
less than 6 feet, and preferably ro feet, apart, in order to avoid superimposing 
two zones of high current density. 

If the ground available is naturally dry the conductivity may be improved 
by cupping out the soil around the pipe at the surface and adding a few pounds 
of salt and water. A neater form of earth unit is shown in Fig. 3. A cylinder 
of metal or earthenware of any available diameter i 
is set around the pipe at the surface of the ground 
and covered by a lid. This receptacle will hold 
the salt. Its advantages lie in the easy construc- - 
tion of the connection and protection of surround- 
ing vegetation from the saline water. 


Pipe Grounds for Lightning Arresters. 
— The General Electric Company recommends a 
large number of grounds at each installation. 
These numerous ground connections are joined 
together by a copper connection. It sometimes 
happens that a good ground cannot be con- 
veniently made near the arrester, or that a better 
one can be made at a more distant point. In 
this case it is recommended that the principal 
ground be made at the more distant point, but 
that a ground of some sort, the best possible under the conditions, be made 
directly underneath the arrester. 


Connections to Ground Plates and Pipes. — The wire connecting the ap- 
paratus to be grounded to the buried conductor should lead directly to the latter 
with as few bends as possible; this is particularly important in grounding 
lightning arresters, in which case a flat strip is also better than a round wire. 
All exposed joints and those buried in the ground should be made in such a way 
that they will not rust off. The buried connection from a ground plate to the 
surface should be so protected that it will not rust off or be cut off when exca- 
vations are made for other purposes. It is also necessary that the connections 
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be protected from mechanical injury and theft, from the surface of the. ground 
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to above the level at which it can be reached. To insure reliability; comec- 
tions should as far as possible be made so that theif continuity can be determined 
by inspection. 


Ditherisions of Some Typical Ground Connections. — 
PIPE GROUND CONNECTIONS 


Iron | eter in nect- 
Name Pipe, | of | PEPE in ed to 
Company galva- - ground, tráck 
nized | in. feet | rails 
ches also 
F. B. Musser*..... Central Penn. Tract. Co...... Yes | 4 6 Yes 
J. R. McFarlin*.. .| Electric Service Supply Co....| .. .. | about8 | Yes 
E. J. Cook*. ...... N. Y. State Railways........| .. e | 10 | Yes 
F. H. Miller*...... Louisville Ry. Co. ........... .. |S95or94 8 Yes 
| rod 
R.: McCulloch*.. United Rys. Co., St. Louis...| Yes | .. 10 
E. E. F. Creighton. General Electric Co........... .. | 1to 2] 6 or more 


* Am. Elect. Raihway Assn., 191r. 


COPPER PLATE GROUND CONNECTIONS 


TESTS OF GROUND CONNECTIONS. — Ground connections should 
be frequently tested to determine their continuity and occasionally to deter- 
mine their resistance. Alternating current should be used, in order to avoid 
the effects of polarization. In order to pass a current through a ground cónfec- 
tion it is necessary to have a second connection in order to complete the circuit. 
Whete a large water piping system is available for the return connection, an 
approximate measure of the resistance can be obtained by passing a ctt- 
rent from the ground connection to an accessible part of the piping, say & by- 
drant, and computing the resistance by dividing the volts by the ampetes. 
The resistance thus obtained includes both the resistance to be messured and 
that. of the connection through the piping system. As the latter is probably 
much the smaller and may be insignificant, the result gives an approximate 
idea. of the resistance and locates à discontinuity as an itfmite resistance, that 
is, no current flowing. Where there are two similar grounds, chtrent may be 
passed from one to another and the sum of the two resistances, or the average 
resistance, obtained. 
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When a more accurate determination of the individual resistances of two or 
more ground connections is desired, the connections shown in Fig. 4 may be 
employed and a curve obtained by test, sim- 
ilar to that shown in Fig. 2. The apparatus 
required comprises a source of alternating 
current, a rod P which may be driven into 
the earth, a high resistance wire BD stretched 
between the two ground connections Gy and 
Gy an ammeter A and a telephone receiver | 
T. The contact C is slid along the resist- °°” 
ance wire until the telephone receiver is 
slent The drop of potential between Gi 
and the rod is then the same as between 
G and the contact C. The drop between Gi and P is therefore equal to 


(length of wire BC) 
(length of wire BD) 


By taking a series of observations with P driven into the ground at various 
points the curve of potential drop is readily plotted and the resistance of each 
ground connection, as defined above, readily obtained. 


CARE OF GROUND PLATES AND PIPES. — The greatest trouble 
With ground plates and pipes arises from electrolysis, and periodic resistance 
measurements should be made as described above. When a ground connection 
shows an abnormally high resistance, it is usual to supplement it with a new 
ground connection, as it seldom pays to remove the old ones. Ground connec- 
tions deteriorate rapidly if equipped with salt boxes; but even under the worst 
conditions they are likely to last many years. Practically no accurate measure- 
ments of the resistance of ground connections were made until quite recently, 
so that little is known about their life performance. J. L. R. Hayden cites 
the case of some pipe grounds which maintained the same average resistance 
for three years. 


SPECIFICATIONS FOR. GROUND PIPES AND PLATES. — (See also 
arie on Specifications.) In the case of ground plates, the following data 
should be specified: Material of plate (usually copper); size of plate, area and 
thickness; depth at which the plate shall be buried; amount of charcoal below 
and above it; method of connecting the plate to its cable or wire (usually sold- 
ered and bolted); whether the plate shall also be connected to the track rails 
and if so, bow. 

In the case of pipe ground connections, the following data should be specified: 
Diameter of pipe; whether galvanized, sherardized, etc.; depth to which the 
pipe shall be driven; method of finishing the top of the pipe; height the pipe 
shall project above the ground; whether the pipe shall be connected to the 
track rails and if so, how. 


BIBLIOGRAPHY. — American Electric Railway Assn., Oct., 1911, Bull. 
No. 314, p. 35, and other bulletins; Creighton, E. E. F., The Resistance of 
Lightning Arrester Earth. Connections, Elec. World, 1908, Vol. 52, p. 397; The 
Ground Connection in Lightning Protective Systems, G. E. Rev., 1912, Vol, 15, 
pp. 12 & 66; Cunliffe, M. G. & J. G., Electric Traction Vagabond Currenis, 
Jour, LE.E., 1909, Vol. 43, p. 449; Hayden, J. L. R., Notes on Resistance of Gas 
Pipe Grounds, Trans. A.I.E.E., 1907, Vol. 26, p. 1209; Hoxie, F. J., Discussion 
of Hayden's paper, p. 1227; National Electric Light Association, Question 
Box; Sloss and Fish, Tests of Ground Connections, Iowa Elect. Assn., April, 
1910 & Elec. World, roro, Vol. 55, p. 1134. : 
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Fig. 4. 


X (total drop from Gi to Ge). 
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GROUND DETECTORS AND ARCING-GROUND SUPPRES- 


a transmission line; an arcing-ground suppressor is an arrangement of switches 
and relays by means of which an arc tending to maintain an accidental ground 
is automatically extinguished 


GROUND DETECTORS FOR NORMALLY UNGROUNDED SYS- 
TEMS. — On ungrounded two-wire direct-current systems a voltmeter of the 
central-zero type connected between the ground and the middle point of a re- 
sistance joining the two line wires serves as a satisfactory ground detector. The 
direction of the deflection will indicate on which wire the ground has taken place, 
and the magnitude will indicate the nature of the ground. For alternating- 
current circuits, this method is unsatisfactory on account of capacity effects and 
also because of the higher voltages commonly involved. 


Electrostatic Ground Detectors. — For single-phase IERI systems 
the simplest form of ground detector consists of two electrostatic voltmeters, 
each connected between one line wire and the earth. A ground on either wire 
causes an inequality in the readings of the two meters. 

The more common form of ground detector operates as an electrostatic differ- 
ential voltmeter. Fig. 1 shows diagrammatically the arrangement for a single- 
phase instrument. The movable vane V is con- 
nected to the earth, the fixed plates Sı and Sz 
are connected one to each of the two mains. 
Vane V will be equally attracted by the two E 
plates unless the insulation resistances of the two l 
line wires to ground are not equal, but will deflect 

from its normal position to one side or the other Sr Se 
" when a ground occurs. ! 

` The three-phase electrostatic ground detector 

for ungrounded circuits is. made in two principal 
forms. One form consists of three separate ele- 
ments, each similar to that used in the single- 
phase instrument, all three elements being in one 
case but having individual scales. Another form consists of a movable spherical 
vane, connected to the earth, and three fixed vanes, each of which is connected to 
one line wire. The movable vane in its normal position is equally distant from 
each one of the fixed vanes, but, in case of a ground on one line wire, it moves 
away from the fixed vane which is connected to the line wire on which the ground 
occurs. The principal parts of this instrument are clearly visible through 
the glass front of the instrument cover; hence no pointer and scale are needed. 
Two single-phase detectors will work satisfactorily on three-phase circuits, if the 
junction point of the two instruments is connected through a condenser to the 
third line wire. 


Voltage Range. — Commercial sizes of electrostatic ground detectors 
range from 650 volts to 22,000 volts for single-phase circuits, and from 1150 
volts to 22,000 volts for three-phase circuits. 


Connections. — Electrostatic ground detectors are usually not con- 
nected directly to the line wires, especially if the voltage is above 3300. Some 
types are furnished with special terminal studs containing high-resistance rods 
of graphite through which the instrument is connected to the line wires. Other 
types are connected to the circuit through condensers, commonly of tubular 
form. Although, in this case, the condensers practically insulate the instrument 
from the line, the leads connecting the detector and the condensers must be 
treated as high-tension conductors, i.e., they should be properly separated and 


Fig. 1. Single-phase Electro- 
static Ground Detector 
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far enough from neigbboring metal in order that disturbing capacity effects may 
not be introduced. Therefore, the leads should be fairly short and must not be 
enclosed in metal conduit. 


GROUND DETECTORS FOR NORMALLY GROUNDED SYS- 
TEMS, — The methods outlined above, depending on the variable potential 
difference between mains and earth, do not apply to earthed systems, e.g., 
three-wire circuits with grounded neutral, or four-wire, three-phase circuits with 
grounded neutral. The most usual method for earthed circuits is to con- 
hect an ammeter in the earth circuit between the earth plate and the sys- 
tem; hence any leakage current will have to pass through the ammeter. A 
low-range instrument is desired if slight grounds are to be detected. In order 
to protect the instrument from excessive currents, an arrangement may be used 
by which the instrument is short-circuited as soon as the current reaches a cer- 
tain value, or a resistance may be inserted in the circuit to reduce the current 
to a safe value. By the second method a short-circuit due to a ground would 
be suppressed without interruption of service on the line in question. At the 
same time, however, the pressure on the other line wires with respect to earth 
would be raised to a higher value. 


ARCING-GROUND SUPPRESSORS. — Interruptions to service and 
damage to apparatus are frequently caused by grounds which tend to persist as 
arcs, due to the burning away of the conductor. Arcs of this kind may be inter- 
mittent, due, for example, to the swinging of the conductor back and forth. 
Arcing grounds may give rise to disastrous surges in the system. The arcing- 
ground suppressor, placed on the main bus at the generating station, removes 
arcs to ground on a line wire by automatically grounding that line wire at the 
power station, thereby short-circuiting the arc. It is obvious, from the nature 
of the device, that it cannot be used on earthed systems. 

A three-phase arcing-ground suppressor consists of the following parts: 


(s) Three single-pole, motor-operated, oil switches each connecting one phase 
of the power house main bus to the ground. ‘These switches are provided with 
interlocking relays, each of which has three contacts, one of which closes the 
tripping circuit of its own oil switch while the other two open the tripping cir- 
cuits of the other two oil switches. Hence it is impossible to have more than 
one oil switch closed at the same time. For use with overhead systems each 
switch is equipped with the second-stroke lock device described later. The oil 
switches are provided with the usual remote-control switches with red and green 
lights to be placed on the station switchboard. 

(b) Three single-pole, single-throw disconnecting switches for disconnecting 
the oil-switches. : 

(c) An electromagnetic selective relay for detecting the grounded phase and 
operating the proper oil switch. This selective relay is connected to the main 
bus through three Y-connected transformers of which the neutral on the high. 
tension side is grounded. 


Operation when used with Overhead Lines. — The arcing-ground sup- 
pressor is suitable for overhead lines only when metal towers or poles of relatively 
ow resistance are used, as on a wooden pole line the resistance of the pole is 
liable to prevent sufficient current flowing to ground to reduce the potential 
sufficiently to operate the phase selective relay. 

The operation is as follows: If a ground occurs on one wire in the system, the 
unbalancing in the potentials of the grounded Y-connected transformers causes 
the phase selective relay to be operated in such a way that the proper interlock- 
ing relay is thereby energized. This closes the corresponding oil switch, thereby 
grounding the line wire, on which the arcing ground has occurred, through a 
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metallic circuit. Thus the arcing ground is almost instantly cleared, and the oil 
switch opens automatically after a fractional part of a second, and remains 
open, provided the normal state of insulation of the line is reéstablished after the 
suppression of the arc to ground. Whenever an arc is established or broken, 
high-frequency oscillations are set up, the duration of which depends on the 
amount of damping resistance in the circuit (see Transmission Lines). Yn order 
to eliminate the dangers from such oscillations, a damping resistance placed in 
the switch pot is thrown in series before the switch rod closes the main contact 
to ground and after it has opened the main contact. 

If the line insulation is permanently broken down by the arc, the line potential 
will establish a second arc to ground as soon as the metallic ground through the 
oil switch is opened. "The second-stroke lock device then operates; it locks the 
oil switch asit closes, provided thesecond closing of the switch occurs immediately 
after it has been opened. In this case the system remains grounded on one side, 
and can continue to operate with the metallic ground. After the trouble has 
been cleared, the oil switch is opened by the attendant. 


Operation when used with Underground Cables. — When the arcing- 
ground suppressor is used for the protection of cables, the second-stroke lock 
device is omitted, as it is desirable for the oil switch not to be opened after it has 
once been closed until the feeder has been cleared, the reason being that in a 
cable the distance of a conductor from the sheath is usually so small that punc- 
ture of the insulation produces a permanent fault, and the normal difference of 
potential is sufficient to reéstablish an arc, even if it were automatically extin- 
guished. The arcing-ground suppressor on cable systems, therefore, minimises 
the injury due to a puncture in the cable and prevents the trouble from spread- 
ing, and suppresses dangerous high-frequency surges due to arcing grounds. It 
is not intended to clear short-circuits between line wires. 


Location of Arcing-ground Suppressor. — ‘The best location for the 
arcing-ground suppressor is at the power house, and directly connected to the 
high-tension bus, where it may be under the immediate observation of the station 
operator, where a direct-current supply is available, and where the more impor- 
tant switching operations in case of grounds are usually performed. 


Costs.— A single-phase electrostatic ground detector costs from $30 to $60, 
depending upon the voltage, and a three-phase electrostatic ground detector 
costs from $50 to $150. A three-phase arcing-ground suppressor for voltages 
from 11,000 to 110,000 costs approximately from $2200 to $6000. 


BIBLIOGRAPHY. — Edgcumbe, K., Industrial Electrical Measuring Insiru- 
ments, N. Y., 1908; Creighton, E. E. F., Protection of Electrical Transmission 
Lines, Trans. A.LE.E., 1911, Vol. 30, p. 257; Marvin, R. H., The Arcing- 
ground Suppressor and its Applications, G. E. Review, 1913, Vol. 16, p. 189. 
Catalogues of the General Electric Co. and the West. El. and Mfg. Co. 
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GROUNDING OF ELECTRIC CIRCUITS, — (See also Generators, 
Allernating-current; Ground Connections; Transformers.) Some electric circuits 
are operated insulated, that is with no intentional electrical connection from 
any point of the circuit to the ground, while others are grounded by one or 
more conductors provided for the purpose. 


Among the considerations influencing the decision of this point are: (1) danger 
of shock to persons touching the circuit; (2) danger of fire from escaping cur- 
rent, spark, or arc; (3) elimination of electrical oscillations set up in a circuit 
due to the sudden changes in current resulting from the making and breaking 
of an arc, usually to ground, usually referred to as an “arcing ground;" such 
grounds may give abnormal voltages particularly on a-c. circuits where the 
arc forms and is extinguished twice every cycle; (4) decreased strain on circuit 
insulation in case of accidental ground; (5) the utilization of the ground and 
conductors on or in the ground for carrying return currents; (6) the danger 
of electrolysis and disturbance of telegraph and telephone systems by currents 
escaping to the ground. 


CURRENT (1914) PRACTICE REGARDING GROUNDING. — 
While the practice of different companies is not consistent with respect to in- 
sulating or grounding of various classes of circuits, the following rules probably 
cover the best practice at the present time. 


(1) Low-voltage circuits should be insulated where they are in no way exposed 
to direct or indirect crossing with other circuits of higher voltage. 

(2) Low-voltage circuits should be grounded if there is any danger of crossing 
with circuits of higher voltage. 

(3) Intermediate voltage circuits should be insulated when practicable. 

(4) Intermediate voltage circuits if grounded (600-volt railway circuits, for 
example) should be handled only by experienced people and should be inacces- 
sible to the public. 

(s) High-voltage circuits are always dangerous and may be insulated or 
gtounded according to other conditions than safety from shock. 


The reasons for the above practice are discussed below. 


ELECTRIC SHOCK FROM GROUNDED AND UNGROUNDED 
CIRCUITS. — Of the various considerations affecting the desirability of 
grounding a circuit, that of shock is perhaps the most important. (See also 
article on Shock, Electric.) A person touching a circuit at any two points between 
which there is a difference of potential will receive a shock. The danger or 
severity of shock from touching simultaneously two line wires of a circuit is 
not affected by grounding the circuit, but the danger or severity of shock from 
touching simultaneously either wire and the ground does depend upon whether 
the circuit is grounded or not. 

It should be noted that the sensitiveness of different people to shock varies 
à great dea] and that the severity of a shock depends as much on the surface 
resistance of the skin (whether dry or wet), and on the parts and organs of the 
body through which the current passes, as on the voltage. It is therefore jm- 
possible to say that any voltage used in practice is so low that under no con- 
dition can it give a dangerous shack. However, considering ordinary conditions 
and the result of a majority of the shocks, circuits of voltages up to and including 
220-valts may be considered as not liable to cause a serious shock, whether 
grounded or ungrounded, and may be referred to as “low-voltage” circuits. 


Voltage to Ground of Grounded Circuit. — When a circuit is intentionally 
grounded, the voltage of the grounded point is made permanently ‘that of the 
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earth, and the potential of every other point of the circuit becomes fixed with 
respect to the ground and may be readily calculated (see Kirchhoff's Laws in 
index). Each conductor then carries a definite, predetermined risk, instead of 
an indefinite risk, which may be nothing or may be very great. 


Voltage to Ground of Ungrounded Circuit. — Under normal conditions 
the average potential of an insulated circuit is the same as that of the ground, 
the positive parts of a circuit having a potential above and the negative parts 
below that of the ground. These differences of potential cause the positive and 
negative wires to be charged like the plates of condensers, the positive wire and 
earth forming one condenser and the earth and negative wire the other. The 
positive and negative charges on the wires will be equal and the resultant 
charge on the earth will be zero in all cases. These condensers are in series 
and if the circuit is symmetrical the two condensers will have equal capacity. 
Then the voltage of the positive wire will be as much higher than that of the 
earth as that of the negative wire is below earth potential. In an unsymmetrical 
circuit the potentials of the positive and negative wires with respect to earth 
will be inversely as the capacities. 


Current Through Ground Connection. — In case of a ground, either 
intentional or accidental, the grounded point of the circuit is brought to ground 
potential and a change is made in the voltage to ground of the positive and 
negative parts of the circuit, and the resultant charge on the earth is no longer 
zero. This charge must come by conduction from the circuit and must there- 
fore enter the earth through the ground connection. As long as there is a change 
in voltage of the wires of the circuit due to the ground connection a current will 
flow through the ground connection. -Such a current is only momentary in the 
case of a d-c. circuit, but flows as long as the ground continues with alternat- 
ing currents. See also article on Capacity and Charging Current. 

The number of amperes which flows through such a ground connection is 
roughly proportional to the voltage of the system and its electrostatic capacity 
to ground. The electrostatic capacity is proportional to the extent of the 
circuit (miles of line). As the miles of line of commercial circuits ordinarily 
increase about in proportion to the voltage, it follows that the amperes to ground 
will be about as the square of the voltage of the circuit. The energy which can 
be liberated at the point of accidental ground will be proportional to this current 
multiplied by the voltage, that is, will vary as the cube of the voltage. In 
addition to current due to the capacity to ground there may be a leakage 
current due to imperfect insulation. 


Shock from Single Contact with High-voltage Circuits. — Circuits 
having a normal line voltage of 11,000 volts or over are generally of sufficient 
extent (and therefore have sufficient electrostatic capacity) so that a fatal shock 
may be received from wire to: ground, due to the current passing to ground 
through the body, even though the circuit be otherwise perfectly insulated from 
ground. 


Shock from Intermediate Voltage Circuits. — In general the power avail- 
able for shock in the current escaping from an insulated circuit to ground is 
small compared to that in case of contact with the two wires of the circuit. 
Consequently, there is a class of circuits whose voltages are high enough to 
give serious or fatal shocks where contact is made with two points of the cir- 
cuit, but not high enough to give serious (or sometimes even appreciable) shocks 
from wire to ground when the circuit is ungrounded. These circuits are inter- 
mediate between the low-voltage (220-volt) and high-voltage (11,000-volt) 
circuits above mentioned. This class includes 440- and 550-volt power circuits 
and usually 1100- and 2200-volt primary circuits, if leakage is small. — : 
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Shock from Low-voltage Circuit Crossed (in Contact) With High-vol- 
tage Circuit, — When an insulated circuit becomes crossed with a circuit of 
higher voltage it becomes charged to the voltage of the latter circuit at the 
point of contact. It becomes practically a part of the higher voltage circuit 
and is equally dangerous to touch. As its insulation is not designed to stand 
such abnormally high voltage, there is danger of shock even through the in- 
sulation of the conductor. 

When a grounded circuit is crossed with one wire of a higher voltage circuit, 
this wire tends to come to ground potential, and the voltage of the several 
parts of the low-voltage circuit with respect to the ground remains as before. 
In cases where a very large amount of current escapes from the high-voltage 
circuit, this will be appreciably modified by the addition of a voltage due to 
the resistance or impedance drop in the low-voltage circuit due to the current 
from the high-voltage circuit from point of contact to ground. If, for example, 
an outside wire of a three-wire, 110/220-volt, alternating-current secondary 
circuit, with grounded neutral, should become crossed with a rr,ooo-volt 
grounded circuit, a large amount of current may flow into it, which can only 
escape to the ground after passing through the lamps on one side of the circuit, 
or through the transformer secondary. The impedance of the path through 
the lamps and transformer may be hizh enough so that the voltage of the 
crossed outside wire of the secondary may be raised to a dangerous voltage above 


that of the grounded neutral. 

Conclusions regarding Effect of Grounding with respect to Shock. — 
The considerations on which above classification is based lead to the conclusions: 

(1) The insulating of low-voltage (under 220 volts) circuits decreases the 
danger of shock under norma] conditions, but as such shocks would rarely be 
serious, there is little gain in safety through the insulation of the circuit. 

(2) The grounding of low-voltage (under 220 volts) circuits greatly decreases 
the danger of fatal shocks in cases where the low-voltage circuits become crossed 
with one of higher voltage. 

(3) The insulating of intermediate voltage circuits (440 to 2200 volts) 
greatly decreases the danger of shock under ordinary conditions because most 
shocks are obtained from touching one conductor, and in such circuits the 
electrostatic capacity is ordinarily so small that no appreciable current flows 
to ground. 

(4) The grounding of intermediate voltage circuits (440 to 2200 volts) 
does not greatly decrease the danger of fatal shock in case the circuit becomes 
crossed with one of higher voltage because the normal voltage of the circuit 
When grounded is itself dangerous. 

(5) Neither the insulating nor grounding of a high-voltage circuit (above 
11,000 volts) materially changes the danger of shock which is very great in 
either case. 

DANGER OF FIRE FROM GROUNDED AND UNGROUNDED 
CIRCUITS. — In general, conditions which diminish the danger of electric 
shocks also diminish the danger of fire. 

The Rules and Requirements of the National Board of Underwriters 
is the principal authority on the subject of grounding from the standpoint of 
fire hazard. These rules, given in the National Electrical Code (1911 edition), 
provide (rule 15) for the grounding of ‘‘low-potential systems” (550 volts and 
under), provided the ground is made on conductor mentioned below: 

The rules state that the direct-current system “may be grounded," and that 
the alternating system “should preferably be grounded.” There is no re- 
quirement for grounding or insulating of systems having voltages in excess 


of 550. 
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Direct current 


Aiternating current 


Not to be grounded 
Neutral only 


One side for voltage not exceeding 250 | 
Neutral only 


The rules provide (rule 15) that the grounding of low-potential circuits is 
only allowed when such circuits are so arranged that under normal conditions 
of service, there will be no flow of current through the ground connectiori. 


The Committee of the N. E. L. A. on Grounding Secondaries has pre- 
sented reports at the annual conventions since 1907. These reports discuss 
the reasons for, and progress in, grounding of secondary distribution circuits. 

This committee reported in 1912 the results of a conference with committees 
from the American Institute of Electrical Engineers, Association of Edison 
Illuminating Companies and National Inspectors Association, at which it was 
unanimously voted to recommend to the Electrical Committee of the Nationel 
Fire Protection Association changes in Rule 15, National Electrical Code (1911 
edition), so as to require that transformer secondaries of distributing systems 
must be grounded, provided the maximum difference of potential between 
the grounded point and any other point in the circuit does not exceed 150 volts, 
and that where the maximum difference of potential between the grounded 


point and any other point in the circuit exceeds 150 volts, grounding may 
be permitted. 


GROUNDING OF HIGH-VOLTAGE CIRCUITS. — The grounding 
of low-voltage circuits is governed by considerations of danger of shock and 
fire, while that of high-voltage circuits is for the purpose of increasing the relia- 
bility (continuity of service over the line), or of decreasing the cost of trans- 
mission by decreasing or limiting the voltage strain on the line insulator and 
transformer insulation; see also article on Generators, Alternating-current and 
section on Transformer Connections in the article on Transformers. 


Eliminating Arcing Grounds by Metallic Grounding. —In normally 
ungrounded high-voltage circuits the current to ground is sometimes sufficient 
to maintain an arc between one of the wires and a grounded conductor near 
it but not quite in contact with it, producing a so-called “arcing” ground. 
Such grounds have been found to produce destructive voltages on the circuit. 
By metallically grounding the neutral or one wire of the circuit the rise of 


voltage is reduced. This is perhaps the main reason why many high-voltage 
circuits are grounded. 


Limiting Insulation Strain by Grounding the Neutral. — In high-voltage 
circuits the cost of insulators is an important element. In an ungrounded 
circuit each insulator must be large enough to stand full line voltage (between 
wires), for any phase may become grounded accidentally. Where the neutral 
of the circuit is grounded the maximum voltage on any insulator can never 
exceed the normal voltage to ground. The voltages to neutral of a single- 
or two-phase system is 50 per cent of the voltage between lines, and the voltage 
to neutral of a three-phase system is 58 per cent of the voltage between lines. 
A circuit with grounded neutral therefore requires insulators of from 50 to 58 
per cent of those for same circuit with insulated neutral, or for the same size 
insulator the line voltage can be from 73 to roo per cent higher with grounded 
neutral than without. These figures neglect the fact that the maximum straln 
is constant for grounded neutral, and occurs only for a short time at irregular 
intervals with insulated neutral In practice the same insulators are usually 
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— sed whether the neutral is grounded or not, the factor of safety being higher 
EU when the neutral is grounded. 
| Limiting Short-circuit Current by Resistance.— In a grounded circuit 
— every accidental ground becomes a short-circuit. As such short-circuits may 


sius be destructive to generating machinery, the current is sometimes limited by 
“a resistance in the ground connection (usually made at the neutral) The 
amount of resistance required depends on the per cent of short-circuit current 
^. which is permissable. The resistance has, however, the disadvantage that 
Z^. B increases the strain on the insulation, so that as the short-circuit current is 
“reduced, the benefit to the insulation is also reduced. Where the circuit is 
TS grounded as a remedy for arcing grounds and no increased factor of safety on 
the insulator for normal condition of operation is desired, the use of resistance 


sG in the ground connection is allowable. 

S Useof Ground for Return Circuit, — Connections to ground are little used 
Z^ as return paths for the normal current of the circuit, except for railway work. 
i Formerly many soo-volt direct-current power circuits, operated from railway 
315 Grevits which were necessarily grounded, used the ground as a return cir- 
V? — cuit though usually only for small or outlying motors. Such connections may 
i cause electrolysis in underground pipes and arcs, in cases where the pipes or 
87. other foreign conductors over which the currents are returning, are broken. 
les? Present practice on light and power distribution is to provide complete metallic 
5 circuits for all currents which will flow in a circuit under normal operating con- - 
W ditions. Where one conductor is to be intentionally grounded the escape of 
2*| current into the ground may be prevented by grounding it at only one point, 
or where, on account of great extent of circuit, grounds on same conductor are 
necessary at several points, the escape of current will be reduced to a minimum, 
by making the ground connection on the neutral instead of an outside wire. 
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GUTTA-PERCHA. — (See also Insulating Materials; Telegraph Insiru- 
menis and Circuits; Wires and Cables, Insulated.) Gutta-percha is derived 
from the milky secretion or latex of the bark of certain trees of the order of 
Sapotacez, especially the Dichopsia Gutta, found chiefly in the Straits Settle- 
ments and Malaccan Archipelago. The trees are felled immediately after the 
rainy season, and the gutta or gum collected as it exudes from incisions in the 
bark. Latex is also extracted from the leaves by digesting them in toluol. How- 
ever it may be extracted, the latex is boiled in water and it is then ready for 
export. 

The chemical composition of gutta-percha is represented by the formula 
CwHis. It resembles dark brown leather at temperatures between o° C. and 
27° C. At higher temperatures it softens, and at 65° C. it is plastic and 
capable of being molded or rolled. On cooling it returns to the non-plastic 
condition. 


Gutta-percha oxidizes when exposed to the air, changing from dark brown or 
black to yellowish grey and becoming brittle. 


PREPARATION OF GUTTA-PERCHA INSULATION. — For insu- 
lating purposes gutta-percha is shredded and squeezed in warm water. It is 
then kneaded and strained through fine-wire gauze and rolled into sheets. Its 
further refinement is carried on differently by various manufacturers, the proc- 

.esses being more or less trade secrets. Like rubber it is applied to the wire 
either by a tubing machine or by strips. Unlike rubber it is used in the pure 
state without mixture with minerals. Gutta-percha is less porous than rubber 


and therefore more waterproof, a quality which makes it the best material for 
submarine cables. Its specific gravity is just above unity. 


SPECIFIC RESISTANCE. — The constant K in the formula - 


D 
M = K log — 
08 3 


has the value 900 approximately, at 75? F. after one minute electrification. See 
also article on Rubber. 
Temperature Coefficient of Resistance. — The temperature coefficient 


of resistance of gutta-percha is of the same nature as that of rubber (see article 
on Rubber), i.e., 


where Ris is the resistance at 75? F., Ry the resistance at T° F. and C a constant 
which varies from 0.065 to 0.085. For values of e* see Exponential Functions. 

Effect of Pressure upon Resistance. — Gutta-percha being used prin- 
cipally for submarine cables, the effect of pressure upon its resistance is im- 


portant. Let R= its resistance at atmospheric pressure, Rp- resistance 
under pressure of p pound per square inch. 
Then 


Rp = R (1 — 0.00023 p). 
BIBLIOGRAPHY. — Brannt, W. T., India Rubber, Gutta-Perchas and 


Balata, 1900; Clouth, F., India Rubber, Gutta-Percha and Balata, Cologne, 1903; 


Seeligmann, G., Torrilhon, L. and Falconnet, H., India Rubber and Guilo- 
Percha, 1910. 
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Heat is said to be added to a body, or the body is said to absorb heat, (1) 


Whenever its temperature rises, (2) whenever it passes from a-solid to a liquid 
State, or (3) whenever it passes from a liquid to a gaseous state; when the 
reverse of these changes takes place the body is said to lose or to give out heat. 
À body can also absorb (or give out) heat without any of these changes taking 
place, provided it gives out (or absorbs) at each instant an amount of energy 
of some other form equivalent to that absorbed (or given out) as heat. The 
heat absorbed or given out by a body in virtue of a change in its temperature 
is called “sensible” heat; heat absorbed or given out in passing from one state 
to another is called “latent” heat. Experiment shows that heat may be con- 
sidered as a form of energy. 

Symbol for Heat (H). — Both H and Q are commonly used to designate 
quantity of heat. The symbol H is used throughout this article. 

UNITS OF HEAT. — There are several arbitrarily chosen units of heat, viz., 

15° Gram-Calorie or Small Calorie. — The heat necessary to raise the 
temperature of 1 gram of water from 14.5? C. to 15.5^ C. This is the unit com- 
monly employed in scientific work. . 


Mean Gram-Calorie or Small Calorie. — The —th part of the heat required 


to raise the temperature of 1 gram of water from o? C. to 100° C., the latent heat 
of fusion and boiling not being included. According to Marks and Davis (Steam 
Tables and Diagrams, N. Y., 1912), the 15° calorie and the mean small calorie 
differ by less than one-tenth of one per cent. - 

Kilogram-Calorie or Large Calorie. — The heat required to raise the tem- 


perature of x kilogram of water from 14.5? C. to 15.5? or the a th part of the 


heat required to raise the temperature of 1 kilogram of water from o? C. to 

100°C, The relation between the gram-calorie and the kilogram-calorie is then 
1 kilogram-calorie = 1000 gram-calories. 

Ostwald Calorie. — The heat required to raise the temperature of 1 gram 


of water from o° C. to 100°C. This unit is frequently used by electrochemists. 


1 Ostwald calorie = 100 mean gram-calories. 
British Thermal Unit (B.t.u.). — The heat required to raise the temperature 
of 1 pound of water 1° F. There is no general agreement as to which degree of 
temperature shall be used; Peabody uses the degree from 62? F. to 63? F. Marks 


and Davis define the British thermal unit as the d th part of the heat required 


to raise the temperature of 1 pound of water from 32? F. to 212? F. The B.t.u, 
as defined by Marks and Davis ® about 0.13 per cent greater than the B.t.u. 
as defined by Peabody. Marks and Davis's definition is adopted throughout 
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this book; the difference between the two is negligible for ordinary practial 
work. The relation between the B.t.u. and the mean kllogram-calorie is 


1 B.t.u. = 0.25200 kilogram-calories. 


Mechanigal Equivalent of Heat. — This is the name given to the experi- 
mentally determined conversion factor between any heat unit and any unit 
of mechanical work; see Units and Conversion Factors. The fundamental re- 
lation is I mean gram-calorie = 4.1834 X 107 eres, 

This is the value given by Marks and Davis. 


THERMAL CAPACITY AND SPECIFIC HEAT. — The “thermal capa- 
city” of a body is defined as the heat absorbed by the body per unit increase 
in its temperature, there being during this m in temperature no change of 
state (e.g., no change from solid to liquid or from liquid to gaseous form or no 
chemical change) and no transfer of heat energy fram the body in question to 
other bodies. The thermal capacity per umit mass of a substance is approx 
imately constant, but increases slightly with increase in temperature; in the 
case of iron the increase with temperature is quite marked. Calling C the 
thermal capacity per unit mass of a substance the heat absorbed by a homo: 
geneous mass M when its temperature increases from A to & is 

H= cm (h— h) 
provided C is constant. 

The mean thermal capacity per unit mass of water (between o? C. and 190° 
C.), when expressed in mean gram-calories per gram per degree centigrade, 
is numerically equal to unity. The ratio of the thermal capacity per unit 
mass of any substance to the mean thermal capacity of water is called the 
“specific heat” of the substance. The specific heat of a substance does not 
depend upon the units in which the various quantities are measured; its thermal 
capacity per unit mass does. When heat is expressed in mean gram-calaries, 
mass in grams and temperature in degrees centigrade, the thermal capacity 
per unit mass is equal to its specific heat; compare with aras and specific 
gravity. 

Calculation of Heat Absorbed or Given Out. — 

C = specific heat (gram-calories per gram per °C.), 
M = mass heated, 
lo — ħ = rise of temperature. 


Then for any set of units the heat, absorbed is _ 
H =kCM (k-i), 
where & has the following values: 


VALUES OF k 


Temperature 
scale. 


Unit of heat or energy Value of k 


Gram-calorie 
Kilogram-calorie 
B.t.u 


` Centigrade 
Centigrade 


Centigrade 
B.t.u Fahrenheit 
Watt-second (jqule) Centigrade 
Watt-second (joule) Fahrenheit 
Kilowatt-hour Centigrade 
Kilowatt-hour Fahrenheit 
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Values of Specific Heat. — In the table below are given the values of the 
spetific heat for the more common substances used ín engineering work. These 


o 
WES ^ qumbers are also equal to the thermal capacity per unit mass, when mass is 
expressed in grams, temperature in degrees centigrade and heat in gram-calories, 
" TABLE L.— SPECIFIC HEAT OF SOME COMMON SUBSTANCES 
Et (From Landolt-Borustein Tables; see also article on Pyrometers.) 
Tem- r A Tem- m 
Substance perature, Substance perature, 

e beat oC heat 
me C. : €. 
[os Ge 
e Air (a)............- —102to 440/0.237 || Lead............... 17to I00/0.03I 
pr Aluminum........- I5to 435|0.236 || Manganin (e)....... 18 0.097 
i Ammonia. 23to 216/0.520 Manganin (e)....... IOO 0.100 
; , Antimony 22to 600/0.052 || Marble............. oto 100|o.206 
: mL E 20to 98jo.195 || Mercury............ o 0.0335 
ye | Bistnuth........... —7910 x00|0.029 || Mercury............ 100 0.0326 ! 

Brass ()..........- 20to 100/0.092 || Mica............... 20to  98,0.208 
Bronze (c)..........|  20to 100/0.104 Molybdenum....... 20to 550|0.072 
Carbon(gascarbon)| 20to to4o|o.3t5 || Nickel............. oto 105|0.108 
1x | Carbon (graphite). . oto 3000/0.535 || Nitrogen (a)........ oto 200|0.244 
| Carbon dioxide (8).|— 78to — 7|o.184 || Nitrous oxide ()...|  13to 172/0.231 
a: | Carbon dioxide (a). oto 200/0.215 || Oxygen (2)......... 20tO 440/0.224 
E* | Carbonmonoxide(?)| 23to r198|o.243 || Osmium........... I9to  98|o.031 
^ | Cement (Portland) | 28to  3ojo.271 || Palladium.......... Oto 100/0.059 
"^ | Chlorine...... So] I3to sodjo.124 || Palladium.......... Oto 1265|0.071 
E Cobalt. ............ 15to 350/0.100 || Paraffine......... e]. 25to 30/0.389 
* | Constantan (d... ... 18 6.098 || Petroleum..........|  21to s8lo.sxz 
" | Constantan (d)..... 100 0.102 || Petroleum........ ..| 18to 99|o.498 
Copper. ....... ees -188to 20/0.080 || Platinum.......... Ot 100|0.032 
Copper. ........ see. oto 100|0.094 || Rhodium.......... 10to 97/6.058 
Copper. ....... eee. 300 0,098 || Silver......... s. Oto 260/0.057 
Copper. .......... ,.| 000 0.126 || Steam (£)..........]...... PEE PENES 
Cork E E 219.485 || Steel............ ...| a20to too|o.rt18 
Cotton. isse oto 100/0.362 || Tantalum..........|-—185 to  20|0.033 
Ebonite. is stets os week 0.339 || Tin... cee 17to 100/0.056 
German silver...... Oto 100/0.095 || Tungsten.......... 20to 160/0.034 
Class sk jicedanwies oto xglo.r7x || Wax (yellow)....... 26to 42/0.820 
GIRS osse gà s6to 780.192 || Wood's metal (f)... 5to  5ojo.o35 
Bald. oadeiivesa oto 1oolo.o32 || Wool. ........... s. keer vereca [0303 
Hydrogen (6)......|— 28to 19813.41 || Zinc....«.. .| 20to 100/0.093^ 
Ite... $stoéotbeveutv] ^" 48 to ~ 18|o. 463 
Irdium............ oto 100]/0.032 
Iron, cast, . . ....... 18to roo|o.113 


(a) At constant pressure of x atmosphere. 


(b) 60 Cu + 40 Zn. 

(c) 88.7 Cu + 11.5 AL. 

(d) 60 Cu + 40 Ni. 

(2) 84 Cu + 4Ni + 12 Mn, 


(f) 28.85 Pb + 6.99 Cd + 52.43 Bi + 14.73 Sn. 


(g) See article on Steam. 
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Specific Heats at Constant Volume and Constant Pressure. — In 
general, when a body absorbs heat an expansion (contraction in a few 
cases) results and the body does work on whatever opposes this expansion, part 
of the heat absorbed being thus converted into mechanical work; see Ther- 
modynamics, Principles of. In the case of solids and liquids the external work 
done is practically negligible. In the case of gases and vapors, however, the 
external work done is appreciable. The specific heat of a gas or vapor when 
kept at constant volume, so that it can do no external work, is called the 
specific heat at constant volume, and is usually designated by the symbol Cy. 
The specific heat of a gas or vapor when it is allowed to expand at constant 


pressure is called the specific heat at constant pressure, and is usually desig- 
nated by the symbol Cp. The ratio 


has very nearly the same value, 1.40 approximately, for all ordinary (diatomic) 
gases; see Table II. 


C | 
TABLE II. — VALUE OF y = a FOR SOME GASES AT ATMOSPHERIC 


v 
PRESSURE 
(From Landolt-Bornstein Tables.) 


Carbon dioxide 
Carbon monoxide. . 


Recalescence. — When heat is supplied at a uniform rate to a piece of iron 
or steel it is found that the rate of increase of temperature gradually increases 
(i.e., uniform increase of specific heat) until a certain temperature is reached 
at which the rise of temperature is suddenly and in most cases greatly retarded 
or even completely arrested. The reverse of this effect occurs when the sample 
is cooled down from a temperature above this point, and under certain con- 
ditions there occurs a spontaneous reheating during the cooling. Any point 
at which there is an abrupt change in the slope of a heating or cooling curve 
is called a *' 
for most irons and steels and also one or more points at which the same effec 


occurs but to a lesser degree. The major recalescence point of ordinary iron 
or steel is usually between 750° C. and 850° C. 


MELTING OR FREEZING POINT AND HEAT OF FUSION. — 
Certain chemically simple substances when heated to a definite temperature 
pass from the solid to the liquid state with no increase in temperature during 
this change in state, provided the solid and liquid are kept thoroughly mixed, 
but the change is accompanied by a considerable absorption of heat. The tem- 
perature at which the change takes place is called the melting point or freezing 
point (the reverse change takes place at the same temperature), and the heat 


recalescence" point; there is a very marked recalescence point. 
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absorbed per unit mass is called the heat of fusion or heat of liquefaction; this 


nı’ same amount of heat is given out when the body solidifies. In the case of 
gan} many substances, however, there is no definite melting point, the change from 
st!" onestate to the other being gradual; such substances begin to melt at a lower 
wel’ temperature than that at which solidification begins during cooling. The 
wt Melting points and heats of fusion for some common substances are given in 
mu^ Table III. The values printed in bold face type are recommended by the 
uk: Bureau of Standards as suitable for pyrometer calibration. 
ari: 
i TABLE Ill. ~ FUSION AND VAPORIZATION 
dió (At Atmospheric Pressure, i.e., 760 mm. Mercury.) 
Heatof | Heat of 
Substance and fusion, Boiling vap't'n 
" References gr-cal. | pt.,°C.* gr-cal. 
do per gr.t per gr.t 
3! | Aluminum (1,2,3)............| 658.7 | 76.8 | 1800-2200 |  ..... 
Ammonia (3)................-- 
Antimony (J............ | 630.0 | ..... | 149 |  ..... 
Bismuth (1, 3)................]  a71 | 1264 | 14790 |  ..... 
d | T —— "s -— i asses. Uh’ wate NL 
m Bronze.........ccecccucececeee] 9o [ e [d e [o o... 
UV. | Cadmium (1, 2, 3)............ i6 |} 70 J ues 
Carbon (1, 3 .................] Over 3600 | ..... | Over360 |  .... 
d Carbon dioxide (3............]] | —79 J  ..—. | -79 |] ..... 
p Carbon monoxide (2, 3).......] 203 |  ..... 
i: Chlorine (1, 3 ............. T 
7 Chromium (1,3).............-| §%0 |  ..... | 220 |  ..... 
Cobalt lr) eue enara UEÉ4OO.. d. cox dose». ds spaces 
Copper (1, 3..................| 1083.0 | 43.0 | 2100-2310]  ..... 
Germansilver................-] WOO | ..... [|  .... [|  ..... 
7 IDs ÜHiüb.oncoue ciere] — 1300. posee [D osx» o Seyi 
Gold (1, 3....................] 4063.0 |  ..... | 2200 |  ..... 
Gutta percha..........e..c000e 100 |]. 6e. [| 6e. d o... 
Hydrogen (1, 3................] —-2a89 |  ..... 6 ..... 


Iridium (1, —)................| 2300 |]  ..—.. | 23535 |  ..... 


ec 


*$*9960069292€40€9»4979099€9 
2520206069 060í09000c2224222*2|. "I|. | 8 t7" Fo "^J — ] pesee 
essee 


@Peosernesseesves ese .@®@@4 90 |] ——— tI 1|] ns 


*e9690985v*66í6020€éb5958926082€999 


$9*95925009606092«89080899 


* Let i, be the value in °C.; then the value in °F. is fj = 32 + 1.81. . 
1 Let H be the value in gram-calories per gram; then the corresponding heat of fusion 


' or of vaporization 
In kg-cal. per kg. is 1.000 H, 
In watt-seconds per gram is 4.183 H, 
In kw-hr. per kg. is 1.162 X 1023 H, 
In kw-hr. per lb. is 5.271 X 10-* H, 
In kw-hr. per ton (2000 Ibs.) is 1.054 H. 


References: (1) Bureau of Standards, Cir. No. 35; (2) Smithsonian Physical Tables, 


, Mu (3) Landolt-Bórnstein-Roth, Physikalisch-Chemische Tabellen, 1912. 
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pi 
; TABLE IIL—FUSION AND VAPORIZATION — Continued. 
: (At Atmospheric Pressure, i.e., 760 mm. Mercury.) 
ji 
| . Heat of Heat of 
Substance and Melting | fusion, Bolling | vap't’n 
References point, gr-cal, pt? G.* gr-cal. 
1 Mx per. gr.] per gef 
Molybdenum (1).............. 2500 uua, "oxide "E ea 
: Nickel (1, 2, —)............... 1452 4.64 2328 | oae 
P Nitrogen (I, 3, 2.............. —210 |  ..... — 195.7 47.6 
$ Nitric oxide (3)........ aetna: 160.6 : 153 | ..- 
N Oxygen (1, 3........ esses —218 |  ..... —182.9 51.0 
: Osmium (1,—)......... iem. ao | o n, aoo | ee 
j | Palladium (1, 3)....... TP 1549 36.3 25385 | ee 
| Paraffine ......... eee 52.4 Aw t d» hls [t cx» 
ES Platinum (1,3, —)............ 1755 27.2 240 | |... 
4 Rhodium (t, —)....... T 1949 |  ..... 250 | vase 
| j Rubber............... eee TOO! i dacs “HL chide. GI Aes 
f Selenium (1, 3)........... sse 21710220 | ..... 688 |... 
E: Silicon (1)............ cene 1420 |  ..... | ..... [|] eee 
Silver (1, 3........:.. eese. 960.5 21.1 1955 | uee 
h js ME rotot47$| | ..... [| ees [oe 
t Sulphur (1,3)............ csse 107 to 119 93.7 444.6 362.0 
4 Tantalum (1)................. 2850 J^ we do mete Wo ces 
i, "Tindi d A eL Beene ae a 231.9 14.25 amo | e 
Tungsten (1)............... s. 3000 |  ..... ‘ apo [| cues 
Vanadium (1)................ 1730: d. su de. eee, 40 exe 
Wax, bees (2).............. eee 61.8 44.3- Po ssa I cass 
Wood's metal (3).......... PE 15.5 7.63 J avlew 7b wee 
Zine il; 3): 059v cp E NR eS 419.4 28.I 930 Lus 


* Let f, be the value in ° C.; then the value in ° F. is ty 32 + 1.8 te. 


f Let H be the value in gram-caloiies per gram; then the corresponding heat of fusion 
or of vaporization 


ee? 


In kg-cal. per kg. is 


1.000 H, 
In watt-seconds per gram is 4.183 H, 
In kw-hr. per kg. is 1.162 X 103 H, 
In kw-hr. per lb. is 5.271 X 10-4 H, 
In kw-hr. pet ton (2000 lbs.) is 1.054 H. 


References: (1) Bureau of Standards, Cir. No. 35; (2) Smithsonian Physical Tables, 
1910; (3) Landolt-Bérnstein-Roth, Phyaikalisch-Chemische Tabellen, 1912. 


Freezing Mixtures. — The addition of an impurity to 4 liquid lowers the 
freezing point, a common example of which is the lowering of the freezing point 


of water by the addition of salt. 


Also, when certain substances go into solution 


the temperature of the solution is lowered. Some common freezing mixtures 


are the following, taken from Hite. 
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FREEZING MIXTURES 
ey ie a Se A A 


Decrease of | Decrease of 


Parts 
t Tur e^ hao Os 
ight weight 
weigh From To igh From | To 
| i MOMS 
UNLESS RR 3 
ver ` fe) —]I7. o —18 
Common salt, (NaCl)............ I d 
BROW...ccsecssvvesevevseseaee ue 3 I 
V PEN [e] — 
Calcium chloride (CaCly)........ 3 uu aa 2 d 
SION E E eats cer teh ce 3 o|-3 
Potassium hydrate (KOH)...... 4 
Water. I 
**4*2084€465099e2920062.a€4924«*2€92592292»4€ el 0 ; 
Ammonium nitrate (NH4NO)).. I THO : 
Water...... CREER 16 I 
Sal ammoniac (NH,Cl)......... 3 C10 | —12 I +8 —24 
Saltpeter (KNO3)....... lusus. 5 


I 

a E, ln ee : SER. S| 

VAPORIZATION. — Above the surface of any liquid there always exists a 
certain amount of the substance in a gaseous form, i.e., as a vapor, the amount 
of which depends upon the nature of the substance and upon the temperature 
and the pressure in the space occupied by the vapor and such other gases (e.g., 
air) as may be present. In the case of a simple liquid evaporating into a 
space fram which all other gases and vapors have been removed, the evapora- 
tion ceases when a, definite pressure is established in this space, this equilibrium 
pressure depending only upon the temperature at which this space is maintained. 
This statement is true only when there always remains some unevaporated 
liquid; if all the liquid evaporates, then the equilibrium pressure also depends 
upon the mass of the vapor and the space which it occupies; as long as some 
liquid remains, the equilibrium pressure depends only upon the temperature 
and is independent of the volume of the space and the mass of the vapor which 
occupies it. This equilibrium pressure for any given temperature is called the 
(normal) “vapor pressure” or “vapor tension” at that temperature, and the 
vapor is said to be "saturated," i.e., each unit volume of the space containg 
the greatest possible mass of vapor which can occupy: it at this particular tem- 
perature. Diminishing the volume of the space (at constant temperature) 
Occupied by a saturated vapor causes some of the vapor to condense, and what 
is left remains saturated at the same pressure and temperature. Increasing the 
volume of the space (at constant temperature) causes more of the liquid to 
evaporate and the vapor still remains saturated at the same pressure and tem» 
perature, provided always that some liquid is left. 
_ Bailing Point and Heat of Vaperizatian. — The temperature correspond. 
Ing to any given pressure at which a vapor is completely saturated is called the 
“balling point" ofthe liquid at this pressure. The temperature of a liquid 
which is “boiling” in the ordinary sense of the term is in general greater than 
the temperature of the saturated vapor above it, since the vapor in the bubbles 
formed is under a greater pressure than the vapor above the surface. The 
quantity of heat required to convert unit mass of a liquid into vapor at a given 
pressure is called the heat of vaporization or heat of evaporation of the liquid 
at this pressure; the same quantity of heat ig given out by unit mass of the 
Vapor when it condenses at this same pressure, The boiling points and heats 
of vaporization generally given are for normal atmospheric pressure, viz, 76 em, 
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mercury. Values of these two quantities for some common substances are 
given in Table III. 


Unsaturated or Superheated Vapors; Gases.— When the pressure exerted 
by a vapor against the walls of the containing vessel is less than the saturation 
or “normal” vapor pressure, the vapor is said to be unsaturated or superheated. 
This state of affairs may be brought about either (1) by increasing the volume 
of a saturated vapor when there is no longer any liquid left to evaporate, keeping 
the temperature constant, or (2) by raising the temperature of such a saturated 
vapor, keeping the pressure constant, or (3) by a proper combination of (1) 
and (2). The ordinary so-called “permanent” gases are superheated vapors, 
the degree of superheat being very great. The distinction ordinarily made 
between a gas and a vapor is that a gas is far removed, with respect to tempera- 
ture and pressure, from the saturated state, whereas a comparatively small in- 
crease in the pressure or decrease in the temperature of a vapor will saturate it. 


Laws of Perfect Gases. — Ordinary gases, such as air and superheated 
vapors (the greater the superheat the more nearly do the relations hold), are 
found to obey approximately the following “law,” 


$V =——-» 
M 


where p = absolute pressure of the gas, 
V = volume occupied by it, 
M = mass of the gas, | 
T = absolute temperature; see Table V below, 
p = molecular weight of the gas;* see Table IV below, 
R= a constant for all gases, called the “gas constant," whose value 


depends only upon the units in which the various quantities are expressed; — 


see Table V. | 


TABLE IV. — MOLECULAR WEIGHTS OF GASES 


Gas Gas 


Air (75.5 N--23.20 4-1.3 A)... Chlorine (CL)............... 
Acetylene (CHa) ........... Hydrogen (H3)........ TET PS 
Ammonia (NH3)............ Nitrogen (N4)..............- 
Carbon dioxide (CO1). . ..... Nitrous oxide (N50)......... 
Carbon monoxide (CO)..... Oxygen (0:)............. l 


` The above relation can be deduced from purely thermodynamic relations 
(see Thermodynamics, Principles of) on the assumptions: (1) that the product 
pV at constant temperature is a constant for any particular gas (Boyle's or Mart- 
olie's Law), (2) that the intrinsic energy per unit mass of a gas depends only on 
its temperature, being independent of the volume and nature of the gas (Joule's 
Gas Law), and (3) that at constant volume the specific heat of the gas is inde- 


*For a mixture (without chemical reaction) of perfect gases of different molecular 
weights, the equivalent molecular weight of the mixture is 


p Ott Mat 
COM LEE. 7 
P Ma Ms 


where M;, Ms, My, etc., are the masses of the individual constituents and pr uo Her eC 
their molecular weights. 


EA 


Pn 
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pendent of its temperature. A gas which satisfies the above conditions is called 
a "perfect" gas; all ordinary gases and highly superheated vapors satisfy 
these conditions approximately. 

Às a consequence of the above law the following relations must hold for a 
perfect gas; they also apply approximately to ordinary gases. In addition to 
the symbols above, let 

C» = specific heat at constant volume, 
Cp = specific heat at constant pressure, 
Cp 
{= ? 
C, 
Wis = work done on the gas when its pressure changes from fi to fs 
Hy = heat absorbed by the gas when its pressure changes from fi to f» 
J = mechanical equivalent of heat. 
Then for a perfect gas, for an isothermal change, i.e., a change at constant tem- 
perature (T1 = T3) 
pa 12 
Wis = pi V1 loge (2) Hy F? 
and for an adiabatic change, i.e., no heat passes in or out of the gas (Hn = o) 


e —I 


(ny, 2 (ny (a)? 

h n]' n Vi f: 
hai (h — h) 

Wa = JC, (h — h) = n (y —1) s 


Any one of ‘the four sets of units given in the following table (or any other 
consistent set) may be used in these formulas. 


TABLE V. — VALUES OF THE GAS CONSTANT R AND MECHANICAL 
EQUIVALENT J 


Notation Units and constants 


M=mass kg. grams Ib. 
V=volume cu. meter cu. cm. 
p=absolute press. — |kg. per sq. m.|dyne persq.cm.|lb. per sq. ft. 


temperature à 
H=quantity of heat A : .t.u. gram-cal. 
W=work ; , meter-gram 
T absolute temp. = t+273 
R=gas constant = 0.832108 0.624 X104 
J=mechan. equiv. = 4.19X 10! 


Gas Saturated with Vapor. — Experience shows that when a substance 
evaporates into a space already occupied by a gas (e.g., water evaporating into 
the atmosphere), evaporation ceases for any given temperature when a definite 
pressure (depending upon the temperature and the nature of the vapor and 
the gas) is established in the mixture; or, if the pressure and temperature are 
maintained constant, then evaporation ceases when a definite amount of vapor 
has been produced. When a mixture of a gas and a vapor contains this maxi- 
mum mass of vapor per unit volume of the mixture, the gas is said to be satu- 
rated with the vapor. Such a mixture may contain less of the vapor per unit 
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volume than this maxitnum amount; the ratio of the mass of vapot per tnit 
volume actually present to thé maximum possible mass per unit volume at any 
given pressure and temperature is called the "relative humidity " of the mixtute. 
The relative humidity of à mixture (e.g., air and water vapor) can bé determined 
by the use of a dry- and wet- bulb thermometer. (See the Hygromeiric Tables of 
the U.S. Weather Bureau.) 

Calculation of the Amount of Moisture in Saturated Air.— The 
relations given below are approximate but sufficiently accurate for practical 
work; they apply to a mixture of any gas and vapor which dé not act chemically 
upon each other. Let f 

t temperature of the mitturè, ` 
p= absolute pressure of the mixtüte, 
T = absolute temperature corresponding to f, see Table V above, 
R= gas constant, from Table V above, 
29 = molecular weight of air; see Table IV above, 
fw = normal vapor pressure of steam at the temperature f, to be taken 
directly from steam tables, see article on Steam, 


dw = mass of unit volume of steam at the pressure pw; also to be taken 
from steam tables, | 


ba = Som - mass of unit volume of air at the pressure (5 — fw) 
and témperature 1, 


bm = ôw + ĉa = mass of unit volume of the mixture. 


Example. — (1) What is the weight (mass) in Ib. per cu. ft. of air satu- 
rated at normal atmospheric pressure (14,70 lb. per sq. in.) with water vapor at 
kao” F. ? (2) What is the weight in Ib. of the water contained in 1 cu. ft. of the 
mixture? From the above formulas ~ = 14.76 X 144 Ib. pet sq. ft.; pw = 6.946 
X 144 lb. per sq. ft.; w= 0.002851 lb. per cu. ft.; T = 460+ 100= 560° F.; 
R= 1547; ĝa = eT XH = 0.06690 Ib. per cu. ft.; dm = 0.002851 
+ 0.06630 = 0.06915 Ib. per cu. ft. Answer: The mixture weighs 0.06915 lb. 
per cu. ft. and contains 6.0028%1 Yb. of moisture per cu. ft. | 

Dalton’s Law; Partial Pressures. = The above calculation is based 
upon the experimentally determined relation, known as Dalton’s Law, that, 
in a mixture of several gases or vapors which.do not react chemically upon 
each other, the total pressure for a given volume of the mixture is approxi. 
mately equal to the sum of the individual pressures which each gas or vapor 
would produce if it alene filled this volume. For example, if a mixture of three 
gases or vapors A, B and C fill, when mixed, a volume V and produce a pressuré 
p, then if the gas or vapor A by itself would exert a ptessure pa when it alone 
occupied this volume V, and gas B by itself would exert a pressure fb when 
it alone occupied this volume V, and similarly for gas or vapor C, then 


$ = þat pot poe 


The pressures pa, $b and po are called “partial” pressures, Dalton’s Law holds 
only approximately, but is sufficiently accurate for most practical calculations. 


Seblimation. — When a substance passes directly from a solid to a gaseous - 


state the pheioixeron is called sublimation. A ‘commen instance of this is the 
sublimation of solid carbonic acid, which passes from solid to gaseous fora 
at atmospheric pressure at a temperature of = 79° C. And absorbs 146 grati 
calories per gram or kilograrn-calories per kilogram. — - 

TRANSFER OF HEAT. — When a body fs at 4 higher temperature than 
the satrawHding bodies, energy is transferred from the hotter to the coldet 
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bodies, as is manifested by the changes in temperature or state which tend to, 
or actually do, take place, even though the intervening space is entirely void 
of matter. The energy thus transferred from one body to another through 
empty space is called “radiant energy," or “radiant heat," and is similar in 
nature to the energy radiated in the form of light waves and electromagnetic 
Waves. The waves of radiant heat have a length greater than that of light 
waves and less than that of the ordinary electromagnetic waves used in 
Wireless telegraphy. Radiant heat is absorbed by, transmitted through and 
reflected by, ordinary matter in much the same way that light waves are ab- 
sorbed, transmitted and reflected. Matter which is transparent to light waves, 
however, may be practically opaque to heat waves; e.g., water absorbs prac- 
tically all the heat waves which fall upon it. 

When a hot and a cold body are separated by a fluid which is free to circulate, 
heat is transferred from the hot to the cold body by currents of the fluid itself 
flowing from one to the other; similarly, all parts of a fluid which is being 
heated quickly come to approximately the same temperature. This transfer 
of heat by currents of the fluid itself is called “convection.” 

In the case of a hot and a cold body separated by a solid the transfer of 
heat, which may be very rapid, particularly when the separating medium is 
a metal, is probably due to an extremely rapid to-and-fro motion of the mole- 
cules which constitute the medium. In any event, the process is essentially 
different from the transfer of heat either by radiation or by convection; it is 
described by the term “‘conduction ” of heat. 


Radiation, Absorption and Reflection of Heat. — The rate at which a 
hotter body radiates heat, and a colder body absorbs heat, depends upon the 
state of the surfaces of the bodies as well as on their temperatures, The rate 
of radiation and of absorption are increased by darkness and roughness of 
the surfaces of the bodies, and diminished by smoothness and polish. For 
this reason the covering of steam pipes and boilers should be smooth and of 
a light color; uncovered pipes and steam-cylinder covers should be polished. 

The heat radiated by a body at a given temperature T to surrounding bodies 
at a lower temperature is equal to the heat which this body would absorb at 
this same temperature 7 from surrounding bodies at a higher temperature, 
When a given quantity of radiant heat strikes a body, only part of the heat is, 
as a rule, absorbed, the rest being reflected. 

Let Hj be the incident heat, H, the reflected heat, and Ha the absorbed heat, 
at temperature /, and let He be the heat which the body would emit at this same 
temperature to bodies at a lower temperature; then 


H = H. rt H a. 
| Ha= He. 
Definition of "Black Bedy”; Stefan-Boltzman Lew. — A “black 
body” is defined as one that absorbs all radiations falling upon it, neither re- 


flecting nor transmitting any. The radiation of such a body is a function of the 
temperature alone, and ia identical with the radiation inside an inclosure all 


parts of which have the same temperature. By heating the walls of an inclosure | 


às uniformly as possible and observing the radiation through a very small 
opening, a practical realization of a black body is obtained. 
The radiation from such a body is found to obey the following law 


. E= K (T*— T4) Ai, 
where E is the total energy radiated in time ¢ from such a body at an absolute 


temperature T to surrounding bodies maintained at an absolue temperature 
To. A is the area of the surface of the body and K is a constant. ` This relation 
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is known as the Stefan-Boltzman Law. When the absolute temperature T is 
over three times the absolute temperature To, this relation may be written 


E= KT*At. 


The mean of the best determinations of the value of K is 1.28 X 1071? when E 
is expressed in gram-calories and T in centigrade degrees. For other units K 
has the following values : 


- ue ` ` b 
H 
t 


VALUES OF K 


: : Abso- 
: Unit of Unit of | Temperature 
Unit of energy (E) area (À) | time (t) scale lute K= 
zero 

Gram-calorie....... sq. cm. second | Centigrade —273 | 1.28X1o0 7 
Kg-calories ........ sq. meter | hour Centigrade —213 | 4.61X10 ^? 
B unosi sq. ft. hour Fahrenheit | —460 | 1.62X10~° 
Watt-seconds....... sq. cm. second | Centigrade —273 | s.35X10- 
Kw-hr ......... sq. in. hour Centigrade —273 | 3.45X10 ^ 


Radiating and Reflecting Powers. — The ratio of the heat radiated 

per unit area by any surface at a given temperature ¢ to the heat radiated per 
unit area by an absolutely black surface at this same temperature / is called 
the radiating power of the surface at that temperature. The difference between 
this ratio and unity is a measure of the heat which would be reflected by this 
surface at the same temperature, and is defined as the reflecting power of the 
surface. The radiating power of a surface depends upon the temperature of 
the surface; at very high temperatures the radiating power of every surface 
approaches the value of unity, ie., at high. temperatures the total energy 
radiated by any surface approaches in value the total energy radiated by an 
absolutely black body. The following table from Kent's Mechanical Engineer's 
Pocketbook gives the approximate value of the radiating power of some common 
surfaces at ordinary temperatures. 


TABLE VI. — APPROXIMATE RADIATING AND ABSORBING POWERS 


Radiat- 
ing or ab- 
Surface sarbing Surface 

power 
Lampblack.................. IOO Zinc, polished............... 
WAatet.a cet RR EPVISEPS 100 Steel, polished............... 
Carbonate of lead........... 100 Platinum, polished.......... 
Writing-paper............... 98 Platinum in sheet. ....... AM 
Ivory, jet, marble........... 93-98 gk PODES E EU 
Ordinary glass.............. 90 Brass, cast, dead polished... 
c ——— — o E Brass, bright polished. ...... 
Gum lac................ CEP 72 Copper, varnished........... 
Silver-leaf on glass........... 27 Copper, hammered.......... 
Cast iron, bright polished... 25 Gold, plated................. 
Mercury, about............. 23 Gold on polished steel....... 
Wrought iron, polished...... 23 Silver, polished bright....... 


Oiling a polished surface may increase its radiating power from 2 to 3 times, 
but oiling does not seriously affect the radiating power of a rough surface. 


«^5 ger T. fy 
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Conduction of Heat. — Whenever a difference of temperature is main- 
tained between any two parts of the same body there is a transfer of heat from 
the hotter to the colder part by the process.described by the term “conduction,” 
as distinguished from radiation and convection; also when two bodies at dif- 
ferent temperatures are in direct contact there is a transfer of heat across the 
surface contact from the hotter to the colder body, the process being similar 
in nature to the conduction of heat from a hotter to a colder part of the same 
body. The first type of conduction is called "internal" conduction; the second 
type "external" conduction. 

Internal Cogduction. — Consider a flat layer within a substance, the 
two sides of the layer being parallel and its thickness small compared with its 
area. Let one side of this be maintained at a constant temperature T, the 
same at all points of this surface, and the other side of the layer be maintained 
ata constant temperature Ti; let A be the area of the layer (i.e., of one of its 
flat surfaces) and x the thickness of the layer. Then the amount of heat 
transferred through the layer in time / is, 


K A (T— Ty 
x 9 


H 


where K, called the “thermal conductivity,” is approximately a constant for a 
given material, and is independent of the temperature difference T — Ti, when 
this difference is small; K is not constant, however, for wide temperature vari- 
ations. Values of K are given in Tables VII and VIII. The reciprocal of 
the thermal conductivity, viz., p = 1/K, is called the thermal resistivity. 

The values of K given in the tables below are the values of this factor when 
H is expressed in gram-calories, A in sq. cm., x in cm., (T — 71) in ° C., and ¢ in 
seconds; i.e., K is the number of gram-calories transmitted per second through 
à cube 1 cm. on each edge when a difference of temperature of 1? C. is maintained 
between opposite faces of this cube. For other units the value of K as given 
should be multiplied by the factor noted in the following table: 


; Unit of ; Unit of 2 
Unit of heat Unit of thick- bom of temp. iu ig ply 
MAR ness j diff. y 

Gram-calorie. ............ sq. cm. cm. second 2C. 1.000 
Kg«alotie............... Sq. m. cm. hour °C.  |3.600X 108 
Bit Win cswepeinanen toes sq. ft. inch hour 7 oR, 2902 
Watt-seconds............. sq. cm. cm. second . “C: 4.183 
Watt-seconds............. sq. ft. inch second °F. 850.8 
Kw-hf. olleeseen. sq. m. cm. hour C: 41.83 
Kwehr, leenean. sq. ft. inch hour ° F, 0.8508 


Conduction through Other than Thin Layers. — The formula for H 
given above is applicable only when the lines of flow are straight and perpendicu- 
lor to A and the temperatures T and TY are temperatures of the surfaces of the 
substance itself, not the temperatures of a fluid, for example, in contact with 
these surfaces. Failure to take these facts into consideration accounts for 
some of the inconsistencies in the reported values of thermal conductivity 
from tests. To calculate the flow of heat in other cases, formulas analogous 
to those for electric resistance and conductance must be employed; see Resist- 
ame and Conductance. 
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Temperature Coefficient af the Internal Thermal Conductivity. — 

In the case of metals the variation of the internal thermal conductivity with 

temperature may be expressed with a fair degree of approximation by the relation 
K=Ke (z + at), 


where Xo is the conductivity at o? C., say, and K is the conductivity at any other 
temperature of ¢°C., and a is a constant. The coefficient a may be either 
positive or negative; its value for some of the common metals is given in 
Table VIT. 


Values of the Internal Thermal Conductivity (K) of Materials. — 
In the following tables, VII and VIII, are given the thermal conductivity of 
certain common non-metallic and metallic substances respectively. The data 
are from the following sources; Landolt-Bórnstein, Pbysikalisch-Chemische 
Tabellen, 1912; Nusselt, W., Zeit. Ver. Deutch. Eng., June, 1908; Hering, Carl, 
Trans., A.I.E.E., 1910; Randolph, C. P., Trans. Am. Electrochem. Soctety, 
1912; Ordway, Trans. Am. Soc. Mech. Eng., 1884-85; Coleman, J. J., Engineer- 
ing, Sept. 5, 1884; Scott, H. G., Power, 1902; Wolff, Jour. Frank. Inst., 1895; 
Peclet, Practical Treatise on Heat; Met. & Chem. Eng., Feb. 1909, p. 725 Brill, 
G. M., Trans. Am. Soc. Mech. Eng., Vol. 16, p. 827; Smithsonian Physical Tables. 


TABLE VIL. — INTERNAL THERMAL CONDUCTIVITY OP NON- 
METALLIC SUBSTANCES 


Ae 
Temp. range, Therm. conduct. | | mper 

* C. K" e 

Substance efficient 

per °C 

From* To Fromt Tof a 
|S Lan este ROVER Ee Re Q 0.000568 | ........ -Hro.6019 tQ 
+o. 0039 

Asbestos. .... eere 100 Soo | 0.000172 | 0.000219 |... 
Brick, building............. I5 to 30 0.00149 | .....-- v oprepis icis 
Brick, dust.............. s IS to 3o. 0.000461 | ..... e] 
Brick, fire......... sees o 1300 | 0.00140 | 0.00419 |... 
Carborundum............ es] eee o.05 Ll... [eeeeee 
Cardboard....... Maece deed Below o 0.000394 | ceren den ÁÁsÁntgtnt 
Cement, Portland.......... 35 9o | 0.000712 | 0.00217. |. 
Chalk acci trees tesbsrexod| netas 0.00219 [| ... ee [ereenn 
Concrete, slag.............. 50 0.000528 |. scs [emen 

Cork:u certe eia e ER 20 200 | 0.000153 | 0.00020I "ep 

Ebonite.. rese rur rns 6 90 | 0.00038 | ........ —0.0019 
Eiderdown................. 100 ISO | 0.0000471| o.QQ0tI2 |... 
Feathers.. i-e er e 20 I55 | 0.000163 | .. eee ferent 
Potts idocsaws tees C ESNE EP EN 21 IPS | 0.00025 b... cem eÁnnÁ&áÁáÁ 
Flannel.............eeeeee. 50 ee 0.0000355| ..... [nnns m 
Halr.2:2 es ore rare 20 ISS | 0.000148 | .... e d enn n rere’ 
HOPES ever tex ES Ex Tulpseis e. | 0.0000870] ...... feteret 
Ice mI") NETT T 0.00213 0.00570 mL 
Infusorial earth............. 20 450 | 0.000216 | 0.000384 | enn" 
Laxpblack.................] 100 Soo | 0.0000756| 0.000109 |... nn 


e 


ay 
i 


jiy 
ayi 
eTe 
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TABLE VII. C INTERNAL THERMAL CONDUCTIVITY OF NON- 
METALLIC SUBSTANCES — Continued , 


Temp. range, Therm. conduct. Tempera- 
oc ture co- 
Substance efficient 
per °C. 
From* To a 
leather. verse erenerel Geaxsx TO wees d 02300015: | 0:09044 . [eio es 
Linelis v eeerveerzekeexcmdeaul! mem cb qued 249:0002T.']| acenso, DexbGA Xm 
Liquids, ^ hydtocarbons, 
Üli Elo socis emectsvrl. uas seus d 0:0003000] enh vx Teese ete S 
Magnesia, catb............. 20 i 188 "esiti gt 
Magnesia, calcined. ....... s 20 155 VUE AC 
Magnesia, asbestos. . ....... 160 400 | 0.000162 | 0.000178 |....... TP 
Marble, ..,........... severed 15 tO30 — —0. 0005 
Oil, olive...............00 ee 6.6 | .... | 0.000392 | asec iy exaudd eats 
Qil, castor............... R E EE E EEEN 2.37 VAA ESE T. babe Y 
Oil, petroleum.............. o 34 +0, o110 
Oil, turpentine............. 13 +0. 0067 
Paraffin................ es. o 34 4-0. 0634 
Pasteboard.. eio lussosvosoel ef ve [] **9956.02€29€95^* 
Plastet. sees osecte exa] - Kaiten: és. | 0.00130 | 22e | owe rus 
Plaster of Paris... ...... — 20 155 IP 
Plumbago "T i-e. n0 bee 20 155 besiet 
Poplox, made from NasSiOs| 200 500 | 0.0000920| 0.000162 | .......... 
Porcelain......... Or OP METUS 95 re.. | 0.00249 T cob e ESO exu Su uA 
Pumice stohe. ............. 20 155 | 0.000428 | ........ | ...... e. 
Quartz.............. TUTO 500 —0.0019 — 
Rubber, vuleanized........ o 49 ree A 
DANG S LL vo CERIMEAA 20 ISS | 0.000855 | 0.000867 | ......... 4 
Sawdust.........ccccccseees{ sss | ss. | 0.000123 | 0.000152 | ........ £s 
ji MEER aaa 5o too | 0.000124 | O.OOOI4I | ........ vd 
JT A T 56 | .... [0.00204 | ........ | ....... i 
NJ MOREM DA d 9 f| 0.00300 J ilz xev 
DI socie urepese ever] ease f sue] 0.000060 | o.oorrs T, corio " 
Stone, calcareous........... 1516030 | .... | 0.00470 | 0.00570 | .......... 
Strawboard..........c.0000[  ceeeee |] ses | 0.000330 | 000.000. ] lessen 
Walet: saeir bees arre ut to ð —0.0055 
Water.......... ical wrens 30 | .... | 0.00158 | ........ | ...... ne 
Nod, esatta ture rc o ax tec: .... | 0.0000878| 0.000300 | .......... 
Wool, sheep's.. ....... Lese. ' — 26 ros | 0.000126 | 6.660152 | .......... 
Wool, mineral xiv RES o i75 | 0.0000930| 0.000128 | ..... TR 
Wool, steel PPP Ceevrervd EP 100 a Peeoevedtoe 
Woolen...,........... bane roo s... | 0.060060553| O.0001Y9 | ......... é 


* When only one temperature is given the measurement was made at that temperature. 
Í Range of determinations by different experimenters. 
" [n gram-calories per centimeter-cube per degree centigrade per second; see table 


oD page 717 for multiplying factors when other units are employed. 
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TABLE VIII. — INTERNAL THERMAL CONDUCTIVITY OF METALS 
AND VARIOUS FORMS OF CARBON 


Temp. range, |Therm. conduct.| Tempera- 


S C. K a ture coeffi- 
Substance cient per °C. 
—— a 
Fromt| Tot 
Aluminüfi.c os tan eseds heads 0.344 0.362 +0.00054 
Brass, yellow................... 0.204 0.254 --0.0024 
Brass: Ped ivessvevra eeu y a rei 0.246 0.283 +0.0015 
Carbon s vocet Ex Tbe er 0:080. T Xosscs |. diana at 
Carbón ssa ae o e ERR ea^ 0.130- p ge uieixess js 
Carbon, Ach. Graph........... 0:340 | orreen -Erexssexes 
í Carbon, Ach. Graph........... 0:200 astees | oridi 
| Charcoal. «eina wc Peres 0.00019] Jv er rete 
Coal 62.25 aces eu akon 0.00030) 22] exe 
Constanitat. 222 se o terres 0.054 0.064 | ......e 
CODDEE s ouuzeiau e QR eta neck 0.92I 1.059 | Í —0.00053 to 
CoDDet. s coss u PR A EE NEM E 0.914 1.024 | | +0.00047 
German silver.................. 0.070 0.089 | -+0.0027 
Gold. cca o bci eost ied 0.703 | «d cere yrs 
WG ois. e kr eH ER cas 0.167 0.207 j| — 0.00023 to 
IfOü enel odrQelr uA eae: 0.142 0.163 0.00061 
Ito. erile£ ee RENE EET 0.130 J.e lo oxuesx we 
—0.00086 to 
Lead cora d dete x ERE EE 0.0764 | 0.0834 qeu 
Manganin..............eeeeeee 0.052 0.063 | +0.0027 
Mercury........cecceeceeeceeees 0.0148 | 0.0189] —0.0013 (a) 
Nickel. .........ccccccccacecee f sw. | OI [ees —0.00031 (b) 
Platinum oae cre Sees 0.166 0.173 | 0.00053 
Platinoid. i e eb A eere eus xe 29:000 Irsavesss| cies ee es 
Silver. orena etl va te ae 1.096 0.992 | “~0.00017 
Steel od iovis ERA E CURAE 0.062 0.111 | -—-0.0006 
"Pr du baa teen ede E E esl 0.153 0.142 | -—0.0007 
TAN a s Si 4248 eei pau das eu. 0.265 0.262 | ~—0.00015 


* When only one temperature is given the measurement was made at that temperature. 
t Range of determinations by different experimenters. 
** In gram-calories per centimeter-cube per degree centigrade per second; see table 
on page 717 for multiplying factors when other units are employed. 
(a) Range from this value to — 0.00045. 
(b) Range from this value to — 0.000066. 
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resistance analogous to the contact resistance at the junction of two dissimilar 
conductors, e.g., a carbon brush on a commutator. Data on this point are 


meagre. For thin plates Peclet gives the following formula for small tempera- 
ture differences, 


Re 


I 
“AGFB TJ 


where R, represents the /o/a] contact resistance for both surfaces per unit area 
Perpendicular to the direction of flow, T and 7; the temperatures of the air or 


Y or varnished surfaces 

Dull metallic surfaces 

eed he eee 
Water on both sides: 


9U' Rec rece Oe Weve WP. Jee 86 6 
TUPUe/8:8/676/5, 8, 9.5 6356/98 4-9 P WR LS e cg x 


TRE RR UK e S wp: ek RE Dice eim 


aM cc 


For a large difference of temperature, the term B (T — TY) becomes large in 


Comparison with unity, whence the total flow of. heat H from the fire box to 
the water through an area S is — 


— Ta 
H= T-ns " 
a. 

pasa from tests on boiler plates and tubes give values of a ranging from 160 

Over 200, when the quantities involved are expressed in B.t.u.-hour-sq. ft.-. 
Fahrenheit Units, 
; Total Therma] Resistance of a Thín Plate. — Let x be the thickness 
ol the plate, $ the a 3 


ontact with the two surfaces of the plate, p the internal thermal resistivity, 


R= (re tre ter) 


and the total flow of heat from fluid to fluid in time / is 
H.U-TO/—. (T-T) St 
R fc fc + px 


er, the term px is small, and re + rc’ = 
Cu - | 
V/4B 18 approximately à constant, as noted above. 


) — —— p-——————A 
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EXPANSION DUE TO HEATING. — Most substances. expand when 
heated, but water between o^ degrees and 4? C. quartz glass below —^ 84° C. 
and a few other substances contract with increase of tempetature. - When the 
temperature of a solid is changed by rapid cooling, slow changes in its dimet- 
sions continue long after it has attained the same: uniform temperature 
throughout. This effect, which is particularly marked in glass, is known 88 
«thermal hysteresis.” It can be largely eliminated by prolonged heating at à 
high temperature followed by a very gradual cooling, i.e., by annealing. 

The volume of a physically homogeneous substance which is not subjected 
to any treatment causing more or less permanent changes in its structure, 
fs à definite function of its temperature and the pressure or tension in it. 
weneral, under constant pressure Or tension the amount of expansion cau 
by a given change in temperature depends upon both the material of the body 
and its initial tetaperature. : 

Coefficient of Expansion of Gases. — [n the case of gases, however, there 
is a remarkable uniformity, all the so-called permanent gases expanding about 
<== part of their initial volume at o° C. per degree centigrade increase of tem- 
perature, irrespective of the pressure, provided this remains constant through- 
out. That is, for any of the ordinary gases, ao 


t 
V= Vo (: +) y, 
| V 278 | 
where Vo is the volume at o? C., and V the volume at any other temperature 
t° C., the pressure being the same at both temperatures. If the temperature 
is expressed in Fahrenheit degrees and Vo is the volume at o* F., then 


V= Vo C -je iL) . 
! 460 | | 
Note that-- 273 and — 460, are the absolute seros on tbe centigrade and 
Fahrenheit scales respectively. — A 2e jeu 
Coefficients of Linear Expansion of Liquids and Solids. — Let h be 
length of a rod, or of column of liquid, at any standard temperature, say © C, 
and 1 be the length at any other temperature /. Then the exact relation 
tween J and lo may be expressed as a series of the form 
1-5 lo (x 4 at 4- bP +...), | 
where a, 5, etc., are constant coeficients for any giveh. material and fied tejer ane 
temperature. As a rule the coefficients of the powers of ¢ above the first i 
auch smaller than the first coefficient, and for small ranges of temperatare i 
approximate formula a A 
$= lo (x + åt) 


' is usually employed. The coefficient a in this formula is practically a constant 


for any range of temperature not exceeding soo? C.; it is sometimes called the 
“mean coefficient of linear expansion ” between the limits of temperature chosen. 
For example, between o? C. and 100° C., the mean coefficient of linear expansion 
is defined by the relation i CAES NET ims 

| NEL UC RE 
a= 

" 100 Is 

vriroré hoo — A ic equal to the change in length produced by ineteasinp the tën- 
perature from o° C., to 100° C. PE f 
"Yt should be noted that for each value of the standard or reference temper 
ture a different value of @ must be used. For example, if a rod has a! 


"te 


BEN 
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TABLE IX. — COEFFICIENTS OP LINEAR EXPANSION 


lv h (x J- af + bP), temperature in "C. 
Gy = "true" coefficient at 20°C. 


(From Landolt-Bürxstein's Tables, 1912 Edition.) 


Temp., ? C. 


From | To 


MERO: o 610 [0.235 X10 |o.707 X103 0.238 1074 


o 8o [0.179 X10™* |0.456 X10o™®io.181 X10—4 


eesosas’ 


Bronze (81.2 Cu+ 8.6Zn 
+9.9Sn+0.2Pb)....... 
Carbon, gas-carbon......,.. 
Carbon, graphite. n Eit ook 
Constantan (69 Cu-F4o Ni) 
Copper 


80 |o.176 X10 |o.469 X1075/0.177 X10-4 
e 10.054 X19 Liu... 
s 10.079 X107 Dee 
500 |o.148 X10 0.402 X10 
625 0.167 X107 |o.403 X19? 
Ioo |o.077 X10^* 0.350 X109 
0.072 X10 |o.544 X10? 
95 jo.136 X10 |1.12 X107? 
100 [0.184 X10 * |........LLL lusus 
72 10.514 X10 * |......L.uLL.].... 

625 [0.098 X10 [0.566 X10—%l0, 102 x 19-4 
500 |a.117 X10 * 0.525 X10-3o.119 x1o-4 
94 |0.273 X10~4 10.74 x1078 0.276 X10~4 
0.317 XIQ | .......... Siete saees 
0.077 X10~4 |1.200 X1078/0.082 x 1074 


9,159 X1074 
23.169 1074 
0.079 X10 ^* 
0.075 X10^* 
0.140 X1o^7* 


wii LL LL 


t 4 997 9-4. Ru Qo pia v 


a ee 


Seth eae E 


a ae Be AA . Ld 


EL er E 


he 5... 


^o 
bao ov NOO 00906 0 
m 
8 


Ai rp 


ü 
8 


D 
e 


0.076 XIQ * 6.490 X198 0.079 X1074 


ML M | 9 | IoO0 |o.Y35 X107 0.332 XIo-$ 0,136 X10 4 
o 38 |o.175 X107*|o."1x Xros 0.178 X10 1 


a oe i 


o 0.167 X107 |o.462 X1078/0.168 xX10—4 

9 | rooo |0.0887 X10 |o. 1324 x 108 0,0892X 1074 

20 TOQ |o.027 X10 10.306 X107810,028 x10 

o 600 jo.034 x107*|o.10y X10-3 0.035 X10 1 

X | 25 fo.77 xi:7|........... suu , 
NEA E e Rara 25 35 [0.84 x1o074|............].......sss 

o 

8 

o 

9 


LERET 


Porcelain, Berlin... 
Porcelain, Bayeux 


Aer. , 


***55222...]* 


ttt] re 


REN 730 [0.3827 Xto o.4793X 1050. 1846 X 1074 


UNUS ad aL er 


95 [0.203 X107*|2.63 x10^7$|o.214 xro-4 
18 (0.696 x107*|........LL. ooo. oe eee 


96 jo.274 X10~4 |2.34 x1a-5|o.284 X104 


tttthes]| ac a eai 


Sheek eee nene, 


" When the temperature is expressed in Fahrenheit degrees, the formulas become 


. ` ally — 32) e-s] l 
in [op fr $24 

; EI 

ms 


"het a, band 7» have the values given in the above table. 


300 [0.092 X107*|o.336 x107*/0.093 x10—4|. 
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at h degrees and a length / at ! degrees, and ae is the mean coefficient of linear 
expansion referred to 0° C., then h = h (1 + ahı) and} 5 le(x + ad), whence 


beh [rta¢—A)], 
where a1 = ao/(1-+ Gots). 
If 4 is so large that aot is appreciable compared with unity then a; is not 


equal to do. 

True Coefficient of Linear Expansion. — The “true” coefficient of 
linear expansion at any temperature / is defined as the rate of increase of length 
with increase in temperature divided by the length at this temperature t, or 
I di 
l dt 
The “true” coefficient a; any temperature depends on the temperature. 


Coefficients of Cubical Expansion of Liquids and Solids. — The volume 
or cubical expansion of liquids and solids may be expressed in exactly the same 
manner as the linear expansion, viz., 


V 2 Vo(1z-Fot-- B+...) 


Q = 


or approximately 
V = Vo (z - at), 


and the true coefficient at any temperature / is defined as 


Ad 
wzy di , 


where V and Vo are the volumes at / degrees and at the reference temperature 
respectively. . 

As a first approximation, when the coefficient of linear expansion 1S small 
and the temperature rise not excessive, the volume coefficient may be taken 
equal to 3 times the linear coefficient. "m 

A few volume coefficients, determined from direct experiment, are given M 
Table X. For Water see article on Weights of M aterials. 


TABLE X.— COEFFICIENTS OF CUBICAL EXPANSION 


V = V, (1 + at + 67), temperatures in ? C. 
ax = “ true ” coefficient at 20° C. 
(From Landolt-Bornstein's Tables, 1912 edition.) 


Substance 


Caoutchouc, crude gray..| © 15 6.62 X 10-4 
Gutta-percha, pure rolled.| o 40 4.96 X 107* 
Paraffin.............. e o 33 5.84 X 107* 
Petroleum, sp. gr. 0.8467..| 24 | 120 8.99 X 10-4 


Wax, white solid.......... IO 57 


10.7 X 10-4 


Mercury (— 10 to 300° CJ): 
V = Vo(1 + 1.805553 X 10-+## -F 1.2444 X 10 P + 2.539 X 19711 ff 


E 
ou 


imti 
2 liat 
iQ the 
*u e th 
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FLASH POINT OF OILS. — The flash point of an oil is the temperature to 
Which the oil must be raised before the vapor immediately above it will take 
fire upon the application of a flame. This temperature depends to an appreci- 
able extent upon the size of the flame, the method of applying it, and the shape 
and dimensions of the containing vessel; see Oil, Transformer. The follow- 
ing values of the flash point for various oils are taken from J. Lewkowitisch, 


Spec. grav. at Flash point 
60° F. oF. 


Mineral oils: 


Refined American... o.oo 0.875 to 0.920 325 to 425 
Refined Russian... 0.895 to 0.915 300 to 425 
vu TREE 0.875 to 0.895 300 to 350 
Natural (dark) American... ., 0.880 to 0.895 325 to 425 
Natural (dark) Russian... 0.910 to 0.915 250 to 300 


FEVER RA V grs 450 to 575 


Mic SESE d 0.8804 to 0.8807 446 to 457 


PER Ne ties haces oe 0.9172 494 
Tallow ie tt een ee 0.951 265 
Neat'a foot... son PPP RAN 0.9178 470 
MS WME ie 0.9207 476 

Vegetable oils: 

Cas 


I m ec 0.963 
Die. Oo quu Ud ics, 0.930 285 


Peeees 


cc HN 0.914 305 
sell gt aren a 0.920 i 


ing tables ¢: is absorbed the reaction is called “endothermic.” The follow- 
E ive the heats of reaction for some of the more important industrial 


When ite formation of one mol (16 + 40.07 = 56.07 kilograms) of calcium oxide 
Braga emberature is brought back to room temperature is 130.9 kilogram- 
r 33 kilogram-calories per kilogram of calcium oxide. 


* By M. De K. Thompson. 
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TABLE XII. — HEATS OF FORMATION OF IMPORTANT COMPOUNDS 
(At room tem perature unless otherwise stated.) 


Product Equation 
ee eee RR earner 
Acetylene aa a Ue nara ete S TE o 2C-F2 H= C-H: l 
Aluminium hydroxide ee cee | 2Al+30+3 H,O=2 Al (QH); 
“ ,....| Al4+-30+3 H=Al (OH); 
a oxide.............-. 2 A14-30—- AO; 

Ammonia gas......- nnn N+3 H=NH; 
Barium dioxide................ BaO+O0=Ba0; 

ME. ih Oe nue DE Ba+20=Ba0, 

*  hydroxide.............- Ba4-20-F-2 H 2 Ba (OH), 

“  monoxide.......... eee Ba+O=Ba0O 
Calcium carbide... .......s.0.- | Cat2C=CaCs 

Á Qxide....... eese] Cat+O=CaO 
Carbon dioxide...............- C amorphous4-20 - CO; 

OA alls ance hold RE C graphite--20— CO, 

"  monoxide...... ene Ud C amorphous+O=CO . 
Copper chloride...............- Cu4-2 Cl=CuCl, 

"  sulphate........... .Lussu| Cu 843-402 CuS04 
Cupric qxide........... svo] Cut+-O=CuO 
Cuprous oxide............ esee 2Cu4-O- Cu;0 


Ferric hydroxide........ 
" oxide si occus sve dr eh 


ii hydroxide. T 


Lead dioxide.............,..... 
©  monoxide.......... eee ane 
“ Ssulphate..... MOS " 

. Magnesium chloride.. P 

il hydroxide... .:.- 
T Oxide. csi eet vss 

Nickel chloride... CE a a a a 
"  hydroxide......... esee 
* oxide. ee ee ee 2 or oe 


^." gulphate sackijwisiauess | 


" Nitria oxide. . Oa ee ee oe IEEE: 
Nitrie acid. .............. 


"19S * 


* 1 Kg-cal. = roco gram-cal. = 3.968 B.t.u. = 4183 watt-seconds (joules) = 1.162 X 


xo * kw-hr. 


| 2Fe+30+3 H.O=2 Fe (OH); 


f 2 Fe+30= Fe,O3 (dried at, 400. °) 
| 2Fe+30= FejOs (heated to 1000") 


..| Re4-2 Cl=FeCl, 
_| Fe+O+H,0=Fe (OH), 


Fe+Q=FeO 
( Fe + S 4- 40 4-7 H:0 = 


|t. BReSO,*7 H3O 


PbO--O- PbO, 
Pb--O-PbO 
Pb+S+40=PbSO, 
Mg+2 Ci=MgCl, 
Mg+20+2H=Mg QH» 
Mg+O=MgOQ 

Ni+2 CI NiCl, 
Ni-FO--H40« Ni(OH)s 
Ni+O2NiO0  - 


pura pem t 


NiSO«4 * 7 Hx0 
N+Q=NQ 
! N+H-+-30= HNOs liquid 
IEEE Vet HNGS dissal ved 


Kilogram- 
Calories* 
evolved 
per mol of 
product 


—— 


—47.8to—58.1 
194.5 to 196.5 
297.0 

| 380.2 
II.9 to 12.2 
18.4 
145.5 
217.0 
133.4 to 120.4 
-—1.28 
145.0 10 151.9 
96.96-97.65 
94.8 
29.0. 
51.63- 514 
182.6 


"N YI 


a“ 
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TABLE XII. — HÉATS OF FORMATION OF IMPORTANT 
COMPOUNDS — Continued 
(At room temperature unless otherwise stated.) 


f 


Kilogram- 
Calories* 
Product Equation evolved 
per mol of 
product 
Nitrogen dioxide. ............. | N20: NO, at 22? C. —1.7 
" En emm N + 20 = NOs at 200° — 7.9 
Oz0ne,...... esee enne 1% 0,20, —34.I 
Potassium chlorate............. K+Cl+30=KC10; 95.8- 93.8 
€hloride..... COUPE K+Cl=KCl 105.6 
" — hydroxide........... K,0+H,0+Aq.=2 KOH (Aq.) 67.4 
ý d A rtm K-FO--H-KOH 103.2 to 104.6 
" — hypeehlotite.........|] K-FCI-2OJ-Aq. - KCIO (Aq.) 89.4to 88.0 
2 oxide "m e eruca Beers 2 K+0 = K,O 97.1 
“perchlorate ..| K+Cl+40=KCI1O, 113.5 
Silver nitrate.........02.. cee eee Ag+N+30=AgNO, 28.7 
” oo TR 2Ag+O=Ag,0 5.9- 7.0 
Sodium chlerate............. es. N&4-Cl4-3O = NaClO; 86.7 to 84.8 
" chloride.......... are] NaCl NaCl .. 97.8 
" hydroxide. ............ Na,0+H,0+Aq.=2 NaOH (Aq.)| 63.9 to 56.5 
à MMC nem retur Na4-O--H-2 NaOH | IOI.9 to 102.7 
"  hypochlarite........... Ne+Cl+0O+Aq-.=NaClO (Aq.) | 83.4t084.7 
uM TET 2Na+O=Na,O 100.3 to 91.0 
^  perehlorate..........-. Na+Cl+40=NaClo, t60.3 
Sulphuric aeid.................. S+4 0+2 H=H,SQ, liquid 192.9 
Sulphurous oxide. ............. $ solid 4-20 —- SO, (gas) YII 
" ATT S solid 4-2 O SO, (dissolved) '  »8.8 
Tin (stannous) chloride. ....... $n+2Cl=SnCl, 80.8 
j " oxide. .......... $n-FÓ-SnO 67.6 to 66.2 | 
Will. ood uoo tun tine eis 2H gas--O gas=H,0 at 18° C. 68.36 | 
M amis Cor LIE 2H gast+O gà$— H;O at o* C. — | 68.25t069.0 
Zinc chloride and H.......... Zn4-2 HCl(aq.) 2ZnCls(aq.)--H: 34.2 
ESO CR RE: 2n+0=ZnO | 85.0to 85.4 
" gulphate.............00005 Zn+S+40=ZnSO, 231.1 to 229.6 


au = 1606 gram-cal. » 3.968 B.t.u. = 4183 watt-seconds (joules) = 1.162 
í N. f i 
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TABLE XIII. — HEATS OF COMBUSTION (COMPLETE) OF SOME 
IMPORTANT INORGANIC SUBSTANCES* 


(At temperature 18? C. and constant pressure.) 


Heat of com- 
bustion in 
kilogram-cal- 
ories per mol 


Methane 
Acetylene 315.7 
Methyl alcohol 170.7 
Ethyl alcohol 326.1 
Nitroglycerine 


"213.5 


361.2 
CH;,—-CO-CH; 427.3 


* See also article on Fuels. 


TABLE XIV.— HEATS OF SOLUTION 
(Room iemperature; anhydrous salts unless otherwise noted.) 


Mols of Kilogram- 


calories 
| water per 4. evolved 
Compound Formula | mol of 
per mol of 
compound compound 
dissolved | dissolved 
Copper chloride....................... CuCl, 600 II.I 
'". sülghates oio xx CO Vsus CuSO, |.. 400 15.8 
s "  (erystals)....... — CuSQ, * 5 HO . 400 ~2.75 
Ferrous chloride....................... FeCl, 350 17.9 
e sulphate (crystals)........... FeSO, * 7H,O 400 —4.5 
Magnesium chloride................... MgCl, 800 = 35.9 
Nickel chloride...................eese NiCl, ^ 400 19.2 
d i (crystals)..... PITANA NiC ° 6H,O | “400 | —~r.ô 
e sulphate (crystals)............. NiSO, ° 7? HO 800 —4.25 
Potassium chloride.................... KCI 200 —4.4 
di éhlorate.. s eie IDEE KCIO; 400 — 10.02 
x perchlorate.............e eee KClO, 200-400 -12.1 , 
Sodium chloride. ..................... NaCl 100 —1.03 
se hlorale: oce ee ees eater ee NaClO; 180-360 —5.6 
" — erchlorate.. siete raro | NaClO; 200-400 —3.$ 
Silver nitrate........... cece cece ecces -| AgNO; 200 —$.44 
Zinc'éhlorides erre tei US ZnCl, 300 © 15.6 
"* sulphate. iles c EET pres ZnSO, 400 18.4 
s " (crystals). ........... .--| ZnSO,: 7 HO 400 —4.26 


BIBLIOGRAPHY. — Preston, T., The Theory of Heat, London, 19043 


Burgess and Le Chatelier, Measurement of High Temperatures, New York, 1912; 


. Landolt-Bérnstein-Roth, Physikalisch-Chemische Tabellen, Berlin, 1912; Smith- 
sonian Physical Tables, Wash., 1910. 


[H. PENDER and R. G. Hupson|] 
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HEATING OF BUILDINGS. — (See also Railways, Energy Requirements 
for.) The problem of determining the amount of heat necessary to maintain a 
room at a given temperature above the out-door temperature resolves itself into 
the determination of the amount of heat radiated through the walls and the 
amount of heat necessary to raise the incoming ventilating air to the temper- 
ature of the air in the room. 


HEAT REQUIRED TO WARM INCOMING AIR. — Authorities differ 
as to the amount of air required for ventilating purposes, but a commonly 
accepted figure is 30 cubic feet of air per person per minute, or 1800 cubic feet 
A jäi per hour. $e B.t.u. is required to heat 1 cu. ft. of air 1? F. 

t 

$= temperature of incoming air, ° F., 

T = temperature of room, ° F., 

N = number of people in room. 

Then, assuming 1800 cubic feet of air per person, ilig B.t.u. per hour required 

to raise the temperature of the incoming air to the room temperature is 
Ha=32.1N (T- f) 

For any other assumed quantity of air per person take H 4 in proportion. 

Heat Required to Supply Radiation Losses. — Let 

S = radiating surface, in square feet, 

t= temperature, ° F., of outside air, 

T = temperature, ° F., of inside air, 

K= B.t.u. lost per hour per square foot of radiating surface per ° F. difference 

in temperature (see table below). 

Then the heat lost due to radiation is 
Hr=ZKS(T—), 


where the summation includes all the radiating surfaces. Certain arbitrary 
additions are usually made to the value of He as thus calculated for the nature 
of the exposure, etc., see below. 

The following values of K are taken from two papers, one by Wolff (Jour. 
Prank. Inst., 1893), the other by Hauss (Trans. A.S.H.V.E., 1904). 


VALUES OP K FOR WALLS (Hauss's Values) 


Hn Brick walls prim Limestone 
4% 0.48 : 
IO 0.34 "n T 
12 m 0.45 0.50 
15 0.26 ieu rete 
16 m 0.39 ` 0.43 


0.22 
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VALUES OF K FOR WINDOWS, DOORS, PARTITIONS, FLOORS, 
| CEILINGS 


Glass Surfaces Floors . 
Vault light........ 1.42 ek Joists with double floor..| 0.19 | 9.97 
Single window..... 1.20 1.00 Concrete floor. ..,.,.....| 9.3 s 


Double window....| 9.56 9.46 Fireproof constryction, 
Single skylight....| 1.03 1.06 planked over.......... 0.124 


Double skylight...; 0.50 0.48 Wooden beam construc- 
tion, plagked over....,{ 9.083 


Doors Concrete floor en brick 
18 o'o) Pere rr ns Dee 0.40 BTOB e255 hoes eSNG vxo oem 0.22 
rin. ping. .,......-| 0-40 M Stone floor on arches....,| ,... | 90.30 
2-in. pine. ......... 0.28 er Planks laid on earth..... -- 0.16 
Planks laid on asphalt...| .... 0.20 
Partitions l Arch with air space......} .... | 9.09 
Solid plaster, 


` : Stones leid on earth. arer tseo’ e.o8 
1% to 2% in...... cue: 0.60 


215 to 3lA in...... T 0.48 Ceilings 
Fireproof.......... 0.30 xe Joists with single flooz...] .... 0.18 
2n. pine bgard....| 0.28 — Arches with air space., | on | 9.M 


Allowances for Exposure, etc. — Hauss makes the following addition 
to the values of H g as calculated from the above formula and constants: 


Per cent 
Rooms with unusual exposure. ............... .8 
North, east, northeast, northwest and west 


*c t.c 


Ceiling between 15 and 18 ft. above floor..... 
Ceiling over 18 ft. above floor................ IO 


[ XC a 


For rooms heated daily, but where heating is interrupted at night, add 
0.25 (N — 1) 


Z per cent, 


where N = hours from cessation of heating to time of starting again, Z = hours 
from starting heating again until required room temperature is reached. 


TOTAL HEAT REQUIRED. — If there are no sources af heat already 
in the room the total number of B.t.u. which must be supplied per hour by 
the heating device installed is 


H = Ha+H4rp, 


where Z4 and Hg have the values given above, Ar including the allowances 
for exposure, etc. If there are a number of people in the room, or a number 
of lamps, or electric machinery (as in a power house or substation) the additional 
B.t.u. required in excess of the heat given off by the people or apparatys is 


H ~ Hy, 
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where His the B.t.u. given out by the people and apparatus, and is calculated 
às follows: 


Heat Given Out by Electric Machinery, Lamps and People. — A loss 
of 1 kilowatt for one hour in any piece of electric machinery or lamp corre- 
sponds to 3415 B.t.u. per hour. A person gives out about 400 B.t.u. per hour. 
Hence if Z is the average number of kilowatts loss per hour due to all the lamps 
and electric machinery in the room and N the number of people in the room, 
then the total B.t.u. per hour supplied to the room by the machinery, lamps 
and people in it is 

Hm= 3415 L + 400 N. 


HEATING APPARATUS. — For dwellings, shops, etc., hot-air, hot-water 
or steam-heating systems are usually employed; for large buildings the last 
two only. In substations or power houses (e.g., a hydro-electric station) where 
the heat losses are not sufficient to provide enough heat, either steam or 
electric heaters are used. 

J. K. Allen (Trans. A.S.H.V.E., 1908) gives the following values of K 
(= B.t.u. radiated per square foot per hour per ° F. difference in temperature 
between steam and outside air) for cast-iron radiators, from which the necessary 
quare feet of radiating surface may be calculated when the number of B.t.u. 
tequired have been determined as outlined above. 


VALUES OR K FOR CAST-IRON RADIATORS 


BIBLIOGRAPHY.— Baldwin, W. J., Steam Heating for Buildings, 16th ed., 
N. Y., 1908: Carpenter, R. C., Heating and Ventilating of Buildings, N. Y. 
1900; Snow, W. G., Principles of Heating, N. Y., 1907; Hoffman, J. D., Hond- 
book for Heating and Ventilating Engineers, Lafayette, Ind., 1910; Kent’s Meckan- 
ical Engineers! Pocket-Book, N. Y., 1913; Greene, A. M., Elements of Heating 
end Ventilation, Proc. Am. Soc. of Heat. and Vent. Eng, N. Y., 1896 to dato. 

[War. Kent] 
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HEATING AND COOKING BY ELECTRICITY. — The essentia 


element of an electric heating device is the “heating unit," which consists of a 


‘coil or plate of high-resistance wire or ribbon capable of supporting a high tem- . 
perature (about 500° F. to 2200° F.) without deterioration. Data on a number 


of such resistor metals are given in the article on Wires, Resistance. When the 


heating unit is exposed directly to the air a non-oxidizing resistor must be used; 


nickel-chromium is a very satisfactory alloy for this purpose. German silver and 
nickel-steel alloys deteriorate rapidly at high temperatures when exposed to air. 


Types of Heating Units. — A common form of heating unit used in flat- 
irons, chafing dishes, percolators, disc stoves, etc., is the encased disc, the re- 
sistor being either a ribbon wound on a mica disc or a grid stamped from a 
thin sheet of the alloy and mounted between thin sheets of mica; this type 
of unit is sometimes called a “monoplane heater." The radiant open-coil 
type of heating unit is used for toasters, grills, etc., mica or porcelain being 
used as the supporting insulator. Electric radiators for heating rooms are vari- 
ously constructed, one type (G.E.) consisting of wire wound on asbestos tubes 
two inches in diameter and 22 inches long and covered with a coating of fire- 
proof cementing compound. When air is thus excluded German silver may be 
used as the resistor. A form of construction, called from its shape a “cartridge 
unit," is made of a high-resistance ribbon wound on a mica cylinder and coated 
with insulating cement; this unit is inserted in a hole in the casting which is to 
transfer the heat to the point where it is wanted. Cartridge units are used for 
disc stoves, grids and broilers. Where a comparatively low operating temper- 
ture is required, as in flexible heating pads, asbestos insulated wire woven into 

a sort of honeycombed mat is used. 


Heating of Rooms. — The use of electric heaters for heating rooms is prac- 
tically limited in this country to bathrooms, ticket booths, and intermittent 
auxiliary service in dwellings and offices. The power required to keep an 
ordinary sized room warm when the outside air is near the freezing point, 
ranges from about 1 to 2 watts per cubic foot; for more exact data see the 
article on Heating of Buildings. Were cost the only factor, electric heating, 
with electric energy at the present rates (2 to 10 cents per kilowatt-hour), 
would be out of the question. However, electric heating possesses the follow- 
ing advantages, which, in many instances, offset the higher cost, viz., (1) electric 
heaters may be fitted into places where coal or gas stoves could not be used, 


(2) the fire risk is less, (3) greater cleanliness is secured, and (4) the hygienic 
conditions are better. 


Heating of Cars. — See article on Railways, Energy Requirements for. 


Flatirons. — An internally-heated gas flatiron of household size burns about 
5 cu. ft. of gas per hour. For continuous service with an externally-heated iron 
three irons are required, two heating while one is being used; for such service 
about 16 cu. ft. of gas are used per hour by the burner. An electric flatiron 
of household size takes about 550 watts. Hence, assuming gas to cost $1.00 
per 1000 cu. ft. and electricity to cost 1o cents per kilowatt-hour, the energy 
cost per hour for each of the three types would be: 


Cents 
Internally-heated gas flatiron................ Lee eere 0.5 
Externally-heated gas flatiron...................eeeeeer eee 1.6 
Electric HatltOl. eve ows ven YyAv rro ECC a ds n ER 5.5 


However, the evident advantages of cleanliness, convenience, safety and com- 
fort bring about a very extensive use of the electric flatiron, even though the 
the actual cost is greater than for coal or gas heating. 


ntel, 
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Electric Cooking. — Two types of electric “cookers” are in general use, the 
electric fireless cooker and the electric range. 


Electrig Fireless Cookers. — A number of designs of electric fireless 
cookers have been put on the market. An ingenious type is that made by the 
Berkeley Electric Cooker Co. This device consists of a food compartment, around 
Which is wound a sso-watt heating element of nichrome ribbon, which in turn is 
surrounded by an air-tight water jacket partly filled with water and from which 
the air is exhausted, and this again is surrounded by a suitable thickness of heat- 
insulating material. Soon after the current is switched on, the water boils and 


the pressure produced in the water jacket forces out a metal diaphragm, which 


opens the main switch when the temperature of the water reaches about 212? F.; 
when the temperature falls below this value, the diaphragm automatically closes 
the switch again. Actual tests have shown that the temperature may thus be 
kept practically constant and that the current is on only about one-fifth of the 
time. Such a device takes care of that cooking which is the most expensive, 
viz., boiling, stewing and steaming. 

Electric Ranges. — There are several types of electric ranges on the 
market designed to do all the cooking for from two persons up to two hundred. 
In one type (Simplex) “hot plates” in the top of the range are used, over which 
fit special flat-bottomed utensils with an apron or flange around the rim; 
good contact between the utensil and plate is secured by a lock or clamp with 
wedging action. In another type (G.E.) the cooking utensil is set into a chamber 
in the top of the range and covered up by an ordinary stove lid. The ovens are 
built of light sheet steel and have double walls, the space between being filled 
with a non-conductor of heat. Pilot lights are used to indicate when the current 
is on or off. 


Advantages of Electric Cooking. — The following advantages of 
electric cooking over coal or gas are claimed: (r) cleanliness, (2) safety, (3) con- 
venience, (4) a cool kitchen, (5) better cooking, especially broiled meats, (6) 


less shrinkage of meats, (7) no odors, (8) exact reproducibility of conditions, . 


(9) actual saving in cost under certain conditions. 


Cost of Electric Cooking. — A great amount of data on the kilowatt- 
hour consumption and cost per meal has appeared of late in the various techni- 
cal journals. The average consumption per person per meal ranges from about 
0.2 to 0.8 kw-hr., which at 3 cents per kilowatt-hour corresponds to a cost per 
person per meal of from 0.6 to 2.4 cent. The actual cost in any particular case 
of course depends upon the number of persons served, the food cooked and the 
kilowatt-hour cost. 


BIBLIOGRAPHY. — Swoboda, H. O., The Construction of Electric Heaters, 
Elec. Jour., 1913, Vol. xo, pp. 347, 434, 676; Wilmburst, T. P., Elec. Rev. (Lon- 
don), 1913, Vol. 72, p. 410. For cost data see Elec. World, 1913, Vol. 62, pp. 
397, 636, 643, 1270; also the Bulletins of the Manufacturing Companies. 


(A, P. Krircuen,] 
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HOISTS, ELECTRIC. — (See also Cranes; Elevators; Motors, Industrial 
Applications of; Telpherage.) A. hoist is a. machine for raising and lowering 
weights. ‘The most common application is in mines, to which Service the fol- 
lowing article is devoted. 

The hoists most generally used are of the diua type, the drums being either 
cylindrical or conical or a combination of the two. As a rule two drums oper- 
ating in balance are used for each hoist. The weight of the skip, or cage and 
car carrying the ore, is balanced by a similar empty skip which is lowered in a 
second compartment simultaneously with the hoisting of the loaded skip in the 
first, the loaded skip being dumped at the top and the empty one loaded at the 
bottom, and the cycle being repeated. The difference between balanced and 
unbalanced hoisting is that the static load when working unbalanced is greater 


than when working balanced, and the change of load due to the rope is only half 
as great. 


Preliminary Data. — In dealing with boig propin the following data 
are required: 

Present and ultimate vesti of shaft. 

If inclined, give angle of inclination with horizontal, or grade, in per cent. 

Weight of material per trip. 

Weight of skip or cage and car. 

Diameter and weight of rope. 

Size of tail rope, it used. 

Rope speed. 

Number of trips per hour. ; 

Time required for loading and unloading. 

Double or single drum., wee 

Diameter and weight of drums. - 

Motor geared or direct connected. 

Hoist balanced or unbalanced. 
. If balanced, will unbalanced operation ever be necessary ? 


Besides the above, the ordinary data of the power supply system must be 
known; also the restrictions as to permissible peak loads, so as to make it pos- 
sible to decide whether a load equalizing set will be required. 

For cylindrical hoists the power required for the various periods of the duty 
cycle can be figured directly in horse-power. For conical drums the problem is 
gomewhat more complicated and a moment diagram is ve first figured and 
plotted, and then converted into horse-power. 


HOIST FORMULAS FOR CYLINDRICAL DRUMS. ~— Let 
w = weight of ore in pounds, 
105 = weight of oné rope in pounds, 
Wo = Weight of rope wound on dram during: acceleration period, 
| wa « weight of rope wound on drum during retardation period, 
Ws = weight of one skip or cage and car, 
W = weight of revolving parts* (except motor aanta) Hwt 2Wwrt 2w 
(balanced operation), 
W’ = weight of revolving parts + w+ wy 4- ws bahai hoisting), 
W" = weight of revolving parts + Wr-+ We (unbalanced lowering), 
V = maximum rope speed in feet per second, 
i = period of acceleration in seconds, 
l = period of full-speed running in seconds, 


* The weight of the motor armature should not be included in the weight of revolving 
parts W, as the horse-power obtained from the formulas is the output and not the input 
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xt h x period of retardation in seconds, 
[o b= period of rest in seconds, 
im T = actual hoisting time in seconds (not including rest), 
=, L= depth of shaft in feet (total travel of rope), 
E 05 angle of incline with horizontal, 


ru w= (Za) X (weight of rope in pounds per foot), 


e wd = (Za) X (weight of rope in pounds per foot), 
2 


hth = 2 (leqv. — h) 
, 2leav.— (a+ 4) | 


(^ 3 
y = oeaan , 
! 2 
| z) l : 
hth-2|T— y . Fig. 1. Duty Cycle Diagram 


The power required for each portion of a typical duty cycle, a diagram of 
which is given in Fig. 1, is indicated in the accompanying table. 


HP 
Horse-power output at point A = (HP)a+(HP) s+ [eee | 


Horse-power output at point B= (HP) + (HP). 
Horse-power output at point C = (HP)s+ (HP)y. : 


Horse-power output at point D = (HP),;+ (AP) s+ [en ] 


(HP), is always negative. If D is negative, power must be absorbed by either 
| the motor or the brakes during the period of retardation. If D is positive, 
power must be delivered by the motor during retardation. 

Ye Motor Rating, — The rating of the motor can be obtained from the following 
formulas: 


| 
| For Alternating Current. 
| | 


| 24 CF BC 
An tL Eate X h+ Dis 


(HP) = 0.50 h + h + 0,50 fs + 0.25 lo. 


| If D is negative the factor (D? X #) should be eliminated from the equation. 
For Direct Current. 


2 B 
l Ah + TECTA Xk+ Dt, 
(HP) = €——ÁÁÁ——— € 


0.75 h + la+ 0.7$ ta + O.5 to 


SYSTEMS OF ELECTRIC HOISTING.— Of the large number of gys- 
tems of electric hoisting which have been proposed, by far the greater majority 
can be included in the three following systems: 


1. Those driven by induction motors. 
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2, Those driven by direct-current motors, power for which is supplied by a 


1 motor-generator set. 

3. Those driven by direct-current motors, power for which is supplied by a 
flywheel motor-generator set. , 
1. Induction-motor System. — In the first and simplest system the speed f 
of the direct-connected induction motor is controlled hy a variable resistance, 
wually a variable resistance in the rotor circuit, which resistance is usually some 
sort of a water rheostat. The advantages of this system are: simplicity, low 
first cost, high motor efficiency when the hoist is running at full speed (approxi- 
mately go per cent), no power consumed when the hoist is at rest. The disad- 
|, vantages are: low motor efficiency during acceleration (approximately 45 per 
, cent), no power is returned to supply system during retardation, large power 

- consumption for small movements of cage, fluctuation of power demand. 


5 2 Direct-current Motor System. — In the second system the hoist is 
:» driven by a separately excited direct-current motor, receiving power from the 
altemating-current supply system through a synchronous or induction motor- 
generator set. The hoist motor is controlled by varying the voltage of the 
generator, which is separately excited, one generator being used for each motor. 
The advantages of the system are: high motor efficiency during acceleration 
(approximately 80 per cent), return of large portion of energy during retarda- 
tim. The disadvantages are: low motor efficiency when running at full speed 
(approximately 82 per cent), loss in motor-generator set when hoist is at rest, 
. high initial and operating expense, fluctuation of power demand. 

' $ Direct-current System with Flywheel. — The third system takes 
1 advantage of the low first cost and efficiency of the flywheel (see Flywheels for 

| Load Equalization) as a means for storing and returning large quantities of 

_ power for short intervals. This system is similar to the second, except for the 
|j addition of a flywheel to the induction-motor-generator set, and an automatic 
regulator for varying its speed. In its most common form this regulator con- 
: sists of a water rheostat connected in series with the induction-motor armature. 
‘| The resistance is varied by means of movable electrodes suspended from an arm 
*. mounted on the shaft of a small induction motor, which is connected in serics 
; either.directly or through series transformers, with the induction motor of the 

: flywheel set. The regulator motor is so connected that its torque opposes the 
i Weight of the electrodes, which are partially counterbalanced to reduce the size 

. Of the regulator motor to a minimum, and to permit of an adjustment of the 

regulator for different values of line current. When the line current exceeds the 

value for which the regulator is adjusted, the torque of the motor overbalances 

the weight of the electrodes, lifting them and inserting resistance in the arma- 

i ture circuit of the induction motor. This causes it to slow down, and allows 
| the flywheel to assist in driving the generator during the peak loads. 

Steam vs. Electric Systems. — A comparison between a steam system and 
these three electrical systems is given in the following table, in which the fuel 
and ore ratios for each are given for a small installation hoisting from a 2000-foot 
level, and a large installation hoisting from a 6000-foot level. 

In addition to the saving in fuel which may be realized by the use of electric 
hoists instead of steam hoists, there is a very material reduction in the labor, the 
cost of which is chargeable against the hoist. This may amount to the wages 
of one or two men in the boiler house if power is developed by the mining com- 
pany, or of the whole boiler house force if power is purchased, and frequently 
the wages of one man in the hoist house. 

_ Power Consumption. — So many factors enter into the cost of electric hoist- 
lng that each individual case must be analyzed separately. An approximate 
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738 Hoists, Electric 
Coal Ore Ratio ANS. 
Installation - ; Hoisting burned, hoisted, tons ore dye 
system tons per | tons per | to tons Sy 
; day day coal s " 
ee | m ED 
: | l Hw, 
Small, hoisting from 2000-| Steam . 4] |, 1780 40 As 
foot level. Electric, first system I3 . 1780 137 3 
Electric, second system| . 15 1780 119 iti h 
Electric, third system | | 16 1780 IIO n 
tr 
' ; : NS. i : Al 
Large, hoisting from 6000-| Steam 65.5. 1580 24 i ju 
foot level. Electric, first system 23 1580 69 4 i 
Electric, second system (4 1580 — 66 i 
Electric, third system 25 180 | 63 


estimate of the power consumption would be from 1% to 2% kilowatt-hours per 
1000 ton-feet, the tonnage, in the case of unbalanced hoisting, including the 
weight of the ore and skip, while for balanced hoisting only the ore. 


i SPECIFICATIONS FOR ELECTRIC HOIST *— The following memo- 
randa are intended to assist in writing specications. See also article on Eleva- 
tors, Electric and the article on Specifications. 


Principal Characteristics and Conditions of Service, =: General descrip- 
tion and use of hoist. Motor voltage and frequency (see articles on Motors). 
r Mechanical rating, i.e., load to be lifted a specified height in a specified time. 
; Proportion of time above load will be carried and of time machine is at rest. : 

Details of Construction. — Length of hoisting rope and whether or not 5: 
" rope is to be supplied. If so, details of rope and of hook or other device. “x 

k Brake requirements. Lubrication details. . Materials of principal parts. a 


| 

dh 

jj Performance and Tests. — Maximum load to be lifted. Maximum sped ^: 
5 descending. How tests are to be conducted. us 


wt BIBLIOGRAPHY. — Rushmore and Pauly, Electric Mine Hoists, A.LE.E., 
O 1910, Vol. 29, p. 249; Haar, S., Control of Electric Mine Hoists, G. E. Rev., 1912, 
d Vol. 15, p. 255; Pauly, K. A., Electric Motors Versus Comfpressed-air Engines 
for Driving Deep-mine Hoists, A.I.M.E., 1911, Vol. 42, p. 533; Sykes, S. W. 
Power Consumption of Hoisting Plants, Mines and Minerals, 1912; Electric 
Hoists as Adapted for Coal Mines, Eng. & Min. Jour., 1959; Cheney, H. W., 
Electrical Control of a Large Mine Hoist, A.1.E.E., 1912, Vol. 31, p. 215; Edward, 
G. E., Ilgner System in Electric Hoisting, Min. & Eng. World, 1912, Vol. 34 
p. 989. l 
y" i [D. B. RuUsnmoreg, assisted by E. A. Lor] 
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w. HYDRAULICS. — (See also Dams; Hydrology; Pipes and Piping; Power | 
Slations, Hydro-Eleciric; Water Wheels; Water Wheels, Speed Regulation of.) 
Hydraulics comprises the principles and Jaws governing the motion and mechan- 
ical reactions-of liquid bodies. There are two general divisions of the subject: 
Hydrostatics, which refers to liquids at rest; and Hydrodynamics, which refers 
toliquids in motion. This article will be confined to that portion of the sub- 
ject which relates more directly to the problems met with in the study of 
water-powers. 

Head and Pressure. — In water power terminology the word head means 
the difference in level of water between two points. It is usually expressed in 
feet. The pressure of water in a pipe, for instance, is usually given as so many 
feet head and not as so many pounds per square inch. The relation between 

; lead in feet, 4, and pressure in pounds per square inch, 9, is as follows: 

; h= 2.31 f, 

; $ = 0.433 h. 

— These formulas assume 62.4 lb. as the weight of 1 cu. ft. of water. See also 
uc Uniks and Conversion Factors. 

POWER OF WATER. — Water exerts its power by falling through some 
distance and its action is exactly analogous to that of a falling weight. The 
total number of foot-pounds of work per second which a stream is capable of 

7. performing is equal to the weight of a cubic foot of water, multiplied by the 
"^. mumber of cubic feet flowing per second, and by the head or difference in level 

.| of the stream at the two places under consideration. If the horse-power is de- 
“sited, divide the number of foot-pounds of work done per second by 55o. This 
- gives the "theoretical" horse-power, i.e., it includes not only the power available 
5^ foruseful work but also the power lost in friction in the various water passages, 
7^. in the wheel, and in giving velocity to the water discharged from the wheel. 
=} Yet Q = number of cubic feet of water flowing per second; 

i h= total head or difference in elevation between pond and tail water; 
a € = over-all efficiency, as a decimal, including all losses up to wheel shaft. 


a 
Then the net power available at the wheel shaft is 
P = 0.114 Qhe horse-power. 


i- The over-all efficiency (pond to wheel shaft) in a well-designed water-power 
«Station should not vary greatly from 80 per cent. This does not include the 
^  lossesin electric machinery nor the losses in long pipe lines. 

a Friction and Velocity Head. — Neglecting any leakage of water (i.e., assum- 
* img no water to pass into the tail race except through the wheel) the losses of 
^ energy due to friction and to giving velocity to the water may each be repre- 
L^ sented by a loss of head. The total loss of head due to friction is called the 
(“friction head,” and may be represented by the symbol 4f; the loss of head due 
, to giving velocity to the water is called the “velocity head,” and may be rep- 
I" resented by the symbol ky. The net useful head is the #u =h — (f + hy), 

where h is the total head, and the efficiency is 
" hf + hy 
UE, 


The friction head depends upon the cross section, shape and roughness of 
the water passages, see below, and in the case of a water wheel the loss due to 
the friction in the bearings may also be considered as contributing to the friction 
head, The friction head which can be economically allowed in the intake and 
discharge passages depends so greatly upon local conditions that no general rules 
can be given here. 


r 


€=1 
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The net velocity head may be expressed as 
€ 
2g 


where v is the linear velocity, in feet per second, of the tail water where it comes 
out at atmospheric pressure, and g is the gravitational acceleration (32.16 feet 


per second per second). The importance of a low discharge velocity is there- 
fore apparent. 


. FLOW THROUGH PIPES. — See articles on Pipes and Piping and Water 
Wheels, Speed Regulation. 


FLOW THROUGH OPEN CHANNELS. — The term channel includes 
all forms of closed conduits when flowing partly full as well as ordinary stream 
beds or canals. The rate of flow in such a case depends upon the slope given 
to the water surface. It is difficult to treat analytically the flow in natural chan- 
nels, because of the wide divergence in shape of cross-section and nature of 
sides and bottom of channel. Only artificial channels are considered here, 


although the same formulas apply to any section of natural channel which has 
the same cross-section throughout. 


Chezy's Formula. — This formula gives the relation between the linear 


velocity of the water, hydraulic radius and the slope and a coefficient which 
must be determined experimentally, viz., 


— 


v= CVTS, 


linear velocity of water in feet per second, r = hydraulic radius in 
feet, s = slope of stream (i.e., the difference in elevation between two points in 
the water surface divided by the slope distance between the two points meas- 
ured along the surface) and C is an experimentally determined coefficient which 
may also be expressed by the empirical formulas given below. These formulas, 
however, may give results from 5 to 10 per cent in error. 


The values of C which may be expected in ordinary cases are as follows: 


where 7= 


| Values of C 
Very smooth cement or timber........ OD arit i rene. 125 to 150 
Ordinary timber, concrete, brickwork, etc. ............. roo “ 130 
Rough masonry or firm gravel. ...............Luueess. Jo “ go 
Earth bed in good condition. ............... —— sexui 50“ 75 
Earth bed in bad condition..................Luu.L.. "E ME 


Hydraulic Radius. — This term is used to designate the quotient of the 
area of a cross-section, e.g., ABCD in Fig. 1, by the wetted perimeter of the 
channel walls and bottom, AB +- BC+ CD in Fig. 1. 


Fig. 1. Fig. 2. 


Best Section to Use. — The most advantageous cross-section to use 
is that having the maximum value of the hydraulic radius f. 
therefore the best but is the most difficult to construct and to maintain. Of 
trapezoidal cross-sections the half hexagon is the best and of rectangular cross 


The semi-circle is 


sections the half square. In unlined earth channels the trapezoidal cross- 
section must be used. Of these sections the best to use is shown in Fig. 2- 
The angle @ is determined from the character of the soil. The sides and bottom 
are made tangent to a semi-circle having its center at the water surface. 


Xi frm 
qe tuer 
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Kutter's Formula. — This is one of two formulas in common use for ex- 
pressing the coefficient C in Chezy's formula in terms of the dimensions of the 
cross-section of the channel. Kutter's formula (published in 1869) is 


0.00281 1.811 


41.65 + : : i 
C = 3, f 
x Seu) n 
Eques + 5 vr ! 
where r and s are as above, and s is the “coefficient of roughness," values of 
Which for various channel linings are as follows: Values of s 
Planed timber, glazed or enameled surfaces. ................ 0.009 
Smooth clean cement... ...... 0.0.0 cece eee cece enne O.OIO 
Unplaned timber, new well-laid brickwork.................. 0.012 
Smooth stonework, ordinary brickwork, iron................ 0.013 
Rough ashlar and good rubble masonry.................... 0.017 
Firm gravel. ceu 023s dA eme Na uon aV E Reece d 0.020 
Earth in ordinary condition... .........2cc ce cece eee eens 0.025 
Earth with stones, weeds, etC.......... 2 cee cece cece ee eeees 0.030 
Earth or gravel in bad condition strewn with detritus........ 0.035 


Bazin’s Formula. — The second formula commonly used for expressing the 
coefficient C in Chezy’s formula is that given by Bazin in 1897, viz., 


Quai sou 
0.552 + Vy 
where r is as above and m is a “coefficient of roughness” values of which are as 
follows: Values of m 
Very smooth cement surfaces or planed boards............... 0.06 
Concrete, well-laid brick, unplaned boards.............. Seles QuIÓ 
Ashlar, good rubble masonry, poor brickwork............... 0.46 
Earth beds in perfect condition. .............eeeeeeeeeee. s. 0.85 
Earth beds in fair or ordinary condition.................. ... I.30 
Earth beds in bad condition covered with debris......... saw. ES 


Bazin's formula is probably the best, and it certainly is the simpler one to 
use. Many engineers, however, prefer to use Kutter's formula, which has been 
graphically solved in a book of 
diagrams by Prof. Church (Wiley 
& Sons). 


FLOW OVER WEIRS. —In 
hydraulics the term “weir” is used 
in general to designate any kind 
of a dam across a stream, and in 
particular to designate a vertical 
notch, usually rectangular, by 
Means of which the quantity of 
water passing a given point may 
be determined, Fig. 3. 

Definitions Regarding Weirs. 
—The “crest” is-the horizontal 
edge of the weir. The “head” on a weir is not the depth of water over the 
crest, but is the difference in level between the crest and the reservoir surface. 


Bee 
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A “fully contracted” weir is one in which each end of the weir is at a distance 
of at least 3 times the head from the sides of the channel. A "suppressed" 
weit is one in which the sides of the channel form the end of the weir. The 
* velocity of approach” is the velocity of the water in the channel leading to 
the weir. For a given head on the weir the quantity of water passing the weir 
depends somewhat upon the velocity of approach. 


Weir Formulas. — The formulas below are applicable only when the follow- 
ing conditions are fulfilled:: (1) edges of weir sharp, smooth and beveled on the 
down stream side as shown in Fig. 3 (or a thin metal plate bolted to a Wooden 
board may be used for the edge of the weir), (2) the crest of the weir must be at 
least 3 times the head above the bottom of channel, (3) the crest of the wer 
must have a length at least 3 times the head on it. In all the formulas 

Q = cu. ft. of water per sec. flowing over weir, 
H = measured head on weir, in ft., 
h — head in ft., due to velocity of approach, 

H, = “effective” head on weir, in ft., 

b = breadth of weir (length of crest) in ft. 
Then for a fully contracted weir 


a Q = 3.33 (b — o2 H) Hi! 
&nd for a suppressed weir 


Q= 3,33 DEL, 


when the cross-section of the stream immediately above the weir is more than 
6 bH the effect of the velocity of approach is negligible and Hı may be taken 
equal to H. When the cross-section of the stream is less than 6 bH, then 


3- grae! h. 


It should be carefully noted that the above formulas hold only under the 
conditions specified; when applied to weirs of other shape (e.g., a dam with a 
flat or curved surface).a coefficient other than 3.33 must be used (see Dams). 


Determination of Velocity Head (k). — First take Hı = H, and from 

the above formula calculate Q. This value of Q divided by the cross-section A 
of the channel immediately above the weir gives an approximate value for the 
velocity of approach V. The head due to the velocity of approach is then 


ya 
approximately h- aa | Recompute the discharge Q, calculating. Hj! from 


the measured. head H and this value of k. This will usually give the discharge 
very closely. 

If desired, a new value of V may be found from this: new clue of Q anda 
third value of Q computed, using for k a value based on the new value of V. 
'This method will be recognized as one of successive approximations. Generally 
one, and never more than two, recomputations are all that are necessary. In 
using the weir formulas given it is necessary to adhere to this method strictly, 
as the constants in the formulas were derived by using this method. 


OTHER METHODS OF MEASURING FLOW. — The rate of discharge 
of a channel or natural stream may also be measured by means of floats, a 
Pitot tube, or a current meter. These devices are briefly described below. 


Floats. — When a stream is of reasonably regular cross-section for a little 


distance, this method is applicable. Sticks about 1% inches in diameter, suf- 


ficiently weighted at one end so that they will float upright in the water, should 
be used. Surface floats are unreliable because of the influence of wind, skin 
friction of the water, etc. The floats aie started at the beginning of a measured 
course and the time which they take to reach the end of the course is accu 
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tately taken. The velocity of the stream is thus obtained; this multiplied by 
the area of the cross-section gives the rate of discharge. 

The floats should be started from various points in the width of the stream 
in order to obtain the average velocity as nearly as possible. They should be 
long enough to come as close as practicable to the bottom of the stream with- 
out touching, in order to average the velocities, which are variable throughout 
the depth of the stream. This method is less accurate than the use of the 


current meter. 

Current Meters. — The ordinary current meter is essentially a wheel re- 
volved by the water and held with its axis perpendicular to the direction of 
flow by means of vanes. Some means of recording the revolutions are pro- 
vided. The meter must be rated by drawing it through still water at various 
measured speeds. Elaborate apparatus for meter rating is maintained by the 
Government and by various universities. Measurements of the velocity of the 
Stream are made at frequent intervals across the stream and at varying depths, 
and the average velocity determined; this multiplied by the cross-sectional area 
of the stream for the height of water existing at the time gives the rate of dis- 
charge. ' 

Pitot Tube. — This is merely an open tube having a right-angle bend, the 
tube is placed in the stream in the position shown in Fig. 4, the lower end being 
directed against the current. The 
height h to which the water rises in the 
tube above the surface of the stream is 
equal to the velocity head, or the linear 
velocity of the stream is 


= V gh, 


where 5 is in ft., g= 32.16 ft. per sec. 
per sec., and v in ft. per sec. This for- 
mula does not apply to the flow through ___—— 
à pipe, since the pressure head must Fig. 4. Pitot Tube 
also be taken into account. For mea- 


suring the flow in pipes a differential gage of this type may be used, but the 
Venturi meter (see below) is better suited to such measurements. 
Venturi Meter. — This meter, Fig. 5, serves as a simple and accurate 
means of measuring the dis- 
charge through a pipe. The l 
meter consists essentially of an 
| f. xj 
ge wall, into which are 7290955: RA Ae 
tted two gages as shown. The : ; : 
planes of the internal openings Pigs te Ventn Metge 
of Bage pipes are at right angles to the direction of the current. Referring to 
= area in sq. ft., of the cross-section at B, 
hı = reading of gage at A, ft. of water column, 
n= reading of gage at B, ft. of water column, 
g = acceleration due to gravity, ft. per sec. per sec., 


hour - glass - shaped section of 
pipe, with smoothly rounded 
Fig. 5, let 

ài = area, in sq. ft., of the cross-section at A, 

C a coefficient, ranging from 0.94 to 1.00, which takes into account the 
friction in the meter. 


or 
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Then the discharge through the pipe in cu. ft. per sec. is 


Qız EES 
Q =C So aN (hi — h). 


Ordinary pressure gages may be used at A and B, and their reading con- 


verted to feet of head, with a correction added for height of gage above 
center line of meter. 


FLOW THROUGH NOZZLES. — Nozzles for practical purposes are made 
either of a conical shape with a cylindrical tip of sufficient length so that the 
water will touch it, or are bell-shaped with the sides parallel at the point of 
exit. The discharge through such nozzles in cubic feet per second is found by 
multiplying the product of the area of the nozzle in square feet and its “co- 
efficient of discharge” by V 64.32 H, where H is the sum of the pressure head 


and velocity head at the base of the nozzle, in feet. The value of the coefficient 
of discharge for nozzles averages about 0.97. 


When the nozzle is used for the purpose of measuring water a pressure gage 
is usually attached to the base of the nozzle. This gage should be at the same 
height as the base of the nozzle. If from necessity it is located at a higher 
point, the difference in elevation between the center of the gage and the center 
of the nozzle base must be added to the gage reading. If it is below, the differ- 
ence in elevation must be subtracted. This gage measures only the pressure 
head at its point of attachment. There is also at this point a considerable 
velocity in the pipe which adds materially to the discharge. Instead of using 
the total head H, the discharge in cubic feet per second may be expressed in 
terms of the pressure head only by the formula 


where h = pressure head in feet at base of nozzleW(from gage), a = cross-sectional 
area of nozzle tip in square feet, A = cross-sectional area of pipe in square feet 
at point of attachment of gage, C = coefficient of nozzle, g= gravitational 
acceleration in feet per second per second. When C = 0.97 and g = 32.16, 


k 
Q-8 6$ (pn : 
2 Q2 4 I.O 3-— A 


BIBLIOGRAPHY. — A complete bibliography up to 1908 is given in Mead's 
Water Power Engineering. Among the references there given may be noted 
Merriman, M., Treatise on Hydraulics, N. Y., 1903; Bellasis, E. D., Hydraulics 
with Tables, N. Y., 1911. Some more recent references are Russell, G. E., Text 


Book on Hydraulics, N. Y., 1912; Hughes and Safford, A Treatise on Hydraulics, 
N. Y. 1911. 


[L. E. Moore] 
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HYDROLOGY. — (See also Hydraulics; Power Stations, Hydro-Electric.) In 
the broadest sense, hydrology is the science of water, including its properties, 
the phenomena and natural laws associated with it, its distribution over the 
earth’s surface, and in fact everything relating to water as a physical entity. 
As ordinarily employed, however, the term is limited to include only those laws 
and properties which have to do directly with its distribution over the earth’s 
surface, particularly the relations between rain-fall, natural drainage, and the 
flow of water in rivers. 


Hydrological Data Required in Water-power Engineering. — To de- 
termine whether a particular stream is capable of development and the eco- 
nomical extent of its possible development, it is necessary to know not only the 
overage rate of flow of the water in the stream, but also the variation in flow 
from day to day and from year to year. In those rare cases where gaging 
stations have been maintained for a number of years on a stream these data 
may be directly determined. In most cases, howcver, it is necessary to esti- 
mate the flow from the rain-fall over the water shed drained by the stream. 
Àn estimate of this kind requires careful judgment, because the intensity and 
distribution of the rain-fall have a very important influence. The character of 
the drainage area, whether sandy, rocky, or clayey, the character of the topog- 
raphy and the character and extent of the vegetation are all important. While 
It is difficult to reduce these different elements to a mathematical formula, 
the general principles involved are discussed below. 


RAIN-FALL. — Rain-fall is usually expressed in inches, the number of in- 
ches being the depth of rain water which would be caught in a vessel with verti- 
cal sides set out in the open. The records of rain-fall may be obtained from 
the United States Weather Bureau in Washington, D.C. Records covering as 
extended a period and as wide a portion of the watershed under consideration 
as is practicable should be obtained. Too absolute dependence should not be 
placed on these results, as the intensity of rain-fall at different places in the 
drainage area of the stream under consideration may be quite variable, not 
only in general, but also in particular storms. It is conceivable that a station 
for recording rain-fall might be located at a point in an area where the annual 
precipitation is far above or below the average, although such a condition is 
not likely to occur. 

The average rain-fall for an average year over an area, multiplied by the area, 
will give the total average rain-fall. For power purposes it is important to 
know whether this average is fairly representative, or whether some years may 
fall far below the average. If the latter be the case it may be financially practi- 
cable to develop only on the basis of minimum rain-fall, if at all. Where records 
for an area do not exist, it may be possible to obtain records for an area at a 
Similar altitude for a similar locality. These records may be used for an 
estimate, but such an estimate should not be relied upon too implicitly. 


RUN-OFF. — By the “run-off” from any area is meant the amount of rain 


water falling on this area which ultimately finds its way into the stream or : 


streams draining this area. Run-off may be expressed either in inches or in 
per cent of the rain-fall on the given area. 


Factors Affecting Run-Off.—The primary factor is of course the rain- 
fall. Fora given rain-fall, the nature of the soil, topography, climate and vege- 
tation all affect the run-off. A porous, sandy soil may absorb nearly all the 
rain-fall, whereas a rocky one will absorb little or none. The run-off from steep 
slopes is much more rapid than from gentle ones. The climate has a con- 
siderable effect. In this connection the effect of temperature conditions should 
be noted. Rain, falling on frozen ground, runs off almost at once. Trees and 
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vegetation absorb more or less moisture and their roots obstruct the flow of emt 
ground-water to an extent which governs very largely the rapidity with which tw fom 


the water reaches the stream. Forests on a water-shed are the best means of “Sidi 


equalizing stream flow throughout the seasons and preventing floods. The "tpl; 
shade which forests cast has an extremely important effect on evaporation, 
ducing it very considerably, and consequently making available a much larger 


. Fig. 1 shows the probable ex- titime 


proportion of the rain-fall for power purposes 
treme variations inthe — 30 
relation between rain- 
fall and run-off ( from E 25 
Proc. Eng. Club, of & 
Phila., 1895). E 20 


Formula for Run- 4 
Off in Terms of Rain- 4 !5 
Fall.— J. D. Justin & 
(Proc. A.S.C.E., Vol. g 19 

: 5 

30, p. 1211) gives the gà 
following formula for i 5 
the annual run- off, 
which applied to a 
number of drainage 700 X 
areas in the Eastern , -Annual Raln-fall, Inches -- — in 
States gave results  Fig.1. | RM 
zw 

which checked with the actual run-off to within ro per cent. It should beap- — x. 
plied with caution to other parts of the country as both the coefficient 0.934 m 
and the exponent o.155 may vary under other climatic conditions. It shouldbe 5. 
applied to give the annual, not the monthly, run-off. Let C = annual run-of, — 5 
in inches, on the watershed, R = annual rain-fall, in inches, on the watershed, vy, 
S = “slope” of the watershed, defined as the difference in elevation in feet be dis 
tween highest and lowest point divided by the square-root of the area in square ! 


feet, T= mean annual temperature on watershed, in degrees Fahrenheit (see » 
next paragraph); then 


7 . E 
C= 0.934 S 9-155 Rm E EE mE i 


T 


Determination of Mean Annual Temperature (T). — Mean annual — ; 
temperature can be obtained from the Summary of Climatological Data for U.S. — ; 
by Sections issued by the U.S. Weather Bureau. If the watershed is mountain- 
ous and the observations of temperature are taken only in the valleys, the mean 
annual temperature over the whole watershed will be lower than that at the 
stations. To obtain the actual mean temperature (item 6 below) over the entire 
watershed from the observations at the stations, proceed as follows: (1) Take 
the average temperature at thestations; (2) Take the average elevation for the 
same stations; (3) Find the “average” elevation of watershed, i.e., the sum 
of the elevations above sea level of the highest and lowest points divided byz i 
(4) Take the difference between the average elevation of the stations and the 
average elevation of the watershed; (s) Find the mean difference in temper- 
ature per foot of increase in elevation, by comparing records and elevations at 
the several stations; (6) Multiply (4) by (5) and subtract the result from (1). 


STREAM FLOW. — The most satisfactory way of. determining tbe watet 
available from a given stream is to make a direct measurement of the rate ol 
discharge. When the stream is small the number of cubic feet per second may 
‘be readily and cheaply measured by constructing à weir across it; see article on 
H ydraulics." When the stream is large it is necessary to measure the lineat 
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velocity of the water at various points in a given cross-section, using for this 
purpose some form of current meter, er Pitot tube, or floats; see Hydraulics. 
From these velocity measurements at various intervals across the stream and 
at various depths, the average linear velocity of the water is determined; this, 
in ft. per sec., multiplied by the cross-section of the stream in sq. ft. gives the 
number of cu. ft. per second (frequently called *'second-feet") flowing. 


Rating Curve. — To obtain daily records of the stream flow at the chosen 
section a permanent post (called a gage), usually graduated in feet and inches, 
may be set up, and the height of water noted 
Corresponding to the discharge under various 
stream conditions. A curve, called a “rating 
curve," see Fig..2, may then be plotted, giv- 
ing the discharge in cu. ft. per sec. as abscissa 
and the gage height as ordinate. Such a 
curve will in general be irregular due to the 
irregular shape of the cross-section of the 
stream for various depths of water. After a Discharge 
sufficient number of velocity measurements Fig. 2. 
for various gage heights have been taken to 
give the shape of the rating curve, it is only necessary to make daily obser- 
vations of the gage height in order to obtain a daily record of the stream flow. 


U.S. Government Records of Stream Flow.— The U.S. Government has 
maintained for a number of years gaging stations at one or more points on the 
larger rivers and their important tributaries. These records are published in 
the Annual Reports of the U.S. Geological Survey (1888 to 1900) and in the 
Water Supply and Irrigation Papers (1896 to date) also issued by the U.S. 
Geological Survey. Even though there are no government records for the par- 
ticular stream under consideration, the records for a neighboring stream will be 
found of value in arriving at the probable relation between run-off and rain-fall 
for the stream in question. If the power project be a large one, it may be 


Gage Height 


desirable to establish a gaging station and maintain it for at least one year. 
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Hydrograph. — The hydrograph is a curve showing rate of flow of water as 
ordinates and time as abscissas; see Fig. 3. The quantities may be expressed 
in any units, but usually the rate of flow is expressed in cubic feet per second 
and the time in days. The average flow in cubic feet per second is plotted on 
the day during which the flow occurred. This is done for each successive 
day. A:curve drawn through the points so obtained is the hydrograph. It 
must be clearly understood that the word day refers to some definite date, as 
Oct. 3, 1913, and not day in the abstract. 

It should be noted that the hydrograph for different stations along the Course 
of a stream will in general differ not only in the heights of the ordinates (average 
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rate of flow) but will also differ in shape, due to the difference i» run-off from 
the different portions of the watershed. - 


Mass Curve. — The mass curve is a graphical representation of the total 
available amount of water during any period. Abscissas represent time and 
ordinates total net quantity available up to the date represented by the abscissa 
allowing for evaporation, seepage, etc. 'The time scale is usually months, while 
the water scale may be (1) inches on the drainage area, (2) total cubic feet, (3) 
acre-feet, or (4) second-feet-months (i.e. an average flow of Q cu. ft. per sec. 
for M months is MQ second-feet-months). The slope of the curve at any 
point indicates the rate of flow at that time. 


STORAGE AND PONDAGE. — In water-power engineering the term 
“storage” is used when referring to a reservoir of sufficient capacity to equalize 
the flow of a stream from month to month, and the term “pondage”’ is used 
when referring to a reservoir (usually the pond above the dam at the power- 
house site) of a capacity only sufficient to equalize the flow of the stream for a 
short period, say, from one to three days. For the complete utilization of the 
power possibilities of a stream there should be storage enough to equaliz 
the flow throughout the year. In making storage and pondage calculations the 
following relation is useful: 1 cubic foot per second for 24 hours will cover an 


acre with water 2 feet deep; that is, 1 cubic foot per second for 12 hours requires 


a storage of 1 acre-foot, or, to be precise, 0.992 acre-feet. 


Calculation of Size of Storage Reservoir. — The following example illus- 
trates the method recommended by Mead (Water Power Engineering, N.Y ., 1,08). 
Let Fig. 3 represent the hydrograph of a stream during the low-water period 
of the driest year. The area of each rectangular space represents 86,400,000 
cu. ft. or 2000 acre-ft. Let it be required to find the capacity of the storage 
reservoir required to maintain a flow of 3000 sec.-ft. or over throughout the 
year. The maximum deficiency below 3000 sec.-ft. occurs between ¢ and d and 
amounts to 3.25 rectangles or 6500 acre-ft., as shown by the cross-hatched area. 
A reservoir capable of supplying this quantity of water will also be able to sup- 
ply the deficiency between a and b and between g and k, since the amount 
drawn from it during the interval ab will be restored during the interval.bc and 
the amount drawn out during the interval cd will be restored during the interval - 
dg, giving an ample supply of water to supply the deficiency during the interval 
gh. The actual capacity of the reservoir should exceed the 6500 acre-ft. by 
an allowance for evaporation, this allowance depending on the duration of the 
low-water periods, the time of the year, and the surface area of the reservoir. 

Again, let it be required to find the capacity of the reservoir required to 
maintain a flow of 4000 sec.-ft. or over. In this case the entire interval from 
c! to k’ must be considered, since the small amount of water stored during the 
intervals d’e’ and f'g’ is not sufficient to maintain the flow during the intervals 
e'f' and g'h’. The total deficiency during the period c’h’ is 18 rectangles, shown 
by the cross-hatched area. The water stored during this interval, the un- 
shaded portion above the 4000 line, is 4 rectangles. ‘The difference, 38 — 4= 14 
rectangles or 28,000 acre-ft., represents the, net capacity of the reservoir, to 
which should be added an allowance for evaporation. : 


BIBLIOGRAPHY. — A complete bibliography up to 1908 is given in Mead's 
Water Power Engineering. Among the references there given may be noted the 
Annual Reports of the U. S. Geological Survey; Water Supply and Irrigation 
Papers of the U. S. Geological Survey; Hoyt and Grover, River Discharge, N. Y. 
1907; numerous papers in the Engineering News. Some more recent references 
are: Parker, P.A.M., The Control of Water, London, 1913; Turneaure and 


Russell, Water Supply, N. Y., 1913. — (L. E. Moore.) 
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HYPERBOLIC FUNCTIONS. — (See also Derivatives; Integrals; Series, 
Mathematical.) Hyperbolic functions are an extension of the trigonometric 
functions to those cases where the use of the latter gives rise to imaginary 
or complex angles. From the relations, 


Jt 4. e—)r 
2 
ej* — eJ 
sin x = - 
2J 


COS X = 


Where j = V — r, it follows that, putting x = jz: 


2 ec? 


COS jz = a (1) 
í 
E — «2 
—jsinjz = ao (2) 


Expressions (1) and (2) are both real quantities when z is real, that is, when 


the angle jz is imaginary. The first expression is called the hyperbolic cosine of 


2, abbreviated and pronounced “‘cosh ”; the second expression is called the hyper- 
bolic sine of z, abbreviated sinh and pronounced “‘shin.” Hence, using x for 
the variable, 


T eF . 
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sinh X = ———— 
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cosh x = 


The hyperbolic tangent, cotangent, secant and cosecant are defined as follows: 


; The hyperbolic angle x is a number analogous to radians in circular measure; 
it 1$ never expressed in degrees. 


Period of the Hyperbolic Functions. — Adding 27 to an angle does not 
Change the value of the trigonometric functions; they are therefore said to 
have a period equal to 2m radians. Hyperbolic functions, however, have no 
true period, but adding 2 vj to the hyperbolic angle does not change the values 
of the functions; hence these functions have an imaginary period, 277. 


Table of Hyperbolic Functions.* — Below is given a table of hyperbolic 
functions. ; 


* More complete tables of hyperbolic functions may be found in the Smithsonian 
Mathematical Tables, by G. F. Becker and C. E. Van Orstrand, Washington, 1909 and in 
d of Complex Hyperbolic and Circular Functions, by A. E. Kennelly, Harvard Univ, 

E38, 1914, 
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HYPERBOLIC FUNCTIONS 0.00-149 


0.00 | O.OI | 0.02 


—— | ——————— | —————— | —— E J. | | | Le 
Pd 


0.0000 )0.O100 0.0200|0 .0300/0.0400]0 .0500/0.0600!0.0701'0.0801/0.0901 
1.0000! 1.0001 |1.0002|1.0005| 1.0008] 1.0013] 1.0018 1.0025 1.0032| 1.004I 
0.0000/0.6100|0.0200|0.0300,0.0400|0.0500|0.0599 0.0699 0.0798]0.0898 


0. 1002/0. 1102/0. 1203/0. 1304/0. 1405|0. 1506/0. 1607/0. 1708/0, 1810|o. 191! 

IL .0050| 1.0061) 1.0072] 1.0085] 1.0098|1 .o113|1.0128| 1.0145 1.0162 1.0181 

0.099710. 1096/0. 1194/0. 1293'0. 1391|o. 1489 0. 1587/0. 1684/0. 1781|0. 1878 

0.2013|0. 2115|o0. 2218/0. 232010. 242310. 252610. 2629/0, 2733/0, 2837/0. 2041 

T.0201! I ,.0221|1.0243]1.0266| 1.0289} 1.0314| 1.0340! 1.0367 £.0395|1.0423 
0.19740. 2070|o.2165l0. 2260/0. 235510. 244910. 2543/0. 2036/0.272910. 2821 

0. 3045/0. 3150/0. 3255/0. 3360/0. 3466]o. 357210. 3678/0. 3785/0. 3802/0. 4000 
1.0453|1.0484|1.0516|1.0549|1.0584|1.0619|1.0655|1.0692/1.0731| 1.0770 
0.2913/0. 3004,0. 3095|0. 3185/0. 3275|o. 33640. 3452/0. 3540/0. 3627/0.3714 
o. 4108/0. 4216|o. 4325/0. 4434/0.4543|o. 4653,0. 4764/0. 4875/0. 4986/0. 5098 
1.0811|1.0852/|1.0895|1.0939/ 1.0984] 1. 1030| 1. 1077| 1. 1125 I.I174|1.1225 
0. 3800/0. 388510. 3969|0. 4053/0. 4136]0. 4219/0. 4301 |o. 438210, 446210. 4542 
0.5211/0. 5324/0. 543810. 5552/0. 566610. §78210, 5897 0.6014/0.6131]0.6248 
1.1276|1.1329| 1.1383] 1.1438) 1.1494] 1. 1551/1. 1609/1. 1669, £.1730]1.1792 
0.4621|0.4700]0. 4777/10. 485410. 493010. 500510. 5080/0. 5154/0. 522710. 5299 
0.6367|0.6485|0.6605|0.6725|0.6846]0.6967|0. 7099 0. 7213 o. 7336/0. 7461 
1.1855, I. 1919/1. 1984|1.2051| 1. 2119] 1.2188|1.2258|1.2330| 1. 2402 1.2476 
0.5370|0. 5441/0. 551110. 5581 |o. 5649]o. 5717|o.5784|0. 58500. 5915|0.5980 
0.7586/0. 7712/0. 7838}0. 7966|0.8094]0.8223/0.8353/0. 848410, 8615/0.8748 
1.2552 1.2628|1.2706|1.2785| 1.2865] 1.2947|1.3030| 1.3114) 1.3199|1.3286 
o.604410.6107/0.61690.6231/0.6292]0.6352]0.6411 0.6469 0.6527 0.6584 


o.8881|o.9015,0.9150|0.9286 0.9423 0.9561 0.9700/0.9840|0.9981,|1.0122 
1.3374|I.3464/1.3555|1.30647/1.3740|1.3835|1.3932| 1. 4029 1. 4128| 1.4229 
0.6640/0.6696 0.6751,0.6805/0.6858[0.6911|o.6963|o. 7014/0. 7064/0. 714 
1.0265] 1.0409] I.0554]1.0700| r.0847|1.0995| 1. 1144| 1. 1294| 1. 1440| 1. 1598 
I.4331|I.4434|1.4539|1.4645|1.4753|1.4862|1.4973|1.5085|1.5199/1.5314 
o. 7163/0. 7211/0. 7259/0. 7306 0. 7352|0. 7398/0. 744310. 7487|0. 7531/0. 7574 
I.1752|1.1907|1.2063|1.2220/1.2379| 1.2539|1.2700|1.2862|1.3025| 1.3190 
1.5431|1.5549]1.5669/1.5790| 1. 5913|1.6038|1.6164 1.6292] 1.6421 1.6552 
o. 7616/0. 7658/0. 76990. 773910. 7779]0.7818]0. 7857|0.7895|0. 79320. 7969 
1.3356]1.3524]1.3693]1.3863) 1.4035] 1.4208] 1. 4382] 1.4558) 1.4735/1-4914 
1.6685 1.6820] 1.69561. 7093) 1. 7233|1.7374|1.7517|1. 7662 1.7808|1.7950 
o.8005,0.8041|0.8076|o.8110|o.8144|0.8178|0.8210|0.8243/0.8275|0. 8390 
1.5095|1.5276|1.5460| 1.5645] 1. 5831|1.6019|1.6209|1.6400|1.6593| 1.6788 
1.8107|1.8258/1.8412|1.8568/1.8725|1.8884|1.9045|1.9208|1.9373| 1.9540 
0.8337/0.8367 0.8397/0.8426|0.8455|0.8483|0.8511/0.8538/0.8565,0.8591 
1.6984]1.7182|1.7381|1. 7583, 1.7786|1.7991|1.8198/|1.8406 1.8617| 1.8829 
I.9709|1.9880|2.0053|2.0028 2.0404|2.0583|2.0764|2.0947|2. 11322. 1320 
0.861710.8643'0, 8668/0. 8693/0. 871710.8741/0.8764/0.8787/0.8810|0.8832 
1.9043/1.9259 1.9477|1.9697|1.9919|2.0143|2.0369|2.0597|2.0827|2.1059 


2.1509|2. 1700|2. 1894/2. 2090) 2. 228812. 2488|2.2691|2.2896/2.3103|2.3312 
0.8854 R1B575 9.8596 0.8917/0.8937|0.8957|0.8977/0.8996,0.9015/0.9033 
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0.00 | 0.01 | 0.02 | 0.03 | 0.04 | 0.05 | 0.06 | 0.07 | 0.08 | 0.09 


. 2251} 2.2496! 2. 2743) 2.299312.3245| 2.3499 
.4305|2. 4619/2. 48.45)2.5074/2.5305| 2.5538 
.9121[o.9138/0.9154/0.9170/0.9186; 0.9202 


sinh [2.1293/2.1529/2.1768:2. 2008/2 
cosh |2.352412.3738 2.3955 2.41742 
tanh fo.9052/0.9069'0.9087,0.9104/0 
sinh |2.3756]2. 4015 2.4276 2.4540 2. 480612. 5075 2.5316 2. 5620|2.5896| 2.6175 
2 
[9] 
2 


cosh |[2.5775/2.6013/2.6255 2.6409: 2 67.16 2.60995,2.7247:2.7502/2. 7760, 2.8020 
tanh [o.9217/0.9232 0.9246 /0.9261,0.9275]0.9280:0.9302/0.9316/0.9329, 0.9342 
sinh |2.6456/2.6740!2, 7027 2.7317:2.1609|2. 7904/2.8202 2.85032. 8806, 2.9112 
cosh |2.8283'2.8549 2.8818:2.9090!2.9364|2.9642/2.902213.0206|3.0493| 3.0782 
tanh [0.9354/0.93067/0.9379|0.9391:0.9402]0.9414/0.9425|0.9436/0.9447| 0.9458 
sinh |2.9422!2.9734|3.0049! 3.0367) 3.0689]3. 1013/3. 1340| 3. 167113. 2005! 3.2341 
cosh {3. 1075/3. 137113. 1669/3. 1972/3. 2277|3. 258513. 2897/3. 32123. 3530| 3. 3852 
tanh [o.9468/0.9478,0.9488,0.9498|0.9508|o0.9518/0.9527/0.9536/0.9545| 0.9554 
sinh }3.2682! 3. 3025/3. 3372/3. 3722|3.4075|3. 4432 3.4792|3.5156|3. 5523. 3.5894 
cosh |3.4177/3.4506/3. 4838|3. 5173/3. 5512|3.585513.6201/3.6551/3.6904| 3.7261 
tanh |[o.9562/0.9571/0.9579/0.9587/0.9595]0.9603,0.9611/0.9619/0.9626| 0.9633 
sinh |3.6269/3.6647|3.7028/3.7414/3.7803|3.8196|3.8593/3.8093 3.9398. 3.9806 
cosh 13.7622/3.7987/3.8355/3.8727/3.9103|3.9483,3.9867|4.0255|4.0647| 4.1043 
tanh [o.9640/0.9647,0.9654,0.9661/0.9668|0.6974/0.9680/0.9686|0.9693| 0.9699 
sinh |4.0219|4.0635|4. 1056! 4.1480! 4.190914. 234214. 2770 4.322114. 3666| 4.4117 
cosh [4.1443 4.184714. 2256/4. 2668 4.3085|4. 3507/4. 3932/4.4302,4.4797| 4.5236 
tanh |0.9705/0.9710]0.9716,0.9722|0.9727]0.9732/0.9738/0.9743|0.9748| 0.9752 
sinh |4.4571]4.5030|4. 5494,4.5962|4.6434|4.69124.7394|4. 78804.8372! 4.8868 
cosh |4.5679/4.6127|4.6580 4.70374. 7499|4. 7966) 4.8437 4.8914|4.9395| 4.0881 
tanh |o.9757/0.9762/0.9767|0.9771/0.9776|0.9780|0.9785/0.9789|0.9793| 0.9797 
sinh [4.9370|4.9876/|5.0387/5.0903/5. 1425|5. 1951/5. 2483|5.3020|5.3562| 5.4109 
cosh [5.0372/5.0868/5.1370|5. 1876,5.2388|5.2905|5.3427|5.3954|5.4487| 5.5026 


tanh [o.9801[0.9805/0.9809/0.9812/0.9816|0.9820/0.9823/0.9827|0.9830| 0.9834 | 


sinh |5.4662|5.5221/5.5785|5.635415.6029|5.7510/5.8097|5.8689|5.9288| 5.9892 
cosh [5.5569/5.6119/5.6674/5. 7235/5. 7801|5.8373/5.8951|5.9535/6.0125| 6.0721 


tanh |o.98370.98400.9843,0.9846 0.9849|0.98520.9855|0.9858|0.9861] 0.9864 | 
‘sinh 6.05026. 1118/6. 1741/6. 236916 .3004|6 . 3645/6. 4293/6. 4946/6. 5607! 6.6274 


cosh [6.1323/6.1931/6.2545,6.3166/6.3793|6.4426/6 .506616.5712/6.6365| 6.4024 
tanh [0.9866/0.9869/0.9871/0.9874/0.9876|0.9879|0.9881/0.9884[0.9886| 0.9888 


sinh [6.6947|6.7628/6.8315/6.9009/6.9709|7 .0417|7. 1132|7. 1854|7. 2583, 7.3319 
cosh 16.7690/6.8363/6.9043/6 .9729|7.0423|7. 1123|7. 1831/7.2546|7.3268| 7.3998 
tanh [o.98900.9892,0.9895/0.9897 0.9899|o0.9801/0.9903|0.9905/0.9906| 0.9908 
sinh 17.4063|7.4814|7.5572|7.6338|7.7112|7.7804/7.8683,7.9480,8.0285| 8.1098 
cosh |7.4735|1.5479/7.6231|7:6991|7.7758|7.8533|7.9316/8.0106|8.0905| 8.1712 
tanh 0.9910/0,9912/0.9914]0.9915/0. 9917]|o.9919/0.9920|0.9922|0.9923| 0.9925 


| sinh |8. 1919/8. 274918. 3586/8. 44328. 5287|8. 6150/8. 702118. 79028.8791| 8.9689 


cosh 18. 2527|8.3351/8. 4182/8. 5022/8. 587118. 6728/8. 7594|8.8469|8.9352| 9.0244 
tanh [o.992610.9928/0.9929/0.9931|0.9932|0.993310.9935|0.9936|0.9937| 0.9938 
sinh |9.0596/9. 1512/9 .2437|9.3371/9.4315]|9.5268|9.6231|9.7203,9.8185| 9.9177 
cosh #9. 11469.205619.2976:9.3905/9.4844|0. 5792|9.674919. 7716|9.8693| 9.9680 


tanh [o.9940|0.994110.9942|0.9953/0.9944]0.9945/0.9946 0.9948 0.9949| 0.9950 
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sinh [10.018] 10.119}10.221/10.324|10. 429110. 534[10.640| 10. 748/10. 856} 10.966 
cosh [10.068| 10. 168/10.270|10.373|10. 476|10. 581 |10.687/10..794| 10.902] 11 of! 
tanh Jo.9951/0.9952|0.9953|0.9953/0.9954[0.9955|0.9956 0.9957]0.9958| 0.9959 
sinh |1r.076} 11 . 188/11. 301} 11. 415/11. 53o|11.647| 11. 764 11.$883|12.003| 12.124 
cosh [11.121|11.233|11.345|11.459/|11.574|x1.689|11.806|11.925|12.044| 12.165 
tanh [o.996010.9960|0.9961|0.9962/0.9963]0.9963|0.9964|0.9965|0.9966| 0.9966 
sinh |12.246|12.369|12.494|12.620|12.747|12.876|13.006|13.137| 13. 269] 13.403 
cosh [12.287|12.410|12. 534|12.660/12.786|12.915|13.044|13. 175| 13. 307| 13.440 


sinh |[14. gps I5. ae IS. ;.268 15.422|15.577|15.734| 15. as d: 053 i 215 * 378 
cosh [14.999|15.149|15.301|15.455|15.610|15.760|15.924|16.084|16.245| 16.408 
tanh [o.9978|0.9978|0.9979/0.9979|0.997910.9980|0.9980|0.9981|0.9981| 0.9981 
sinh [16.543|16.709|16.877117.047|17.219|17. 392| 17. 567|17.744|17.923| 18.103 
cosh [16.573|16.739|16.907|17.077|17.248|17.421|17.596;17. 772] 17.951| 18.131 
tanh [o.9982/0:9982(0.9983|0.9983|0.998310.9984|0.9984/0.9984|0.9985| 0.9985 l 
sinh |18.285|18.470|18.655|18.843| 19 .033{19 . 224| 19 . 418| 19 .613| 19.811| 20.010 
cosh |18. 313/18.497|18.682|18.870|19.059|19.250| 19 . 444| 19 .639| 19.836] 20.035 
tanh [o.9985|0.9985|0.9986/0.9986/0.9986[0.998710.9987/0.9987/0.9987| 0.9988 
sinh |20.211|20.415|20.620|20.828|21.037|21.249|21.463|21.679|21.897| 22.117 
cosh |20.236|20.439|20.644|20.852|21.061|21.272|21.486|21.702|21.919| 22.139 
tanh [o.9988|0.9988/0.9988]0.9989|0.9989|0.9989|o.9989|o.9989|0.9990]| 0.9990 
sinh |22.339]22.564|22.791|23.020] 23, 252123. 486| 23. 722/ 23.961) 24.202] 24.445 
cosh ]22. 362/22. 586/ 22.813) 23.042/23.273]23.507| 23. 743/23.982|24. 222] 24. 466 
tanh |[o.9999/0.9990|0.9990|0.9991|0.9991|o.0991|o.9991]0.9991|0.9992] 0.9992 
sinh |[24.691|24.939|25. 190|25.444|25. 700125.958|26 .219126 483/26. 749| 27.018 
cosh |24.711|24.959|25.210|25.463|25.719|25.977|26 .238|26 . 502/26. 768] 27.037 
tanh [o.9992/0.9992/0.9992|0.9992/0.9992]0.9993 0.9993/0.9993/0.9993| 0.9993 
sinh |[27.290|27.564|27.842|28.122|28.404|28.690|28.079|29.270|29.564| 29.862 
cosh |27.308127.583|27.860|28.139|28.422]28.707|28.996|29.287|29.581| 29.878 
tanh |o.9993|0.9993|0.9994|0.99940.9994|0.9994/0.999410.9994|0.9994| 0.9994 
sinh [30. 162/30. 465|30.772| 31.081! 31. 39313. 709| 32.028] 32. 350| 32.675] 33.004 
cosh |30. 178/30. 482/30. 788] 31 .097|31 . 409132 .725|32.044|32.365|32.691| 33.019 
tanh [o.9995|0.9995/0.9995]0.9995|0.9995|0.9995|0.9995/0.9995|0.9995] 0.9995 
sinh [33.336]33.671|34.009|34.351|34.697|35.046/35.398/35.754|36 . 113| 36.476 
cosh [33.351|33.686|34.024|34. 366/34. 711135 .060] 35. 412135. 768|36 .127| 36.490 
tanh lo.9996/o.9996|0.9996|0.9996|o.9996]0.999610.9996 0.9996|0.9996| 0.9996 
sinh [36.843|37.214|37.588|37.965|38.347|38. 73339. 122/39 . 515|39..913| 40.314 
cosh |36.857|37.227 37.601/37.979|38.360]38. 74639 . x35 39.528|39 .925| 40.329 
tanh [o.9996/0.9996/0.9997|0.9997/0.9997|0.9997/0.99970.9997]0.9997| 0.9997 
sinh |40.719|41.129|41.542|41.960|42.382|42.808|43. 238|43.673|44 . 112| 44.555 
cosh |40.732|A1. X41|41.554|41.972|42.393|42.819143.250|43.684| 44.123] 44.566 
tanh [o.9997|0.9997|0.9997|0.9997/0.9997]0.9997|o.9997|0.9997|0.9997| 0.9998 
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0.00 | 0.01 | 0.02 | 0.03 | 0.04 | 0.05 | 0.06 | 0.07 | 0.08 
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47 
48 


49 


| 53 
5-4 
5-5 
5.6 
97 
5.8 


9-9 


sinh |45.003|45.455/45.912|46.374|46.840|47.311|47.787/48.267|48. 752 
cosh [45.014|45.466|45.923 46.385,46.851|47.321/47. 797 48.277148. 762 
tanh [o.9998/0.9998/0.9998/0.9998/0.9998]o.9998/0.9998 0.9998]0.9998 
sinh |49.737150.237/50. 742|51.252|51.767|52.288|52.813/53.344|53.880 
cosh [49.747 50.247,50. 752/51.262/51.777|52.297|52.823,53.354|53.890 
tanh [o.9998/0.9998/0.9998/0.9998/0.9998]0.9998|0.9998,0.9998]0.9998 
sinh |54.969|55.522/56.080/56.643/57.213|57. 78858.369,58.955|59.548 
cosh |54.978/55.531,56.089/56.652/57.221|57.796,58.377,58.964/59.556 
tanh [o.9998/0.9998/0.9998/0.9998/0.9999[0.9999/0.9999/0.9999]0.9999 
sinh |60.751/61.362/61.979162.601|63.231]63.866 64.508,65. 15765.812 
cosh [60.759/61.370/61.987/62.609/63.239|63.874/64.516,65.164/65.819 
tanh [0.9999/0.9999/0.9999/0.99990.9999]0.999€ 0.9999 ,0.9999|0.9999 
sinh [67.141/67.816168.498/69.186,69.882|70.584 71.293 72.010/72.734 
cosh [67.149/67.823/68.505/69.193/69.889|70. 591|71.300 72.017|72.741 
tanh [o.9999/0.9999/0.9999|0.9999|0.9999]0.9999/0.9999|0.9999|0.9999 
sinh |74.203|74.949|75.702/76.463|77.232| 78.008,78. 792/79.584180. 384 
cosh 74.210 74.956 75.709176.470|77.238|78.014/78. 798 79 . 590/80. 390 
tanh [o.9999/0.9999/0.999910.9999/0.9999|2.9999|0.9999 0.9999|0.9999 
sinh |82.008/82.832,83.665/84.506/85.355|86 213/87 .070:87.955/88.839 
cosh [82.014(82.838/83.671/84. 512,85. 361]|86.219,87.085,87.960/88.844 
tanh 10.9999 /0.9999/0.9999 0.9999 |0.9999]|o. 9999 [0.9999 0.9999 0.9999 
sinh |90.633/91.544/92.464/93.394/94.332195. 281/96. 238'97. 205/98. 182 
cosh [90.639|01.550/92.470|93.399|94.338|]95. 286/96. 243/97.211/98. 188 
tanh [o.999910.9999/0.9999/0.9999|0.999910.9999|1 .0000|1.0000|1.0000 
sinh |100. 17| 101. 17|102. 19/103. 22,104. 25|105. 30} 106. 36/107. 43| 108.51 
cosh [100.17|101. 18,102. 19|103.22/104.26]105.31|106.67|107.43|108.51 
tanh |1.0000|1.0000|1.0000|I.0000|I.0000]I.0000|I.0000|1.0000|1.0000 
sinh [110.70|111.81|112.94|114.07|115.22]116.38|117.55| 118. 73| 119.92 
cosh |11o.71|111.82|112.94| 114.08 | 115.22|116.38,117.55 118. 73|119.93 
tanh |1.0000|1.0000|1.0000|1.0000|1.0000|I.0000|1:0000,1.0000|1.0000 
sinh |122.34|123.57|124.82|126.07|127.34|128.62|129.91/131.22/132.53 
cosh [122.35|123. 58,124.82 /126.07|127.34|128.62|129 .91, 131 .22 132.54 
tanh |x.0000|1.0000|1.0000;1.0000|1.0000|1.0000| 1.0000, I.0000| 1.0000 


sinh |135.21|136.57|137.94|139.33,140.73| 142. 14| 143.57, 145.02 146.47 
cosh |135.22/136.57/137.95;139.33|140.73|142. 15 143.58 145.02/146 . 48 
tanh [1.0000] 1.0000) I .0000} 1.0000| 1. o000[1 .0000| 1. 0000| I . 0000| I .0000 
sinh |149.43/150.93|152.45|153.98|155.53[157.09|158.67|160.27|161.88 
cosh [149 . 44/150.94/152.45/153.99|155.53]157. 10/ 158.68 160. 27/161.88 
tanh |1.0000|1.0000|1.0000,1.0000|1.0000|1.0000|1.0000,1.0000|1.0000 
sinh [165.151x66.81|168.48 170. 18|171.89|173.62|175.36 nid uou 
cosh |165.15|166.81,168.49|170.18|171.89]173.62|175.36 177.13.178.91 
tanh [1.0000| 1.0000| 1.0000 I .0000] 1. o000|1.0000! 1.0000| I. 0000, 1 .0000 
sinh |182.52|184.35186.20|188.08|189.97|191.88|193.80|195.75|197.72 
cosh [182.521184.35/186.21/188.08/189.97|191.88|193.81/195.75/197.72 
tanh |1.0000|1.0000|1.0000| I. 0000! I .0000| 1. 0000| 1.0000| 1.0000| I .0000 


0.9999 
89.732 
89.737 
0.9999 


99.169 
99.174 
1.0000 
109.60 
109.60 
I.0000 
121.13 
I2I.I3 
I.O0000 


133.87 
133.87 
1.0000 
147.95 
147.95 
I.0000 
163.51 
163.51 
1.0000 
180,70 
180.70 
1.0000 
I99.71 


I99.71 
1.0000 
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Example. — sinh 0.83 = 0.9286, cosh 0.83 = 1.3647, tanh 0.83 = 0.6805. aud Tri 
Approximate Formulas. — Note that for x less than o.1, 


sinh x = x with an error of less than o.2 per cent. 


2 
cosh x = 1 + - with an error of less than 0:09 per cent. 


For x greater than 6, | Tas of Ha 


e 1 
sinh x = cosh x = ae logio~! (0.43429 x) 


with an error of less than o.or per cent. 
Anti-Functions. — If a = sinh x, then x is the angle whose hyperbolic sine 
is a; this may be expressed symbolically . 


x = sinh! a 


which is read “x equals the angle whose hyperbolic sine is a.” The angle # tis 
is also called the “anti-hyperbolic sine” or the ‘inverse hyperbolic sine" of a. | 
Similarly for the other hyperbolic functions. (See Trigonometric Functions, 
sub-heading Anti-functions.) ‘The following relations exist between the. ant 
hyperbolic functions and the natural logarithms: 


sinh—! x = log (x + V x+ i) 


cosh—! x = log (x+ V/a— 1 ) | arl 
x, (1+% & 
tanh—! x = -log (=) R 
2 I—% i 
| ty 
Relations among Functions of the Same Angle.— . È 
cosh? x — sinh? x = 1 è 
1 — tanh? y = min ) 
cosh? x " 
I 
coth? gv- Iisa ——— ; 
| sinh? x i 
$ sinh (— x) = — sinh x 


a cosh (— x) = coshx 
tanh ( — x) = — tanh». 


See also the definitions given above. 


OF Sum and Difference of Two Angles.— 
of sinh (x + y) = sinh x cosh y + cosh x sinh y 
r cosh (x + y) = cosh x cosh y + sinh x sinh y 
Í _ tanhxz+tanhy 
@+y)= I + tanh x tanh y 
sinh (x — y) = sinh x cosh y — cosh x sinh y 
cosh (x — y) = cosh x cosh y — sinh x sinh y 
tanhx— tanhy | 
tanh (z—) = 1— tanh v tanh y 


| Product of the Functions of Two Angles. — 

$ sinh x sinh y = 4 [cosh (x +y) — cosh (x — y)] 
: sinh x cosh y = $ [sinh (x + y) + sinh (x — y)] 
i cosh x sinh y = À [sinh (x + y) — sinh (x — y)] 
cosh x cosh y = 4 [cosh (x + y) + cosh (x — y)] 


——— — — - a 
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Functions of Twice an Angle. — 


sinh 2 x = 2 sinh x cosh x 
cosh 2 x = sinh? x + cosh? x 
2tanh x 


tanh 2 x = 
1+ tanh? x 


Functions of Half an Angle.— 


EE. cosh x — 1 ; 
sinh =) : 
2 2 


| 

cen ao ced t, 

x coshx-+1 \ 
cosh = = ——- ! 


2 | 


ry 
x cosh x — 1 TEN 
tanh - = V/ —.—— x 
2 cosh x 4- 1 E 


Functions of Three Times an Angle. — j 


sinh 3 x = 3 sinh x -- 4 sinh? x " 

cosh 3 x = 4 cosh? x — 3 cosh x AW 

3 tanh x + tanh? x 
1+ 3 tanh?x 


tanh 3x = 


Relations between Hyperbolic and Trigonometric Functions, — 


sinh (jx) 2 Jj sin x sin( jx) ^ j sinh x 
cosh (jx) = cos x cos (jx) = cosh x 

tanh (jx) =j tan x tan (jx) =j tanh x 
sinh! jx = j sin! x sin ^! jx = j sinh^!x 
tanh jx =j tan ^! x tan ^! jx =j tanh^! x, 


icone © 
cosh 7! jx = j cos! jx = log (x + Va + -j 2 


Hyperbolic Functions of a Complex Angle. — 
sinh (x + jy) = sinh x cos y +j cosh x sin y = Me? 


d 
a 
r pmpa s GUIDE 
2o men le a c 


hens M= cosh 2x — cos 2 y NITE tan y . | 
2 tanh x 
cosh (x + jy) = cosh x cos y +j sinh x sin y = Ne 
where N= d and tan = tanh x »tan y. 


sinh x cos y+ j cosh x sin y R 
j ILE M VER WIRE GEN UD EC CN CE P P 
tanh (- 79) cosh x cos y +j sinh x sin y i 


kere cosy sin 2 y 
wh -SEE and Y= tan E |. 
iu i cosh 2 x + cos 2 y andrea sinh 2 x 

tanh ^ (Aea) = Bi - jBs, | 


A cosa 2A sina 
W i By = % tanh | r+ a and Ba=%% tan | mr 


[W. A. DEL Maz] 
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ILLUMINATION, INTERIOR. — (See also Illumination, Laws of: 
Illumination, Street; Vision, Laws of.) The chief problems in interior illumina- 
tion are: (1) to render visible certain objects or surfaces so as to avoid fatigue 
and injury of the eyes, and to enhance in effectiveness all operations dependent 
on good vision; (2) to reveal in their true values the architecture and decora- 
tion of interiors; and (3) to produce intrinsic artistic effects through the con- 
trol of the color, intensity and direction of light. Engineering practice has 
been developed mainly with reíerence to the first of these problems, though the 
other two are often' of chief importance and must at all times be considered. 
For a discussion of the hygienic aspects of illumination, see Vision, Laws of. 
Reference Surfaces. — Illumination problems are usually worked out by 
reference to one or more planes or surfaces whose illumination can be taken as 
an index to the meeting of the general requirements. Unless special consider- 
ations dictate otherwise the plane selected is usually horizontal and at a height 
of from 2145 to 3 feet above the floor, corresponding with that of table tops, 
desks, counters, work benches, etc. In many cases other surfaces, as the floor, 
walls, faces of shelving, stacks of books, etc., are more significant than an arbi- 
trarily chosen horizontal plane. The proper reference surface for the illumina- 
tion of show windows is usually a surface inclined or curving upward from the 
base of the window. In many art galleries and on the stage of a theatre the 
proper reference planes are vertical. 'The most significant reference planes for 
any problem should be selected by a study of the special requirements. 
Efficiency of Utilization. — The ratio of the luminous flux received by a 
reference plane to that produced by the light sources used for its illumination 
is known as the efficiency of utilization, or the utilization factor of the system. 
The light received by a reference plane is often termed useful flux to distinguish 
it from the total flux output of illuminants. 'The above terms may be very mis- 
leading if used indiscriminately, for the flux received by other surfaces than a ref- 
erence plane is usually essential to the effectiveness of a system of illumination. 


DIRECT, INDIRECT AND SEMI-INDIRECT ILLUMINATION. — 
Methods of illumination may be classified according to the manner in which 
light is delivered to the working surfaces. Direct light is that received directly 
from lamps and their accessory shades and reflectors. Indirect light is that 
received by reflection from some extended diffusing surface, as a ceiling or wall. 
Systems of illumination are either direct, indirect or semi-indirect. In the direct 
system the illuminants, including their reflectors and shades, are exposed and 
deliver a considerable part of their light in the direction of the reference areas. 
Indirect light from the walls and ceilings is received as an auxiliary component. 
In the direct system the lower surfaces of a room have the highest illumination. 
The illuminants produce shadows, the sharpness of which vary inversely with 
the diffusion of light. Polished or glazed surfaces may produce an annoying 
glare in certain lines of vision, due to the specular reflection of the exposed light 
sources. Unshaded lamps are a source of great annoyance and fatigue. The 
shadows of direct lighting intensify and in some cases exaggerate relief effects, 
and may be made to serve as aids to vision where color differences are slight. 

The indirect system of lighting conceals all primary sources and distributes 
light from large diffusing surfaces, usually white ceilings and upper walls. The 
upper surfaces of the room have the highest illumination. Shadows are elimi- 
nated or greatly reduced in intensity. Glare from visible light sources is avoided 
and the specular reflection of glazed surfaces is generally inappreciable. The 
uniformity of illumination on the lower surfaces of a room is very great. The 
great diffusion of light in the indirect system is frequently stated to closely re- 
produce daylight. This is not strictly true, however, for daylight though 
diffused is directed and gives a diminishing gradation of illumination from the 
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' lower to the upper part of the room. The faintness of shadows with indirect 
lighting tends to flatten relief effects. 

Semi-indirect lighting mediates between the two extremes. The light sources 
ate shielded from direct vision by inverted bowl reflectors of translucent glass, 
which transmit downward a moderate amount of direct light and reflect the 
remainder to the ceiling. There is an absence of agreement as to the most 
favorable ratio of direct to indirect light. It is desirable that the brightness of 
the translucent bowls shall equal or slightly exceed that of the ceiling. The 


< direct component should be adequate to create a normal relief effect and to 


bring up the illumination of working surfaces to a value above that of the back- 
ground. The experiments of T. W. Rolph (Trans. Ill. Eng. Soc., Vol. 7, pp. 234 
and 549) indicate that very satisfactory results are secured with a direct com- 
ponent of about 15 per cent. 

In comparing the various systems outlined a large allowance must be made 
for differences of psychological effect. Critics of indirect lighting assert that 
the complete elimination of shadows and the reversal of the customary gradation 
of brightness are very annoying, distract attention, distort the sense of distance 
and promote fatigue. Others find the same aspects advantagcous and hold 
that the elimination of glare by specular reflection outweighs other considera- 


: tions. The unfavorable qualities of direct lighting avoided by the indirect 


method are largely abuses due to unshaded and poorly-located lamps rather 
than inherent faults. Several investigators have studied the relative illumina- 
tion intensities required for equally effective vision by the different systems. 
The observed differences are inconsistent and are probably due to incidental 
conditions, such as unequal contrast between working surfaces and backgrounds 
and to direct glare from visible light sources. It is agreed that with equal skill 


., indesign direct lighting ranks first, semi-indirect lighting second and indirect 
;. third in efficiency of utilization. 


Desirable Color and Direction of Illumination. — There is no well-de- 
fined color standard in illumination. Daylight white is desirable for exact 
color matching and for color printing, but is not essential for other purposes. 
The Moore carbon-dioxide tube reproduces daylight white with great fidelity 
and also closely approaches daylight in diffusion. True white may also be 
obtained from arc and incandescent lamps by the aid of color screens to filter 
out the hues present to excess. Magnetite arcs and nitrogen-filled tungsten 
lamps are best adapted to this process. Of the illuminants in common use the 
white flame arc and the intensified carbon arc give the nearest approach to 
white. The nitrogen-filled tungsten lamp surpasses other mcandescent lamps 
in whiteness. The ordinary tungsten lamp and the best grade of Welsbach 
mantles are somewhat unlike in tone, but differ about equally from white. 
Light having a predominant hue, as that of the mercury arc, is superior for the 
tevelation of fine detail. Light of amber tint is regarded as softer and warmer 
than light of bluish or greenish tint. The tint of indirect light is modified by 
the color of the reflecting walls and ceilings. 

In determining the direction of light the avoidance of glare and shadows in 
the visual field is most important. In the display of art objects and architec- 
tural details the dominant direction should be carefully chosen to produce a 
correct sense of relief. An inversion of light and shade by artificial light as 
‘compared with daylight is especially to be avoided. Head and hand shadows 
are especially to be avoided in reading and in mechanical operations. The 
old rule of light from above the left shoulder is an excellent one. It has been 
found advantageous:in schoolrooms, offices and drafting rooms to locate desks 
and tables with the windows to the left of those at work and to displace the 
artificial light sources from symmetrical positions toward the windows in order 
to give a directive effect similar to daylight. 
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QUANTITY OF LIGHT AND NUMBER OF ILLUMINANTS FOR 
DIRECT LIGHTING. — The intensities of illumination required for various 2d ful 
purposes are given in the article on Vision, Laws of. The simplest illumination Diaa 
problems are those in which a uniform illumination of E foot candles is desired 
on a horizontal plane of A square feet. The useful flux required is then A times ‘i... 
E. If a factor of utilization K is known or assumed for the conditions of the Th at 


room the total flux F, in lumens, to be produced by the illuminants is CES 
p.A4E | Sài 
K` l ! in 


The total watts of electric power or the cubic feet per hour of gas consumption ` Este 
to produce the required flux is found by dividing the required flux by the lumens *:tc 
per watt or per cubic foot per hour given by the type of light source under con- sir 
sideration. | 
For detailed data on the lumens per watt or per unit of gas consumption given « oh 
by various illuminants, see Lamps, Incandescent; Lamps, Arc; and Gas Lighting. Xil h 
Factors of Utilization vary with the shape of the room, the absorption in 
reflectors and shades, the form of light distribution of the illuminants and the Ry 
reflecting efficiency of the walls and ceilings. Their values cannot be reduced... 
analytically. “When the ratio of room height to smallest floor dimension is "s 
great the absorption light by walls and ceilings is evidently greater than undet St 
the opposite conditions. Light-colored walls and ceilings and a strong down- 
ward light concentration by efficient reflectors are factors which increase utili- 
zation efficiency. Cleanliness of lamps, reflectors, globes and walls is of great ~ _ 
importance to the maintenance of utilization efficiency. The following values = 


have been compiled empirically by J. R. Cravath from the data of numerous x; 
reliable illumination tests. 


FACTORS OF UTILIZATION 


Ratio of | Utilization factor, per cent : 

shortest | - à 
; floor dimen- | | Ski 
Equipment sion tọ | Light ceil- | Light ceil- | Dark ceil- | =, 
i ing, light SS 

height of g, lig | 
- room. walls p 


Direct system......... 
Prismatic or opal re- 
flectors near ceiling.. 


3 Or more. 55to65 | So0to60 |..-..- EA 


Ito2.5 50 to 60 45 to 55 30 to 40 


Direct system......... 
Frosted globes near 
the ceiling........... 


30r more 35 to 45 30t040 |... l 


Ito2.5 30 to 40 


Direct system......... 
Bare lamps at ceiling.. 


3 or more 40 to 50 


: 37 to 47 MOTEL 
1to2.5 38 to 48 


30 to 40 20 to 30 


Indirect system....... 
Lamps in enamelled 
COVeS... vent ae 


veosvosoceen | cevosettcctr 


3 or more IS to 25 


. rtoa2.5 Ioto20 | m ; | 


Indirect system. ...... 
Lamps in inverted a 
bowl reflectors.......|. 1t0 2.5 30 to 40 


3 or more 34 to 44 h 
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C. E. Clewell, Factory Lighting, p. 17, reports average utilization efficiencies 


777. found by him in extensive tests of direct lighting as follows: 


Per cent 
LOW OM CES a etd Loca a rad beak MEUS Liane ra Res 27.1 
Fairly high factory offices... nnn 27.4 
Low factory Spaces bcos oes lee Dod hires medi Oe SpA RC 27.0 
Medium-high factory space... 30.8 
Fairly high factory space. ........ sse ences 29.1 


The illuminants were tungsten lamps in standard reflectors. The measurements 


5**- were taken in intervals between cleaning and renewals. 


Estimates of Effective Flux. — The preliminary estimates for most prob- 
lems in interior illumination can be made with fair accuracy from the follow- 
ing tables, which give empirical values based on laboratory and service tests. 
(See Trans. Ill. Eng. Soc., Vol. 3, p. 518 and Vol. 4, pp. 321, 849, 885.) 


LUMENS ON REFERENCE PLANE PER WATT, ELECTRIC LAMPS 


(Lamps and glassware are assumed to be clean and at a height above the reference 
Plane not exceeding 15 fect.) 


Effective 
Ceiling Walls lumens 
per watt 


Reflector or 
Lamp | globe 


Tungsten- Silvered reflector Light Light 6.1 
Tungsten Prismatic reflector | Light Light 5.0 
Tungsten Prismatic reflector Light Dark 4.0 
Tungsten Enamelled reflector | Light Light 3.5 
Tungsten Enamelled reflector | Light Dark 3.0 
Gem | Prismatic reflector Light Light 2.2 
Gem Prismatic reflector Light Dark I.8 
5$amp.d-c.arc Opal inner globe Light Medium 2.0 


Medium | Medium 5.5 


Enamelled reflector 


Mercury arc 


LUMENS ON REFERENCE PLANE PER CUBIC FOOT OF GAS 
PER HOUR 


(Lamps and glassware assumed to be clean; new mantles; height above reference 
plane not exceeding I5 fect; gas, 700 B.t.u. per cu. ft.) 


. Effective 
lumens 
Lamp: Renector ox Ceiling Walls per cu. 
globe ft 

. per 
COEM ST E a a ee a a a aa ee TE hour 
Upright mantle Opal globe Light Light 49 
Upright mantle ' Onal globe Light Dark 27 
Upright mantle © | Opal reflector Light Light 85 
Upright mantle | Opal reflector Light Dark 50 
Inverted mantle Prismatic reflector | Light Light 140 
Inverted mantle Prismatic reflector Light Dark 128 
Inverted mantle Rotghed ball Light Light IOI 
Inverted mantle Roughed ball Light Dark "5 
4-mantle upright arc | Alabaster globe Light Light 66 
4mantle upright arc | Alabaster globe Light Dark 48 
5-mantle inverted arc|. Alabaster globe Light Light 87 


_5-mantleinverted arc! Alabaster globe Light Dark 65 
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Location of Illuminants. — Having found the total wattage or rate of gas 
consumption to be provided the next step is to select a proper number and 
arrangement of lamps. It is seldom possible to produce a uniform illumination 
from a single source along a radial distance greater than the height of the lamp 


above the plane. It is practically impossible to avoid shadows from a single ;, 
central unit. A symmetrical and uniform spacing of several lamps is necessary `: 
for uniform illumination by direct lighting. The use of many small units with. 


close spacing promotes uniformity and reduces shadows. The use of few large 
units widely spaced promotes economy. In many cases a compromise must 
be made between the two plans. The various spacing schemes in vogue are 


largely reducible to three types, viz.: (a) a long and narrow room with a single = 


row of lamps on the center line, the spacing about equal to the width of 
the room; (b) a rectangular room divided into squares with lamps located at the 
center of each, the width of each square prefer- 

ably not greater than twice the height of suspen- l 
sion of the lamps above the reference plane; (c) 
lamps at corners of equilateral trianglės and. 
spaced at not more than twice suspension height, 
spacing to walls being half the spacing from 
lamp to lamp. Plans of these schemes are shown 
in Fig. 1. 

In determining the spacing of lamps very care- 
ful attention should be given to the structural 
divisions of ceiling space. Each bay or division 
may properly have a symmetrical spacing as this 
will greatly reduce the shadows cast by pillars and 
beams. It is possible to secure a very uniform 
direct illumination from any unit giving a sym- (b) 
metrical distribution if a certain critical ratio of 
height to spacing is exceeded. The value of this 
critical ratio depends on the form of light dis- p 4- $- + 
tribution, as shown by the prototype curves of 
Fig. 16 in the article on Illumination, Laws of. 4- RA + 
Holophane reflectors for tungsten lamps are made 
in three types, viz., extensive, for wide spacing, $- $- 4 +4 
the critical ratio of height to spacing being o.5; 
intensive, for medium spacing, the critical ratio 
being 0.67; focussing, for high suspension and ,. ! 
close spacing, the critical ratio being 1.33. A Fig. 1. E arg ns emes fot 
spacing chart for Holophane and for X-ray re- - re 
flectors is shown in Fig. 2. With a ratio of height to spacing below the critical 
value the light is spotted. With a higher ratio the illumination remains uni- 
form, but with some loss of utilization efficiency, due to the increased absorp- 
tion of light by the walls. The efficiency does not follow an inverse square 
relation to the height in any case, and is but slightly affected when the walls 
are of light color and the reflectors give a strong downward distribution. In 
very large rooms the effect of suspension height on utilization efficiency is 
trifling. The suspension height should if possible be sufficient to remove the 
light sources from direct lines of vision. 

Single-lamp Units vs. Clusters. — A siügle-lamp electric unit is less 
expensive to install and maintain and is usually more efficient than a clustef 
of several lamps having the same total candle-power. The cross-absorption of 
light in clusters may be as high as ro per cent. Gas clusters of the so-called 
"arc" type have an advantage over single-mantle lamps in heat conservation 


and facility of remote control. In fact, single-mantle lamps offer a small range 
 candle-power. 
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Fig. 2. Maximum Spacing of Reflectors for Uniform Illumination 


Point-by-point Calculations of Illumination. — Such calculations are very 
useful in checking up the distribution of illumination. The method of calculat- 


ing is described in the article on INumination, Laws of. 


METHODS OF INDIRECT LIGHTING. — The process of determining 
the power required to produce a given illumination of any area by indirect means 
is the same as that outlined above for direct lighting, a suitable value of the 
efficiency of illumination being used. There are two types of indirect lighting, 
the bowl and the cove. Indirect lighting from suspended bowls affords greater 
flexibility in light distribution than cove lighting and is capable of producing 
more uniform and efficient effects. The efficiencies of utilization obtainable 
with indirect bowl lighting are given by the National X-ray Reflector Co. as 
ranging from 0.20 to 0.32 with dark walls and from 0.24 to 0.34 with light walls 
for ratios of minimum floor dimension to ceiling height of from 1.0 to 3.5; the 
ceilings are assumed to be painted white and an allowance of 20 per cent for loss 
of light by dust and lamp aging is included in these values. The proper sus- 
pension height for indirect bowl units is approximately three-quarters the height 
of the room. In spacing the units a symmetrical arrangement at the centers of 
ceiling squares is highly desirable. The maximum dimension of such a spacing 
square or rectangle should not exceed a certain ratio to the ceiling height for 
the best results, viz., for ceiling heights below 12 feet, the maximum ratio is 
He for ceiling heights from 12 to 17 feet, the maximum ratio is 1.75; above 
17. teet, 2.0, , 

In the cove type of indirect lighting the lamps are placed in the trough of the 
cove with axes horizontal, and are backed with a trough reflector of high effi- 
ciency. Light is thus thrown to the upper surface of the cove and from it re- 
flected into the room. Cove lighting about the base of a flat-domed ceiling is 
somewhat more effective than with a flat ceiling. Dust tends to collect on 
lamps and reflecting surfaces and seriously reduces the average efficiency of the 


system, 

Illuminants for Indirect and Semi-indirect Lighting. — The enclosed 
Carbon arc has been extensively used in semi-indirect and indirect lighting 
systems. The arc should be arranged with the positive carbon below and the 
enclosing globe should be of clear glass. The reflector for wholly indirect arc 
lighting is an inverted flat cone of enamelled metal. A translucent opal glass 
reflector resembling an inverted bell is placed beneath the arc for semi-indirect 
arc lighting, The latter type of unit is usually provided with an enamelled 


NY 
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diffusing reflector above the lamp. This reflector has a surface of concentric 
ripples, which serve to improve the symmetry of light distribution from the 
wandering crater of the arc. While somewhat less efficient than direct lighting 
these methods of using arcs produce superior results, due to the adequate difu- 
sion and improved steadiness of the light. Indirect lighting with carbon arc 


renders it unsuited to direct lighting without a diffusing envelope. 


MAINTENANCE OF EFFICIENCY.— Loss of efficiency in lighting = 


systems may be due to the aging of lamps, failure to maintain proper lamp 
voltage, and the collection of dirt on lamps, reflectors, shades and the reflecting 


surfaces of the room. Systematic inspection and cleaning are essential if the... 
most economical results are to be secured from large systems, Lamps should < 
be replaced when the bulbs become badly blackened. Globes and reflectors |. 
should be cleaned at least once a month for most effective service. C. E. Clewell, 
Factory Lighting, p. 48, reports that a depreciation test of an office installation ` 
of tungsten lamps in glass reflectors showed a gradual loss of efficiency which | 


reached a steady value of 19 -per cent in 30 days. A similar test in a factory 


showed a gradual reduction of efficiency which reached a steady value of 48 per ks 


cent in 24 days. Arc lamps depreciate in efficiency between trimmings and 


cleaning from 15 to 3o per cent due to the collection of ash on the inner globes. i 
Arcs are relatively little affected by outside dirt and are quite generally preferred $ 


to incandescent lamps in very smoky and dusty locations. Careful attention 


should be given to the ceilings of rooms with indirect lighting to prevent the 
accumulation of dust and the loss of whiteness. 


SPECIAL LIGHTING PROBLEMS. — In art galleries for the exhibition 
of paintings a moderate general illumination should be provided from sources 
giving good diffusion. Paintings should be illuminated by direct light received 
from concealed sources several feet in front of, and slightly above, the level of 
the paintings. The direction of this light should be carefully studied to avoid 
specular reflection from glass or.glossy portions of paint. For good color effects 
the light should approach as near as possible the color of daylight. Sculp- 
ture is effectively lighted by indirect or semi-indirect methods, but the illumi- 
nants may properly be suspended along the side of the room containing the 
windows to obtain directed illumination sufficient to reproduce the relief effects 
of daylight. | i 

In ritualistic churches it is important to produce a brilliant illumination of 
the sanctuary with a large vertical component by means of concealed lamps. 
The distribution of lamps in the nave should be chosen to reveal the architec- 
tural effects of the structure. Large and low-hanging pendant fixtures in the 
axis of the room are generally undesirable. Bracket clusters, groups of small 
incandescent lamps worked into the capitals of pillars, and small pendant fix- 
tures in the arcades can be used with excellent effect. In non-ritualistic churches 
adequate reading light is desired at all pews. Brilliant light sources in the 
field of vision are especially to be avoided, If a balcony is used the light sources 
should be hung high and thoroughly diffused. The platform should be brightly 
lighted, but by light sources not visible to the auditors. 

Stages and platforms in theatres and public halls should have high illumina- 
tion, especially in vertical planes, but the light sources should be entirely con- 
cealed. 

Office desks should be lighted with a view to preventing head and hand shadows 
and glare from glossy surfaces. Well-diffused general lighting with a dominant 
component from above the left shoulder is perhaps the best solution of the 


Tt focal 


iret fash 
“earthe } 


bas sh 
is inferior in efficiency to similar systems using tungsten lamps, especially ^: 
those of the nitrogen type. The nitrogen-filled tungsten lamp is excellently ~ 
adapted to use in large indirect lighting fixtures, but its extreme brilliancy '! 


"n 


~ at or above the upper edge of the window. 
for a surface which is inclined or concave upward from the lower edge of the 


st window, On brilliantly-lighted business streets a very high illumination of 
20 foot-candles or more is necessary to attract attention. 
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problem. When local lighting is required a pendant Jamp in a deep conical 


E ^ refector of green flashed opal glass suspended at a height above the desk of 2 to 
~ 25 feet and near the left edge of the desk will fulall all requirements. 


Show windows should be lighted by entirely concealed light sources placed 
Illumination should be designed 


On less brilliantly- 


lighted streets the illumination may be reduced in proportion. The lamps 


z should be backed by highly efficient reflectors. The form of light distribution 
: desired depends on the dimensions of the window, the degree of concentration 
: increasing with the ratio of the height to the depth of the window space. Tests 
. Teported by H. B. Wheeler (ZU. Eng. Soc., Vol. 8, p. 555) show that utilization 
: efficiencies on the trim surface depend on the ratio of height to depth of the 
: window space. The results cited range from 58 per cent for a height to depth 


ratio of 1, to 42 per cent for a ratio of 2. Show cases in the aisles of stores afford 
a problem akin to show-window lighting. In brightly-lighted rooms the illu- 
mination of the interior of the case must be very high to gain attention. En- 


* tirely concealed lamps are required and these may properly be placed in shallow 
. trough reflectors in the upper dihedral angles of the case. 


Tubular and lino- 
lite lamps are appropriate, due to their space economy. 


BIBLIOGRAPHY. — Bell, Louis, Art of Illumination, N. Y., 1912; Stein- 
metz, C. P., Radiation, Light and Illumination, N. Y., 1909; Cravath, J. R., and 


^ Lansingh, V., Practical Illumination, N. Y., 1907; Wickenden, W. E., Illumi- 


nation and Photometry, N. Y., 1910; Barrows, W. E., Light, Photometry and 
Illumination, N. Y., 1912; Trotter, A. P., Illumination, Its Distribution and 
Measurement, London, 1911; Bloch, L., The Science of Illumination, London, 
1912; Lectures on Illuminating Engineering, Johns Hopkins University, Vol. 2; 
Franklin, W. S., Electric Lighting, N. Y., 1912; Bohle, H., Electrical Photometry 
and INumination, London, 1912; Trans. Ill. Eng. Soc.; Trans. A.I.E.E.; Trans. 


Am. Gas Inst.; Proc. Nal. El. Lt. Assoc. 
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ILLUMINATION, LAWS OF. — (See also Angles; Photometric Quanli- 
ties; Vision, Laws of.) Light may come from either a point source or a finite 
source. Serious errors may result from the application of the laws of point 
sources to the illumination from finite areas, due to the non-parallel rays. The 
errors are negligible, however, when the distance separating the light source and 
the illuminated surface exceeds ten times the greatest projected dimension of 


either in a plane normal to the mean direction of light. For definitions of 
quantities see Photometric Quantities. 


LIGHT FROM A POINT SOURCE. — When the light comes from a ut 


int source the "' inverse square " and the “ cosine” laws apply: 
po pply 


Inverse Square Law. — The illumination from a point source varies in- 
versely as the square of the distance from the source. This law rests on the 


geometrical fact that the spherical area intercepting light flux varies as the 
square of its radius. 


Cosine Law. — The illumination received by an element of surface varies 


as the cosine of the angle of incidence. The basis of this law is also geometrical. 
_ These two laws may be stated thus: 


where E = intensity of illumination in foot-candles; J = intensity of the light 
source in candle-power; œ = angle of incidence of light on the illuminated area; 
and / = distance in feet from the light source to the point illuminated. 


Calculation of Light Flux and Mean Intensities from Point Sources. 
— Let Ig be the mean intensity of a light source at an angle @ from the axis 
about which the light distribution is symmetrical, usually the vertical axis. The 
flux within an elementary zone at this angle of inclination is then 


dF = I dw = 2 «1, sin 0 dd. 


The flux within any finite zone about the axis of distribution may be found by 
integration when the law of distribution is known. In general, however, it is 
necessary to employ graphical means of integration for this purpose. The 
mean intensity within any finite zone cannot be found by direct average, since 


each beam bears a weight proportional to sin@. The graphical methods de- 
scribed below are the most serviceable. 


Protractor Methods. — This method is adapted to quick approximations 
of mean zonal, mean hemispherical and mean spherical 
intensities. The method assumes a sphere of light distribu- 
tion divided into zones of equal solid angular content, i.e., 
of equal altitude. A direct average of the mean intensities 
of the several zones gives the general mean for all the zones 
included, since each component zone bears equal weight. 
For convenience it may be assumed generally that the mean 
intensity in any zone agrees closely with that at the angle 
which bisects the area of the zone. Fig. 1 shows a convenient 
subdivision of the sphere based on this assumption. To 
obtain the mean spherical candle-power the intensities at all 
the angles indicated by radial lines are averaged. This re- 
sult multiplied by 27 gives the total flux from the source. 
Similarly the average of the intensities at the angles indi- 
cated in either hemisphere gives the mean hemispherical : 
candle-power, which may be multiplied by v to obtain the hemispherical light 
flux. The average taken at the three lowest positions gives the mean intensity 


Fig. 1. 
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below 6o? and this value, multiplied by 7/2, gives the flux within the o? — 6o? 
iw! zone. For convenience in practice a transparent protractor may be prepared 
wedi! with the reference angles shown by black lines. This protractor may be 
bes placed over the polar distribution curve and the values for averaging read off 
lest directly. The accuracy of the method depends on the regularity of the 
J^ distribution curve. 
ims Flux-o-lite Diagram. — (Fig. 2. This diagram is constructed from the 
7 polar distribution curve by drawing vertical reference lines tangent to the 

candle-power circles, with uniform in- 
TRY 3o wae termediate divisions as desired. To 


gi HH find the flux within any zone the horizon- 


qu tal projection of the mid-zone intensity 

E: a is measured on the scale created by the 

E vertical reference lines. Multiply this 

" | value by the constant which corresponds 

" M to the arc of the zone in the accompany- 

- y ing table. 

p^ The flux within any angular limits is 

found by summing the components from 

“i iic Constant 

ye : 

| TN T 

6 ap 15? 30^ 1.098 

S qe bens coms Lo 

pS d^2 e=13 f—4l 2.18 
Sumz800 F= 800 x 1.041319 2.42 


| 

| L wth = 1312 6.2832 = 208.8 xps 
j Fig. 2. Flux-o-lite Diagram 

| 


the several zones included. For accuracy a large number of small component 
zones should be taken. For proof, it is readily shown that the solid angular 


content of any zone is equal to 


| 
| 
| 


. . n 
47 sin @ sin 2 


where s is the arc of the zone in de- 
grees and 0 the bisecting angle measured 
from the vertical axis. The above con- 
stants in each case equal 47 sin 2/2 and 
the horizontal projections read from the 
liagam are in each case equal to the 
assumed mean intensity of the zone times ; f Fa 
the sine of the bisectihg angle. A= Baze 80 ap Lamp B= Same with Reflector 
" e Area abce’f’=15000 For A , 7485.4 Iz 62.5 
Rousseau Diagram. — (Fig. 3.) Ares abcdef=12080 Fora 1682.9 T7503 
‘The Rousseau diagram admits of con- Absorption of Reflector —152:5 —19.52 $ 
siderable accuracy, but involves the Fig.3. The Rousseau Diagram 
measurement of area. The arcs of the 
several zones of distribution are projected horizontally on the line abc. 
The intercepts equal the altitudes of the several zones and are therefore propor- 
tional to their several solid angular contents, with a total abc equal to 47. On 
each projection line is laid off from abc a length equal to the radius of the polar 
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curve at the corresponding angle. The terminal points are then connected by 


the smooth curve def. The area abcdef so inclosed represents the total flux, 
since 


4 
Area abcdef = f ETEA 
0 
The total flux is 


F. = 4T X area abcdef 
uS length ac ` 


The flux in any zone, e.g., between o? and 60°, is 


_ 4T X area abef 
T lengthac ` 


The mean intensity between any angular limits is equal to the portion of the 
area abcdef between those limits divided by the corresponding portion of the 
base line abc. This method is to be preferred to the others outlined where 
accuracy of a high order is desired, as in the measurement of the light absorption 
of reflectors, globes, shades, etc. In such cases the number of points of the 
photometric distribution curve determined by direct meas- | 
ure and referred by projection to the line def should be as we 
large as practicable. A 
Calculation of Illumination at Points. — In Fig. 4 v 

let A be the location of an illuminant and P a point at 
which the illumination from A is'to be determined. The h P 
three most important cases of this problem refer respectively Fig. 4 

to the illumination of elements of surface at P located in d 
horizontal and vertical planes and in a plane normal to the light path AP. 


From the laws of inverse squares and of cosines (see above) the horizontal 
illumination at P is 


E _Iecos6 Ie cos 
REC Mens 


The vertical illumination at P is 


Io sin 0 B Io sin? 0 


E= do p 


The normal illumination at P is 


Io Iocos?0  Iosin*0 


- Calculations of this type are facilitated by a chart (Fig. 5) showing the value 
of 0 for various values of v and h, and by tables giving the values of the illumina- 


tion constants cos? 0/v?, sin? 0/h?, and cos? 0/v* for various values of v and h. 
Such tables are given below. 
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Horizontal Distance itom Point Beneath Lamp, Feet 
Fig. 5. Angle of Effective Beams for Point-by-point Calculations 
TABLE OF ILLUMINATION CONSTANTS 
For Horizontal and Vertical Illumination 
Vertical distance below lamp, feet 
7 8 9 IO I2 I4 16 18 20 
o 0.0204 |0.0156 |0.0127 0.0100 |0.00695|0.005I10|0.00391|0.00309|0.00250 
I 0.0198 |0.0152 |0.0122 |0.0099 /0.00637]/0.00505|0.00388]0.00307}0.00249 
2 0.0182 |0,0143 |O.OIIS |0.0094 |0.00665/0.00491 |0.00382/0.0030310.00246 
3 0.0158 {0.0129 |0.0106 |0.0088 /0.00635/0.00476 |0.00371|0.00296]0.00241 
4 0.0134 |0.0112 10.0094 0.0080 |0.00592,0.0045310.003570.0028810.00235 
5 O.OLII |0.0094 |0.0082 |0.0072 |0.00547,0.00426|0.00340|0.00278|0.00228 
6 0.0089 |o.0080 |0.0071 |0.0063 |0.0c496,0.00397/0.00320|0.00264 [0.00220 
8 . 


5 
o 


[ed 
N 


it 
as 


. . [0.00014 ]0.00017]0.00019| 0.00020] 0.00021|0.00022 
. .[0.00012/0.00014|0.000I5|0.00016|0.00017 
. ++ . [0.0001O|O.OOOII|0.00012|0.00013 


The horizontal illumination at any point equals the intensity of the light 
source in its direction (see Fig. 5) multiplied by the constant in the above table 
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corresponding to its location. With a few exceptions near the bottom of the — ad: 


table, direct interpolations are, correct to within 2 per cent. 'To compute vertical 


illuminàtion at any point, exchange the vertical and horizontal distance compo- 
nents and use the constant so found. 


TABLE OF ILLUMINATION CONSTANTS 
For Normal Illumination 


Hori- . Vertical distance below lamp, feet 
zontal 
distance 
from 
point 
beneath| 6 7 8 9 10 12 I4 16 18 | 20 

lamp, 
feet 

o 0.0278 |0.0204 |0.0156 |0.0127 |o.oroo |0.00695|0.005r10|0.00391|0.00309|0.00250 

I 0.0270 |0.0200 |O.OI54 jO.0I22 |0.00990|0.00690|0.00507 0.00389 0.00308 0.00249 

2 0.0250 |0.0189 |0.0147 |o.0I18 |0.00962|0.00675|0.00500/0.00384 (0.00304 0.00247 

3 0.0222 |0.0172 |0.0137 |O.OIXI |0.00917|0.00653|0.00487 0.00377 0.00300/0.00244 

4 0.0200 |0.0154 |0.0125 |O.0IO3 |0.00842 0.00625 0.0047210.00367/0.0029410.00240 

5 0.0164 |0.0135 |O.OII2 |0.00943,0.00800|0.00592|0.00452|0.00356,0.00280,0.00235 

6 0.0139 |0.01175|0.01000/|0.00855/|0.00735|0.00555 0.00431 |0.00342 0.00278|0.00229 

8 0.0100 |0.00885 | 0.00780] 0.00689 | 0.00610] 0.00480]0.00385 0.00312|0.00258,0.00215 

Io —_ 0.00735] 0.00672 |0.00610|0.00552|0.00500] 0.00410] 0.00338] 0.00281 |0.00235/0.00200 

I2 0.00556|0.00518]/0.00480]0.00444|0.00410]0.00347|0.00294|0.00250|0.00214|0.00184 

I4 0.00431 |0.00408 0.00385 0.00361 |0.00338|0.00294 |0.00255 0.00221 |0.00192|0.00108 

16 0.00342/0.00327|0.00312|0.00297|0.00281 0.00250 0,00221 |0.00195|0.00172|0.00152 

I8 0.00278|0.00268|0.00258 0.00247 |0.00235 0.00214 0.00192/|0.00172|0.00154 0.00138 

20 0.00229|0.00222|0.00215|0.00208/|0.00200|0.00184|0.00168|0.00152|0.00138|0.00125 

24 0.00163] 0.40160] 0.00156)0.00152|0.001 48] 0.00139]0.001 29] 0.00120] 0.001 11|0.00102 

28 0.00122] 0.00120] 0.00118] 0.00115 ]|0.00113|0.00108|0,00102|0.00096] 0.00090/0.00084 

32 0.00094] 0.00093} 0.00092] 0.00090! 0.00089] 0.00086 | 0.00082]0.00078] 0,00074|0.00070 

36 0.00075 |0.00074| 0.00074 | 0.00073] 0.00072] 0.00069 /0.0006'7| 0.00064! 0,00062|0.00059 

40 0.00061] 0,00061 |0.00060|0.00059|0.00058|0.00057 |0.00056|0.00054|0.00052|0.00050 

45 0.00049|0.00048|0.00048| 0.00047 |0.0004'7 |0.00046|0.00045|0.00044|0.00043/0.00041 

50 0.00039|0.00039|0.00039|0.00039|0.00c38|0.00038 0.00037 |0.00036|0.000350.00034 


The normal illumination at any point equals the intensity of the light source 
in its direction (see Fig. 5) multiplied by the constant in the above table cor- 
responding to its location. 


Calculation of Solid Angle Subtended by Illuminated Area. — In many 
cases it is desired to compute the total flux of light which falls upon a plane 
area from an approximate point source. This problem resolves itself into two 
elements, (1) to determine the mean intensity acting toward the illuminated 
plane, to which the methods previously described apply, and (2) to determine 
the solid angle subtended by the area illuminated at the source of light. The 
following theorems apply to the latter problem. 

The solid angle subtended by a circle with the light source in its axis (Fig. 6) is 


w= 2T (I — cos a). 
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The solid angle subtended by a rectangle, one corner of which is directly be- 
neath the source of light (Fig. 7), is 
dc 


= tan“! —. 
ii hd 


When the projection of S falls on one edge of the area, the latter may be 
livided into two rectangles to meet the above theorem. 


When the projection falls within the arca, the area may S S 
be divided into four such sections. When the projec- a 

tion falls outside ac in Fig. 7, the surface may be ex- CT) d p i 
tended to meet the theorem and the solid angle sub- z | 
tended by the extension substracted from that of the Fig. 6. Fig. 7. | 


combined areas. 

LIGHT FROM FINITE SOURCES. — Under conditions pointed out in 
connection with point sources, finite sources may be treated as point sources 
Without appreciable error. When those conditions are not met, illumination 
problems may be solved by the aid of the following theorems. 

Lambert's Cosine Law. — A true diffusing surface emits light in any di- 
rection with an intensity proportional to the cosine of the angle of emission, 
measured from the normal to the source. Unless especially prepared, reflecting 
and transmitting surfaces deviate from this law to some degree, depending on 
surface glaze and the nature of the translucent medium. In the following 
theorems true diffuse emission is assumed for each element of surface. 

Total Light Emitted by a Plane Area A, having a surface brightness of 
b units of intensity in the normal direction, is 

| F —- mAb. 


Illumination Due to a Disk Source, having a brightness of b. 
(a) At a point P under the disk in a plane parallel to the disk (Fig. 8) the 


illumination is 
mb 
E= z et (B + 20 — o). 


0 IAN 
P P P 
Fig. 8. Fig. 9. Fig. 10. 
(b) In the special case ahere point P is in the axis of the disk (Fig. 9) the 
illumination is 
F = rb sin? a 


Illumination Due to a Rectangular Source, having a brightness of b. 
(a) The illumination in a plane parallel to the source at a point under one 


corner of the source or one edge e (Fig. 10) is 


Ez 7 [6 cosa y cos f]. 
(b) When the projection of the point P lies within the source, the source may 
be subdivided into rectangles and each solved according to case (a). 
(c) When the projection of P lies without the area and not om one edge ex- 
tended, a solution is made by enlarging the rectangle to meet case (a) and sub- 
tracting the solution for the part addéd from that for the entire extended area. 


770 . Mlumination, Laws of 
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(d) The illumination in a plane normal to the source at a point under one 
corner of the source (Fig. 11) is 


Extensions of this theorem may be made in a manner analogous to that suggested 
for cases (b) and (c) above. 


Illumination Due to the Hollow Interior of a Dome, whose lower bound- 
ary is a circle and whose surface brightness is b. The solution of this case is 
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Fig. 11. l ^ Fig. 12. 


identical with that for a circular disk equal in area to the base of the dome and 
having the same brightness; see Fig. 9. ; 


Flux Received by a Rectangular Area from a Similar and Parallel 
Area, having a brightness of b (Fig. 12). 


ig @ _, @ £ ac e, e 
F= LE tan 2 — ah tan^t i + ed tan d — ch tan: Hin 


oh 
when a=c=kh, F= e = 0.6283 a%. 


Flux Received by a Rectangular Area from an Adjacent Normal Area 
of the same length, having a brightness of 6 (Fig. 13). 
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Light Flux Within an Inclosure. — If an entirely inclosed space is sut- 
rounded by walls having a reflection coefficient of r and a flux of light equal to F 


is emitted within this space by a light source, the total flux within the space 
due to direct emission and multiple reflection is 


EF-FLFrLpFLFBALFSB....-FfG-r. 
. In computing the total illumination of areas in rooms due to direct and indirect 
illumination this expression is of limited application due to the unequal reflection 


coefficients of the various surfaces. McAllister (see Elec. Wld., Vol. 52, p. 1155) 
has suggested a method of calculation based on the absorption of light by various 


surfaces, which rests upon the principle that the light absorbed by each surface l 


equals the total flux received by it multiplied by its absorption coefficient, and 
that the total flux so absorbed equals the total flux emitted by the light sources. 
That is, given a room bounded by six surfaces whose areas are respectively 41 
As», Aa, etc, whose absorption coefficients are respectively a1, ae, as, etc., and 


ww 
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wf which are to be illuminated to respective intensities of Z1, E», Es, etc., the total 
flux required of light sources is 
DF = Eida + FeAcde + £34383-- etc. 
STANDARD FORMS OF LIGHT DISTRIBUTION FOR UNIFORM 
ILLUMINATION. — The most important phase of this problem, viz., the | 
| 


d uniform illumination of a horizontal plane by one and by many illuminants, | 
+ Will be outlined. The form of light distribution required to obtain uniform 
** horizontal illumination from a single lamp is found by reversing the expression 


tis for horizontal illumination, | 
A 
D 


! Te cos*0 Ey? 
th= ———- I0 = — Ed 
En ji to cos'g' 


taking Ej and v as constants. The resulting form of polar curve for various Í 


| ratios of the limiting horizontal 
\ distance hk’ to v are shown in Fig. 
7 14. It is apparent that practical 
difficulties limit the range of appli- 
cation of this method. The more 
general case must be solved by the | 
use of a considerable number of 
lamps uniformly spaced above the 
_ area illuminated. The type of hor- 
K^  izontal illumination curve shown 
in Fig. 15 adequately meets this 
condition, as shown by"t'hit^result- 
ant illumination 'curvea^&long the 
€ and diagonal of the du. dae Tighe patebutioa Resuibedre Ott 
induded by the points directly Fig. 14. Light Distribution Required to Obtain 
under four equally spaced lamps. Unc Horizontal Illumination from One 
.. Toobtain the form of illumination 
4 curve shown for various ratios of horizontal spacing s to vertical distance to 
the lamps v, the forms of light distribution shown in Fig. 16 are required. 
The ratios of spacing 
to height indicated in 


CL 


RL 
HE L 


Xx 


~ 4 Tes 


| the figure are to be con- 7 ° 
sidered as the maximum ats 
E BLS 


ratios with which uni- 
form illumination’ is ob- 
tained. With smaller 
ratios the uniform con- 
dition still exists. With 
a fixed spacing varying 
the height within the : : C 
limit imposed by the F Dame tooan zanga “Fig. 16. Curves of Light Dis- 
Tatio affects neither the Fig. 15. mination from many Sources 


. uniformity nor the inten- : , 
sity of illumination, except in that portion of the room lying outside the outer 


row of lamps. By aid of well-designed reflectors it is possible to closely approxi- 

mate the typical distribution curves for certain ratios of spacing to height and 
this ratio is important as a criterion in the selection of reflecting devices, 

BIBLIOGRAPHY. — Johns Hopkins University, Lectures on Illuminating 

- Engineering, Vols. 1 and 2; Steinmetz, C. P., Radiation, Light, and Ilumina. 

| tion; Barrows, W. E., Light, Photometry, and Illumination; Trans. Ill. Eng. Soc., 

Vol. 3, 4, and s; Bull. Bur. Stand., Vol. 3; Elec. Wld., Vol. 5o, p. 1207; Vol. 5I, 


p. 6or and p. 1367, and numerous other articles in recent volumes. 
: [W. E. WICKENDEN.! 
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ILLUMINATION, STREET. — (See also Illumination, Interior; Illumi- 
nation, Laws of; Lamps, Arc; Lamps, Incandescent; Lighting Plants.) Street 
lighting is intended to promote public safety, facilitate travel and business, 
and reveal architectural effects during hours of natural darkness. Experience 
shows that good street lighting attracts traffic and stimulates retail trade. The 
most important factors affecting the degree of street illumination required are 
the density of traffic, prevalence of retail business, degree of police supervision 


needed and the architectural importance of the thoroughfare. In moderate 


and dim light vision depends primarily on differences of brightness and is but 
slightly assisted by color distinctions. Objects may be seen directly and in 


some detail against a darker background, but are seen in mass or silhouette 
against a brighter background. 


Requirements of Street Lighting. — The most important streets require 
sufficient illumination for direct and detail vision to clearly reveal vehicles, 


persons, obstructions, irregularities of the pavement, and to permit the easy: 


reading of timepieces and addresses, which calls for an average of about o.1 
foot-candle and a minimum of 0.05 foot-candle on the most important working 
surfaces. Uniform illumination without deep shadows, which may be obtained 
by well-diffused light sources with fairly close spacing, is highly desirable on 
important streets. 

Secondary streets with moderate evening traffic and orderly conditions re- 
quire greater illumination at intersections than at intermediate points. The 
silhouette aspect of vision is very important in such streets and emphasizes the 
need of fairly bright and even roadway illumination without spots of deep shade 
from foliage. An average illumination of 0.05 foot-candle and a minimum of 
0.02 meet the reasonable requirements of such streets. In this range of inten- 
sities the eye is highly susceptible to glare. Brilliant light sources without 
diffusing globes and suspended at.a low level often largely defeat their purpose 
under these conditions. 

Minor streets with scattered buildings and infrequent travel require mainly 
beacon lighting, equivalent in intensity to moderate moonlight, or normal illu- 
mination varying from a minimum of o.or foot-candle to an average of 0.03. 
At such low intensities the need of good diffusion at light sources is most acute, 
but is quite generally neglected for reasons of supposed economy. 

Reference Planes — Street illumination in America is usually referred to 
normal reference planes (i.e., perpendicular to the light rays), and to horizontal 
planes in Europe. There is wide diversity in the elevation of reference planes, 
the most common levels being that of the pavement and that of a plane four 
feet above the pavement. The use of normal planes of reference takes satis- 
factory account of the light from but one source, while it is possible to sum up 
the light received from all directions on horizontal planes. It is evident from 
the cosine law of incidence that the horizontal illumination from low and distant 


. lamps is less in magnitude and more difficult of exact measurement than the 


normal component. Normal illumination is a more useful index to the visibility 
of upright objects. Small objects as cards and timepieces are instinctively held 
normal to the rays of the nearest lamp. The vertical component of street 
illumination should have due consideration for its importance in revealing the 
architecture of buildings and assisting in the recognition of persons. 


TYPES OF ILLUMINANTS. — The illuminants most extensively used in 
street lighting are as follows: (For detailed descriptions and data see Lombs 
Arc; Lamps, Incandescent; and Gas Lighting.) 


Electric Arc Lamps on Series Circuits, including (a) carbon arcs of 
open d-c., enclosed d-c. and enclosed a-c. types, with standard currents of 6.6, 


amer 


un ipes, \ 
«1 lin 


gn, 
tart; ) 


Uat 


ETT 
aya 
detis] 
DI 
"fri 
Tat 
leri 
3 HR M 
Ug 
Lay 
i ub. 
E: 
vil 


ETT 
MEM 


Cd 


- --—- 


Illumination, Street 773 


7.5 and 9.6 amperes; (b) flame carbon arcs of open d-c., enclosed d-c. and en- 
closed a-c. types, with standard currents of 6.6, 7.5 and 9.6 amperes; and (c) 
metallic or luminous arcs of open d-c. type with standard currents 4.0, 5.5 
and 6.6 amperes, arranged for suspension and pedestal mounting. 

Electric Arc Lamps on Multiple Circuits at or near 110 volts, in- 
cluding (a) carbon arcs of open d-c., enclosed d-c. and enclosed a-c. types; (b) 
flame carbon of open d-c., enclosed d-c. and enclosed a-c. types; and (c) quartz 
tube mercury arcs. 

Electric Incandescent Lamps, Series Type, including (a) vacuum 
lamps with standard currents of 3.5, 4.0, 5.5, 6.6. and 7.5 amperes and range of 
candle-power from 32 to 350; and (5) gas-filled lamps of from 57 to 500 watts, 
and from 8o to 1000 candle-power. 

Electric Incandescent Lamps, Multiple Type at or near 110 volts of 
from 25 to 1000 watts and from 21.5 to 1670 candle-power. 

High-pressure Gas Lamps of upright and inverted types, including 
(a) compressed gas, (b) compressed air and (c) compressed gas and air types. 

Low-pressure Gas Lamps of upright and inverted types, including (a) 
single mantle lamps and (5) clusters of 3, 4 and 5 mantles. 

Naphtha Vapor Mantle Lamps of self-contained, upright type with 
nominal candle-power of from 45 to 60. 

Relative Advantages of Various Street Illuminants. — The advantages 
of electric lighting over gas lighting are (1) superior flexibility in sizes and pos- 
sible locations, (2) greater ease of maintenance, (3) availability of white color, 
and (4) ease of control from central points with series circuits. "The advantages 
of gas over electricity are (1) lower probability of interruption by accident, (2) 
steadiness of light and (3) the low intrinsic brilliancy of mantles. 

Both electric and gas lamps suffer fluctuations due to unsteady. pressure, but 


these conditions are more easily regulated in electric systems. Skillful mainte- . 


nance is necessary to insure the proper efficiency of all street lamps, but affords 
a simpler problem in the case of electric lamps. High-pressure gas lamps re- 


quite maintenance of an exceptionally high order. 


Gas lamps are usually lighted by hand or by local automatic clock devices, . 


though a few methods of central control have been devised. Naphtha vapor 
lamps are difficult to maintain in good efficiency and require costly attention, 
as each lamp must be filled by hand and heated by a blast torch before lighting. 
Such lamps should be used only where electric or gas lighting from central sys- 
tems is not available. 

Series electric lamps tend to economy in power distribution and to simplicity 
of central control. Separate mains must be used for all circuits requiring cen- 
tral control. Lamps operated in multiple from regular mains are lighted and 
extinguished by hand or by special clock switches. The high voltage of series 
circuits involves elements of danger and liabilities to interruption by accidents 
not found in parallel systems. Parallel systems can employ metal poles and 
grounded supports with greater safety. Incandescent electric lamps provide 
à very wide range of candle-power and involve smaller expense for maintenance 
and renewals than arc or gas lamps. On well-regulated circuits incandescent 
lamps surpass all other street illuminants in steadiness. The effectiveness of 
incandescent lamps as commonly installed without diffusing shades is often 
badly impaired by glare. 

The color of light is relatively less important in street lighting than in in- 
teriors. White is generally preferred, as satisfying a sense of naturalness, 
Yellow and green have superior penetrating power in fog and smoke. 

Small vs. Large Units. — Large units are generally more efficient than 
small units and involve relatively less expense for installation, maintenance. 
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and operation per unit of light production. With proper spacing the light of 
small units can be more completely utilized on roadways and produces a more 
uniform illumination. Small units lend themselves more readily to decorative 
schemes and to the lighting of shady streets and curving roadways. . The effect 
of numerous small units at low levels, especially when unshaded, is distinctly 


more obtrusive and glaring than a small number of high power sources hung 
fairly high and well diffused. - 


Ratings of Street Lamps. — Street lamps are variously rated in candle- 
power, watts and rate of gas consumption. Much confusion is caused by loose 
usage of the term candle-power, which in different cases refers to mean horizontal, 
maximum, mean spherical, mean lower hemispherical and merely nominal 
values. Horizontal and maximum candle-power or that at any specified angle 
are significant only when comparing lamps having a definite form of light dis- 
tribution in common. Mean spherical candle-power gives the gross light output 
of a lamp without any index to the effectiveness with which it may be utilized. 
It is an appropriate rating for a bare luminous element without accessories. 
The mean lower hemispherical candle-power is perhaps the best single index to 
the available light output of a lamp, but it cannot be conveniently measured in 
service. Candle-power ratings are sometimes of a purely nominal nature, e.g., 
the 1200 and 2000 candle-power ratings applied to carbon arc lamps denote 
lamps consuming 330 and 480 watts respectively. 

The rated candle-power of gas and gasoline mantle lamps usually represents 
the maximum intensity which a given type of lamp can produce commercially. 
This rating almost invariably exceeds the average results in service by a wide 
margin due to imperfect maintenance, and can serve only as an index to the type 
of lamp referred to. | ne i | 

Incandescent electric lamps are rated in horizontal candle-power on the basis 
of actual initial performance. "The candle-power rating of incandescent lamps 
installed on streets with reflectors is often taken to imply the actual average 
intensity at some angle between 15° and 25? below horizontal. A test of 130 
incandescent lamps with flat enameled metal reflectors in service, which was 
made by the writer in 1913, showed the average candle-power of such units at 
25? below horizontal to be 111.6 per cent of the rated horizontal candle-power 
of the lamps. 


Indefinite candle-power specifications in lighting contracts have caused much 
litigation. Arc lamps of all types 


are preferably rated in watts, | | 

as affording the only accurately —J n — 
measurable index to their per- = [F 
formance. The specification E E E SURE 
that a reasonable average of 


candle-power as indicated by a aed a 
prescribed photometric test shall 

be maintained is recognized as a =) | 

valuable check on the quality of C STAGGERED D SINGLE SIDE LINE 
maintenance and service. 


SPACING OF LAMPS. — 
The plans of lamp spacing most 
widely used are shown diagram- 
matically in Fig. 1. Plan ut MEN 
single center line spacing, is the : : 
eh effective method of using Fig. 1. Spacing Schemes for Street Lamps 
high-power units. Lamps may be hung from span wires between poles of 
buildings or from mast arms projecting over roadways. In some cases 
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ix are mounted directly on poles or standards in a central parkway or series of 
dum C safety isles. (Center suspension is especially desirable when only one lamp is 
vis placed at an intersection. Plan B, or parallel spacing, and Plan €, or stag- 
; Tx? gered spacing, are hest adapted to the brilliant lighting of main thoroughfares 
sz with high-power units and the lighting of ordinary streets with small units. 
gus: The staggered arrangement favors the meeting of a definite minimum require- 

. ment of roadway illumination with the smallest number of lamps per mile. 
Plan D, or single side line spacing, sacrifices symmetry and uniformity to the 
convenience of running electric circuits or gas piping on but one side of the 
street. Plan E, or arch lighting, is adapted only to incandescent electric 
lamps; it tends to give a street a festive appearance, but is not an effective 
method of illumination. Plan F, or parkway lighting, is of obvious value where 
the roadway is divided as shown. l 

Side vs. Center Mounting. — Fig. 2 shows the effect of center and side 
mounting on the per cent of the total light which falls within the limits of streets 
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Fig. 2. Per Cent of Light from Arc Lamps which falls within Limits of the Street 
A. 9.6 amp. Open Carbon Arc, Clear Globe C. 6.6 amp. Magnetite Arc, Opal Globe 


^ B damp. Magnetite Arc, Clear Glabe D. 6.6 Le Enclosed Carbon Are, Opal 
| abe 

^ of various widths, These curves al} refer to a mounting height of 20 feet aboye 

2 street level, The lamps with side mounting are assymed to be over a curb line 


which is distant from the nearer street line by an amount equal to one-fifth the 
total width of the street. The higher ae sie! eae is apparent. 
Dala by P, S, Millar, Trans. 1H, Eng, Soc, Vol. 5, p: 658.; s 
rae s cd made to increase the percentage of light thrown 
on the street by reflectors of special design which deflect lengthwise of the street 
light which would otherwise be thrown to the sides. These have had a yery 
limited acceptance. , : [ 
^. Hxeellent use pf large units at intersections and small units at intermediate 
| Points may be made on secondary streets, especially where foliage interferes 
^ — With the distribution of light at distances. Qn curved roadways it is preferable 
“fp logate the lamps on the outer sides of the curves, as they are then visible at 
Rreater distances. TEC 
Height of Suspension. — The spacing of lamps should be laid out with due 
regard to the height of suspension of the lamps and the degree of minimum illu- 
mination to be provided. In many cities a standard height of mounting is em- 
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ployed with each type of lamp. When such is the case, spacing problems are 


readily solved by the aid of diagrams such as shown in Fig. 3. Taking account 
of the suspension height and the light distribution curve of each lamp in its 
normal service condition, the horizontal distances from the axis of the lamp at 


Width of Street 80 ft. Width of Pavement 48 ft. 


: Arcs, 20 ft, high 
p Incandescent lamps; 15 ft.high/ J 
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Circles about Arcs, from lamp outward, 0.4, 0.3, 0.2, 0.1, 
0.08, 0.06 & 0.04 foot-candles, 


Circles from incandescent lamps outward, 0.1, 0,08, 0.06 & 0,04 foot-candles. 
Fig. 3. Spacing and Illumination Plan for a Minimum Normal Illumination 
of 0.04 Foot-candle 


which various normal intensities of illumination are produced at an appropriate 
level, as that of the street or at a height four feet above the street, are computed 
by the point-by-point method. Using these distances as radii, circles are drawn 
to scale about a center representing the axis of the lamp and are marked with 
the corresponding intensity of illumination. These diagrams are preferably 
made on translucent tracing cloth and several of each type should be prepared. 
A plan of the space to be lighted is drawn to the same scale on a separate papet 
and the circle diagrams are used as templates for various trial spacings until the 
desired result is obtained. The circles then furnish points for the plotting of 
illumination profiles or contours at the center line and curb lines, from which the 
approximate average illumination is readily computed. The illustration shows 
an appropriate location for 4-ampere magnetite arcs, with globes at street inter- 
sections, and 60-candle-power series incandescent lamps with flat enameled 
metal reflectors at intermediate points, to produce a minimum normal illumina- 


tion of 0.04 f.c. on a section of street 80 feet wide and 480 feet long lying between 
centers of intersecting streets. 


. Selection of Height of Suspension. — The most appropriate suspen- 
sion height for a street lamp depends on its light output, form of distribution 
and intrinsic brilliancy, and upon the degree of minimum illumination required. 
It is practically impossible to realize uniform illumination from large arcs and 
high-pressure gas lamps without higher suspension than that commonly em- 
ployed. The usual result is a bright spot immediately about the lamp and low 
illumination at mid-points. The contrast so produced reduces the effectiveness 
of the light. 

A high ratio of suspension height to horizontal spacing tends to improve the 
uniformity of light distribution and to increase the distance over which a single 
lamp can provide illumination above a specified minimum value. A high ratio 
of height to distance is especially desirable when the maximum light intensity 
of the lamp is more than 30° below the horizontal. 

The following example may be taken. In Fig. 4 polar curve (a) refers to 
510-watt magnetite arc with clear globe and (b) to a 450-watt d-c. flame arc with 
vertical electrodes and a light opal globe. The illumination curves show the 
normal illumination at various distances for various suspension heights. In 
case (a) the maximum intensity is but 1o? below the horizontal and little gain at 
distant points is obtained by employing a suspension height exceeding 25 feet. 
In case (b), however, the maximum intensity is much lower on the polar curve 
and a much higher suspension could advantageously be employed. Fig. 5 shows 
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the effect of height of suspension of these two lamps on the normal illumination 


at various distances. 


The actual suspension height is often determined by the exigencies of trim- 


ming, by the length of wooden poles 40.16 

iile and by the necessity of diss — 8 pee | | tt 
tributing light below the foliage of a | AK ü 
trees. It must be recognized that a $012 mE SIN fd 
lamp with high mounting throws a AZ E NE 


smaller total percentage of its light 
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Fig. 5. Effect of Height of Suspension of 
Arc Lamps of Fig. 4 on Normal Illumi- 
nation at Various Distances 


Fig. 4 Polar Light Distribution Curves 
of (a) 6.6-ampere Magnetite Arc with 
Clear Globe and (b) 450-watt Enclosed 
Flame Arc 


on the street, and that the gain is from the better distribution to distant 
pointe. 

LIGHTING SCHEDULES. — All-night schedules provide for a yearly 
total of from 3830 to 4000 hours of operation. The former total results from 
lighting 30 minutes after sunset and extinguishing an hour before sunrise. The 
latter involves one half-hour longer burning each night. The “Philadelphia 
moonlight schedule” allows lamps to remain unlighted on nights when the moon 
is full or nearly so and on other nights the lamps are lighted one hour before 
moonset and extinguished one hour after moonrise. This schedule calls for an 
annual total of 2000 hours of operation. The “Frund system” ignores the moon 
until midnight, after which the provisions of the moonlight schedule apply, 
making an annual total of 3000 hours. As a large portion of the cost of street 
lighting is due to fixed charges the saving of reduced schedules as compared with 
an all-night schedule is much less in proportion than the reduction of hours. 
Each year the Electrical World issues a detailed set of lighting schedules for the 
ensuing year, separate tables being furnished for northern, middle and southern 


latitudes of the United States. 


COST OF STREET LIGHTING. — The cost of street lighting is usually 
based on an annual price per lamp or fixture for a specified number of hours of 
burning. This cost may properly include all fixed charges on the lamps and 
their accessories as well as a due proportion of the charges on poles, lines, trans- 
formers and other appliances assignable to the service, all costs of maintenance 
and renewals involved in the service, and a reasonable charge for the energy 
supplied. These costs naturally vary with the character of the distributing 
system, value of poles, rate of depreciation of lamps and the cost of producing 
electrical energy. Depreciation rates on street lamps and special appliances 
used in supplying them are apt to teach or exceed ro per cent, due to rapid 
obsolescence. The average prices charged per year for various types of street 
lamps operated on all-night schedules in a representative group of cities are 


given below: 


A 
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PRICES PER YEAR FOR BLBCTRIC STREET LAMPS} ALL-NIGHT —, 
| SCHEDULE —< M Mt 


GU uy 
Average | Maximum] Minimum 
hy ph 
; BT 
4-amp- magnetite arc. ...:... $63.00 uo. 
6.6-amp. efc. carbón afc..;...:.. 73.00 4 di 
'" 40.09 3 
29.50 i ‘a n 


60-c.p. 23.25 
40-C.p- 20.00 
32-C.P* |... 18.00 


Single-mantle gas lamps are usually furnished on an all-night schedule for 
prices ranging from $20 to $25 per annum. In many of the smaller cities special — , 
display systems of incandescent electric lamps are operated on main business ` "8 
streets, the expense being assumed jointly by the dty and the occupants of 
abutting property. ‘The lamps are usually arranged in arches, festoons or in 
clusters on pedestals, and are often operated from constaht-potential mains to 
it the turning off of part of the lamps after midnight. These systems are 
usually maintained by the operating company and charged for on a flat rate 
basis. . 
BIBLIOGRAPHY. — Bell, Louis, Art of Illwminotion, N. Y., sore; Ledus — 5i 
on Illuminating Engineering, Johns Hopkins Univ., x911, Vol. 2, Chap.1; x 
Barrows, W. E. Light, Photometry and IHumination, N. Y., 1912; Trotter, A. P. — 0 
Illumination, Its Distribution and Measurement, London, 1911; Bloch, L., The — — 
Science of Illumination, London, 1912; Trans. M. Eng. Soc; Trans. ALBEE; — ^ 
Proc. Nat. El. L. Assoc. | : i 
| [W. E. WickENDEN] 
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INDETERMINATE FORMS. — (See also Derivatives.) Let f(x) and F(x) 


_ be any two functions of x and let y = fe, For certain values of x, both f(x) 


F(x) 
o ? ; r 
and F(x) may be zero, making y equal to g' an expression which, considered 


alone, may be anything between o and o. Its true value may, however, be 
determined from the nature of the functions f(x) and F(x) by the following 
process, which involves finding the derivatives of the two functions. If yı = 


0 
s when £ = 2, then 


d 
d f(x) 


y- 


dx eo) reer, 


which expression may have a perfectly determinate value. For example if 


L-A 
v—8 
and x= 2, then 
o 2x} . 4 I : 
Jia- u — f —zmo-,. 


oO 3X|[r-2 12 3 


If the ratio of the derivatives is still indeterminate, differentiate numerator ana 
denominator again and, if necessary, repeat the process until a determinate 
form is obtained. 
f(x) ; : eo : 
When y = FG reduces to the indeterminate form = for any particular 
value x: of x, the corresponding value of y is 


_ When y = f(x) x F(x) reduces to the indeterminate form o x «o fot any par- 
ticular value xı of x, the corresponding value of y is 


d 
i (x) 


E YEN 
dx F(x) t=T; 


[W. A. DeL Mar.] 
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INDUCTANCE AND INDUCTIVE REACTANCE. — (See also 
Alternating Currents; Electricity and Magnetism, Principles of; Skin Effect; 
Transmission Lines.) The phenomena of self and mutual inductance are de- . 
scribed in the article on Electricity and Magnetism, Principles of. In general, 


a * . [] > [] di 
when the current 4 in a circuit, No. 1 say, is varying at the rate A 4 


potential drop, i in the direction of the current (or back e.m.f.) is induced in the 


circuit, which may be written | 


diy 
= la r 


where Z4 is called the coefficient of self induction, or self inductance, or simply 
the inductance, of the circuit. Similarly, when a second circuit, No. 2 say, is 


in the vicinity of No. 1 and the current i in No. 2,* is varying at the rate 
di 
T , an additional potential drop is induced in circuit No. x equal to 


diz 
n= My ài 
where Mis is called the coefficient of mutual induction, or simply the mutual 
inductance, of one circuit with respect to the other. 
"When the currents in both instances are sine-wave currents of effective values 
Iı and I respectively and of frequency f, the effective values of these potential 
drops are 


| Vu = xdi and Vii = mls (1) 
and Vu leads Jı by 90 degrees, and Vi» leads i2 by go degrees, and 


m= 27 fli and Xn = ar fMn. (1a) 


xı is called the inductive self-reactance, or simply the inductive reactance of 
circuit No. x. (see Alternating Currents), and xi» is called the inductive mutual 
reactance of one circuit with respect to the other. The mutual inductance, 
and therefore the mutual reactance, between any two circuits is the same for 
No. 1 with respect to No. 2 as for No. 2 with respect to No. 1, i.e, M= Ma 
and xi = xa. 

The total inductivef drop in any circuit due to the variation of the current 
in this and in any number of neighboring circuits is 


di diz dis 
= l- ài +Mnz +Ma oy + etc. (2) 


For sine-wave currents of frequency f the total inductive* drop is, in vedor 
notation (see Alternating Currents), | 


40 0 MWi-j Gali sls ast. . .). (28) 


Units of Inductance and Reactance. — The practical unit of inductance 
is the henry, the c.g.s. electromagnetic unit the abhenry (also called a “centi- 
meter"), and the c.g.s. electrostatic unit the stathenry. Inductances are fre- 


* i; is to be considered positive with respect to 41 when the flux lines threading Not 
due to the current in No. 2 thread through No. x in the same direction as the flux lines 
due to the current in No. r. 

t In addition to these drops there are also the resistance drop and such other back 

e.m f.’s as may be present. See Allernating Currents. 


Tye 
ai g 
Vr 
Ail t 
E } 
“hat i 
ETT 


CO —— — Á— — 
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quently expressed in thousandths of a henry, i.e., in millihenrys. 'The units of 
reactance are the same as the units of resistance (q.v.) See Units and Conversion 
Factors for the interrelations of the various units. 

Total Inductance of Two or More Circuits in Series. — When several 
circuits, having the coefficients Lı, Lə, Ls, etc., and Miz, Mis, Mos, etc., are con- 
nected in series the Currents i; = #2 = i3 = etc. = i, say, and the total induced 
emf. is p p 4 %-+ 03, etc., or 


di 
v= | i nna etc.) + 2 (Mu t Mis - My +ete) |F, 


Whence the resultant or total inductance is 
L= (Li+ L4 4- 134 etc ) t 2 (Mi Mis 4- My + etc.). (3) 


` = . e . 5 
ves 17 Litt Mya + Miyis + etc (4) 


& ge s A 


, Lii= a the linkages between the flux lines due to the current f in 
. circuit No. r and the turns of circuit No. I, 
Mih e = the linkages between the flux lines due to the current i; in 
circuit No. 2 and the turns of circuit N. O. I, etc. 


| 


give ation of the circuit or circuits, Starting from the fundamental relations 
Za en Y équations (35), (36) and (29) in the article on Electricity and Magne- 
‘Sit, Principles of. l | 
Internal Flux, Internal 
Wi 


© Of à Wire of finite Cross-section the various “filaments” of which the wire 
may be consi 


y the ba e.m.f.'s induced in the various filaments are different, 
the indy ae 3 non-uniform distribution of current. This variation in 
total q E Miren from filament to filament is due only to that portion of the 
the “inte : actually cuts the wire in question; it may therefore be called 
ing to this 4 flux,” and that portion of the inductance or reactance correspond- 
intern p s ux may be designated as the “internal inductance” and 

: -eactance is respectively, Although the internal flux tends to produce 
stance of c: s etribuon of current, this effect is sa cerca) 
| ~ Wire and for ordinary non-magnetic wires a requ 
E. ur Cycles Der second the current remains practically uniformly distributed  - 

Cross-section of € Wire. See article on Skin Effect. 


are an MULAS FOR SELF INDUCTANCE. — The following formulas 
n from a Very comprehensive Paper on the calculation of inductance 
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by Rosa and Grover in the Bull. Bur. Stand., Vol. 8, No. 1, p. 1; 1912, in which 
the accuracy of the various formulas is thoroughly discussed and many others 
given, as well as tables to minimize the labor of calculation. 

Unless otherwise stated all formulas are in c.g.s. electromagnetic units; the 
conversion factors are given in the article on Units and Conversion Factors. 


Self Inductance of a Single Circular Turn formed by a Wire of Circular 
Cross-Section. — Let a = mean radius of the turn, in centimeters, r = radius 
of the wire, in centimeters; then the self inductance is 


los 75? ; 
L=4ro| tz oge 52 p ras]. (5) 


This formula is derived from an infinite series in =, hence for 4 large it is ap- 


, no f ee , 
„proximate only; however, for 3 less than o.x which covers all ordinary cases, 
the error is less than 1 part in 100,000. 


Mutual Inductance of Two Co-axial Circles. — Dimensions as in Fig. 1, 
all in centimeters. Put 


Cae B 
be Vr m) 000 hs LM, 
m Mı m + m 
For k < 0.2 use the formula 
AE 1D pe S pu, 245 : | 
vas iine Bae 8 oo | call 
the general term in the brackets being 
Gun ento) erta a 
4°6°8.,..(2%+2)] (2n— 1) 
For k > o.2 use the formula 


M anti Ao] ie E aae 38 pag S ga P |.  @ 
8 64 1024 


Fig. 1. 


the general term in the brackets being 
| (zt) [i62 5*7. errr weenie im. 
am+1/L4°6°8... (2742) 
Self Inductance of a Long Solenoid* of Circular Cross-Section. — Let 


l= axial length of solenoid in centimeters, 


m = number of turns per centimeter length, ie. total 
number of turns = mh, 


a = mean radius of the solenoid in centimeters 
Then for small, the self inductance is, to a first approximation, 
| L- p t^ a3. (7) 
There is a considerable error in this formula, due to the end effect, but the varia- 


tions in L due to changes in / are almost exactly proportional to the changes in 


* By 2 solenoid is meant a coil in which the wire ors a itori straight, cylin 
helix. : l p.a 


^N 
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l|, and hence this formula may be used for calculating the corresponding varia- 


tions in L as long as ! remains small. 


Self Inductance of a Single-layer Short Solenoid of Circular Cross- 
Section. — For such a solenoid (see Fig. 2) the summation formula, equation 


(3), becomes when there are « turns, 
1234567 
L=nly+2(n—1) Mit 2 (n— 2) Mag +2 (8 — 3) Mu sa ata 
+...+2Min, (8) 4 
i Y 
where Lı is the self inductance of a single turn, Miz is the — 9 * 
mutual inductance of the first and second turns or any two Fig. 2. 


adjacent turns, Mis is the mutual inductance of the first and 
third or of any two turns separated by one, etc., and Min is the mutual induc- 
tance of the first and last turns. Lı may be calculated from equation (5) 
and the M’s from equation (6) or (6a). The general equation (3) may also be 
used to calculate the self inductance of a coil of any number of layers, but 
the calculation becomes tedious. 

Self Inductance of Circular Coil of Rectangular Section (Fig. 3).— 


Dimensions as in Fig. 3, all in centimeters, also 


N = total number of turns, 
R= 0.2235 (b + c). 


Then to a degree of approximation sufficient for most practical 


purposes 
8a 3 R? R | 
Iu 2 — uos bas 1G 0234 V 
4raN Lm R (: T 16 =) (: + 16 5) (9) fig. 3. 


Mutual Inductance of Two Concentric Co-axial Solenoids.* — All di- 


mensions being in centimeters, let 
} = one-half the length of the skorter coil, 
x= one-half the length of the longer coil, 
A= radius of outer coil (which may be either the shorter 


or longer coil), 
a= radius of the énner coil, 


da Ve(4): 


Ni and Ne = the tolg]. number of turns in the first and second 
. coils respectively. 
Then as a first approximation, for Z small the mutual inductance between the 
two coils is 
2 452 N N. : 
Macc m (10) 
By calculating a sufficient number of terms the mutual inductance may be 
obtained exactly from the formula 
y , EENM A?4PB-—3503  d?(451— 34?) Si — 20 P233 4- 506 
ae I =- —————————— m o ee” eee 
d 2d 4 8ds 8 
_ 48 4 203242 4- 5 A4). (64 18 — 336 lta? + 280 Pat — 35 a*) 
TUS LM reece EOD CHE SUUPS b ~... |. (10a) 
* One solenoid inside the other with their centers coinciding. 
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Mutual Induction of Two Co-axial Circular Coils Each of Rectan- 
gular Section (Fig. 4). — Dimensions as in Fig. 4, all in centimeters. Ni 
and N2 represent the total number of turns on the two coils respectively. The 


following formula, known as the “formula of quadratures,” is sufficiently 
exact for most practical cases: 


NW: 
M= o (M+ M+ M+ Mat Mie Me Mrt Ma — 249), (11) 


where Mo is the mutual in- 
ductance of the two central 
turns œ and o in Fig. 4. 
Mi is the mutual inductance 
of the circle through o» and 
the circle through 1, Ms is 
the mutual inductance of 
the circle through o: and the 
circle through 5, etc. These 
mutual inductances Mo, Mi 
. . . Ms may be calculated 
from equation ( 6) or (6a). 
When the sections of the 
two coils are small compared 
with their distance apart, 
Mo = Mic... Ms and 
equation (11) becomes 


M=NiNeoMo. (112) Fig. 4. . 
INDUCTANCE OF STRAIGHT CONDUCTORS. — The inductance 


of a circuit formed by straight conductors, such as the wires of a transmission 
line, may be considered from two points of view, viz., (1) each conductor may 
be looked upon as having a certain self inductance independent of the position 
of the other conductors forming the circuit or circuits and a mutual inductance 
with each of these conductors or (2) when the conductors are symmetrically 
arranged and the currents in them bear a fixed relation to one-another, as in à 
two-wire single-phase or symmetrical three-wire three-phase transmission line, 
each conductor may be looked upon as having a total inductance which takes into 
account both its self inductance and its mutual inductance with respect to the 
other wires. In the case of a 2-wire line the total inductance of the loop formed 
by the two conductors is twice the total inductance of each conductor; in the 
case of more than two wires the “loop inductance” has no simple physical 
meaning. 

In the following paragraphs are given the formulas for self, mutual and total 
inductance per conductor for straight conductors of various sections and for 
various arrangements of such conductors. The formulas are all in c.g.s. electro- 
magnetic units unless otherwise specified; see Units and Conversion Factors. 


Self Inductance of a Single Straight Round Wire, Return Neglected. — 
Let 


length of wire, in centimeters, 


l= 
d = diameter of round wire, in centimeters, 


pen radius of round wire, in centimeters. 


Then for a round wire the self inductance is 


; VD ya 
L’=2 | io V Bte a VERA. +r] (13) 
4 


V 


d: 
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2l 
= 2] | loge I1 Al approximately. (12a) 


Where the permeability of the wire is u, and that of the medium outside is 
unity and the frequency low (12a) appears in the form 


l à 
L' = 2l | loge S e I +4]. ; (xab) 
r 4 


This last formula is of theoretical interest only, as the.value to assign to u is 
doubtful and when such wires are used even for currents of moderate frequen- 
cies, the skin effect is appreciable; see article on Skin Efect. 

External and Internal Self Inductance of a Round Wire. — The 
self inductance of a round wire may be considered as made up of two parts, 
viz, the inductance due to the flux external to the wire and that due to the dur 


within the wire. The first or “external” inductance is 


2l 
Lo al [ tose 2 2 Ji (13) 
and the “internal” self inductance is . 
L =! 2 : (13a) 


Self Inductance of a Hollow Tube of Circular Section, Return Neg- 
lected. — The external inductance is the same as for a solid wire, i.e., equa- 
tion (13), taking for r the external radius of the tube. The internal inductance 
of the tube, putting r: = external radius and r1 = internal radius, is 

n fs. 13n2— 722 
Liz ————— loge > — -= |. 

pr la — ny Be n 4 r-re (14) 
The term in the square brackets is always less than !4, i.e., the internal induc- 
tance of a hollow tube is always less than the internal induc- 
tance of a solid wire; see equation (13a). In the limit, where A B 
fi «^ (tube with infinitely thin walls), the internal inductance 
is zero. 

Self Inductance of a Straight Bar or Strip, Return 
Neglected. — For a straight bar of a non-magnetic substance 
and of rectangular cross-section the self inductance, neglecting 


the return circuit, is 
m Mo b: 
v =a loge = pear 


where a and 6 are the lengths of the two edges, in centimeters. | | 
D 


—— D 


C 


22855 k + 2] l (15) 


Mutual Inductance of Two Parallel Straight Wires or 
Bars, — See Fig. 5. Same notation as above and in addition 


let 
D = distance between centers of the two wires, in centimeters. Fig. 5. 


Then the mutual inductance between the two is : | 
M= a [110g tV EED vaD +D] ' — (x6) 


“4 


| 7 af D 
= 2l [ose z tam I+ A approximately, (16a) 


when the length 7 is great in comparison with D. 
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Equation (16), which is an exact expression when the wires have no appreciable 
cross-section, is not an exact expression for the mutual inductance of two parallel 
cylindrical wires, but is not appreciably in error even when the section is large 
and D is small if } is great compared with D. 

Equation (16) is also applicable, with a practically negligible error to bars of 
rectangular section and in fact to the mutual inductance between any two paf- 
allel conductors of any section and external to each other, e.g., between an over- 
head wire and a rail, the distance D being the distance* between the center of 
gravity of the two sections. ` 

Mutual Inductance Between a Tube and an Interior Wire. — Us 
ing the same notation as for equation (14) above the mutual inductance !n 


this case is . 
Md [tose al | rf loge rz — n? logen = Ji (16b) 
Te — ri? 2 


Total Inductance of a Two-wire Transmission Line. — Let the two 


wires (Fig. 5) be designated as No. 1 and No. 2 and the currents as 41 and t 
Since 4 = — à, from equation (2) the total inductive drop in each wire 1s 


dà 
= L — um 
a = (L1— Mi) di 
The total inductance of each wire is then L = Lı — Mn, where Li is given by 


equation (12) or (14) and Mi» by equation (16). For a length so great that ¢ 
and D are negligible compared with /, this total inductance per wire for equa 


round wires becomes 
2D Al 
L= al toge F + A 


where d is the diameter of each wire. The total inductance of the line per unit 
length of wire] is 


D : ) 
L= Z + 2 loge ^ abhenries per centimeter { 
= 0.015244 + 0.14037 logio = millihenries per 1000 feet (17) 
2D 


= 0.080474 + 0.74113 logro  millihenries per mile, 


d 
where D and d may be expressed in any units of length provided they are we 
expressed in the same units. The formulas given in equation (17) also d 
approximately to stranded wires, provided dis taken as the diameter of the so 
wire having a cross-section equal to that of the copper in the stranded Mus 
i.e., the inductance of a No. oooo stranded wire on a given spacing !5 approxi 
mately the same as that of a No. oooo solid wire on the same spacing. Tm 
Tables of L and the corresponding reactances for 25 and 6o cycles for vario 
sizes of wires and various spacings are given below. id 
Total Inductance of a Rectangle. — Let La = self inductance of long S is 
Le self inductance of short side (calculated from the proper formulis ™ 
15) and let Ma = mutual inductance between the two long sides and M. 6); 
mutual inductance between the two short sides (calculated from formula 19/ 
then the total inductance of the rectangle ts 


L=2 (La — Mo) +2 (Lo — Mo) 


f. 
* Accurately, the geometrical mean distance between the two areas; See par us 
Stand., 1912, Vol. 8, pp. 125 and 166. For round wires, solid or tubular, ie e 
rical mean distance between them is exactly the distance between their ee ie line. 
t To obtain the total inductance of both wires multiply by twice the length o 
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! 


; SELF INDUCTANCE OF SOLID NON-MAGNETIC WIRES* 


apne. 
ges Millihenries per 1000 FEET of each wire of a single-phase or of a 
symmetrical three-phase line 


ES gem 
di 


ts Sue 0b jak. Inches betw ires, center to cent 
7. | er. mils, |of wire, 
por or A.W.G. | inches | 1 3 |.6 I2 18 
Mns Eg ha en Hel i aa es ef ee ELE E DNE 
i 1,000,000 | 1.0000 [0.05750] 0.1245} 0.1667 0.2090} 0.2337 
ies 750,000 | 0.8660 |0.06627| 0.1332] 0.1755 0.2178} 0.2425 
Au 500,000 | 0,7071 |0.07863| 0.1456| 0.1879 0.2301| 0.2548 
i r 
| 350,000 | 0.5916 |0.08950| 0.1565| 0.1987 0.2410] 0.2657 
250,000 | 0.5000 |0.09976| 0.1667) 0.2090 0.2512] 0.2760 
0000 | 0,4600 [0.1048 | 0.1718} 0.2141 0.2563} 0.2810 
a “ooo | 0.4096 |o.1119 | 0.1789] 0.2211 0.2634] 0.2881 
nee 00 | 0.3648 jo. 1190 | 0.1860] 0.2282 0.2705| 0.2952 
EG O | 0.3249 |o. 1260 | 0.1930| 0.2353 0.2775| 0.3022 
I | 0.2893 |0.133I1 | 0.2001| 0.2423 0.2846} 0.3093 
2 | 0.2576 |0.1402 | 0.2072| 0.2494 0.2917| 0.3164 
7 4 | 0.2043 [0.1543 | 0.2213] 0.2635 0.3058} 0.3305 
s" 6 | 0.1620 |o.1685 | 0.2354| 0.2777 0.3199| 0.3447 
T 8 | 0.1285 |o.1826 | 0.2496| 0.2918 5| 0.3341] 0.3588 
m 10 | 0.1019 |[o.1967 | 0.2637| 0.3060 0.3482| 0.3729 
| I2 | 0.08081r/0. 2109 | 0.2778| 0.3201 0.3623] 0.3871 
I4 | 0.06408|0.2250 | 0.2920| 0.3342 0.3765| 0.4012 
I6 | 0.05082/0.2391 | 0.3061| 0.3484 0.3906| 0.4153 
d Size of : 
| vire, Feet between wires, center to center 
| cir. mils, 
5 6 8 IO I5 20 25 


à 0.3182| 0.3358| 0.3494| 0.3741| 0.3916| 0.4052 
0.3159| 0.3270| 0.3445| 0.3581| 0.3828| 0.4004] 0.4140 l! 
0.3282| 0.3393| 0.3569| 0.3705| 0.3952] 0.4127] 0.4263 r 
0.3391| 0.3502| 0.3678; o.3814| 0.4061| 0.4236| 0.4372 j 
0.3605} 0.3780| 0.3916| 0.4163| 0.4339| 0.4475 
0.3544| 0.3656| 0.3831| 0.3967] 0.4214| 0.4390| 0.4526 
0.3615| 0.3726| 0.3902| 0.4038} 0.4285| 0.4460| 0.4596 
0.3550| 0.3686| 0.3797| 0.3972| 0.4108| 0.4356| 0.4531| 0.4667 
0.3756] 0.3867| 0.4043| 0.4179| 0.4426| 0.4601] 0.4737 
0.3827| 0.3938| 0.4114] 0.4250| 0.4497| 0.4672| 0.4808 
0.3898] 0.4009| 0.4184| 0.4320| 0.4568| 0.4743| 0.4879 
0.4039| 0.4150} 0.4326| 0.4462| 0.4709| 0.4884] 0.5020 
0.4181| 0.4292| 0.4467| 0.4603| 0.4850| 0.5026| 0.5162 
0.4322| 0.4433| 0.4608| 6.4744| 0.4992| 0.5167| 0.5303 
0.4463| 0.4574| 0.4750| 0.4886| 0.5133| 0.5308| 0.5444 
0.4605| 0.4716| 0.4891| 0.5027| 0.5274 0.5450| 0.5586 
0.4746| 0.4857| 0.5033| 0.5169| 0.5416] 0.5591| 0.5727 
0.4887| 0.4998| 0.5174| 0.5310] 0.5557| 0.5732| 0.5868 
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* The inductances given in this table also apply, with a pricey negligible error, to 
ordinary stranded wires of the same cross-section. 
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SELF INDUCTANCE OF SOLID NON-MAGNETIC WIRES* 


Millihenries per MILE of each wire of a single-phase or of a symmetrical 
three-phase line 


Size of 


wise Diam. Inches between wires, center to center 
> . 
cir. mils. [0f wire, 


or A.W.G. | inches | 1 3 6 9 12 18 24 | 30 


—|—ÓÓÀ | — |—————— qd ———— |————— | een | 


I,000,000 | 1.0000 | 0.3036| 0.6572| 0.8803| r.ori | I.103 | 1.234 | 1.327 | 1.398 
750,000 | 0.8660 | 0.3499| 0.7035, 0.9266| 1.057 | 1.150 | 1.280 | 1.373 | 1.445 
500,000 | 0.7071 | 0.4152| 0.7688| 0.9919| 1.122 | 1.215 | 1.346 | 1.438 | 1.510 
350,000 | 0.5916 | 0.4726| 0.8262| 1.049 | 1.180 | 1.272 | 1.403 | 1.496 | 1.567 
250,000 | 0.5000 | 0.5267| 0.8803| 1.103 | 1.234 | 1:327 | 1.457 | 1.550 | 1.622 

0000 | 0.4600 | 0.5536| 0.9072| 1.130 | 1.261 | 1.353 | 1.484 | 1.577 | 1.048 


ooo | 0.4096 | 0.5909| 0.9445| 1.168 | 1.298 | r.391 | 1.521 | 2.614 | 1.686 
oo | 0.3648 | 0.6282] 0.9818} 1.205 | 1.335 | 1.428 | 1.559 | 1.651 | 1.723 
o | 0.3249 | 0.6654| 1.019 | 1.242 | 1.373 | 1.465 | 1.596 | 1.688 | 1.760 
I | 0.2893 | 0.7029| 1.057 | 1.280 | 1.410 | 1.503 | 1.633 | 1.726 | 1.798 
2 | 0.2576 | 0.7402| 1.094 | 1.317 | 1.447 | X.540 | 1.671 | 1.763 | 1.835 
4 | 0.2043 | 0.8148] r.168 | 1.392 | 1.522 | 1.615 | 1.745 | 1.838 | 1.910 
6 | 0.1620 | 0.8894| 1.243 | 1.466 | 1.597 | 1.689 | 1.820 | 1.912 | 1.994 
8 | 0.1285 | o.9641| 1.318 | 1.541 | 1.671 | 1.764 | 1.894 | 1.987 | 2.059 
IO | 0.1019 | 1.039 | 1.392 | 1.615 | 1.746 | 1.839 | 1.969 | 2.062 | 2.134 
I2 | o.o8o8r 1.113 | 1.467 | 1.690 | 1.821 | 1.913 | 2.044 | 2.136 | 2.208 
14 | 0.06408| 1.188 | 1.542 | 1.765 | 1.895 | 1.988 | 2.118 | 2.211 | 2.283 
16 | 0.05082} 1.263 | 1.616 | 1.839 | 1.970 | 2.062 | 2.193 | 2.286 | 2.357 
E Size of R 
; Feet between wires, center to center 
wire, 
cir. mils. 
or A.W.G. 3 4 5 6 8 IO 15 20 25 
1,000,000 | 1.457 | 1.550 | 1.622 | 1.680 | 1.773 | 1.845 | 1.975 | 2.068 | 2.140 
750,000 | 1.503 | 1.596 | 1.668. | 1.726 | 1.819 | 1.891 | 2.021 | 2.114 | 2.186 
500,000 1.569 | 1.661 | 1.733 | 1.792 | 1.884 | 1.956 | 2.087 | 2.179 | 2.25! 
350,000 1.626 | 1.719 | 1.791 | 1.849 | 1.942 | 2.014 | 2.144 | 2.237 | 2.309 
250,000 | 1.680 | 1.773 | 1.845 | 1.903 | 1.996 | 2.068 | 2.198 | 2.291 | 2.303 
0000 1.707 | 1.800 | 1.872 | 1.930 | 2.023 | 2.095 | 2.225 | 2.318 | 2.390 


1.744 | 1.837 | 1.909 | 1.967 | 2.060 | 2.132 | 2.262 | 2.355 | 2.427 

o0 1.782 | 1.874 | 1.946 | 2.005 | 2.097 | 2.169 | 2.300 | 2.392 | 2.404 
re] I.819 | 1.911 | 1.983 | 2.042 | 2.135 | 2.206 | 2.337 | 2.430 | 2.501 
1 1.856 | 1.949 | 2.021 | 2.079 | 2.172 | 2.244 | 2.374 | 2.467 | 2.539 
2 | 1.894 | 1.986 | 2.058 | 2.117 | 2.209 | 2.281 | 2.412 | 2.504 | 2.576 
A | 1.968 | 2.061 | 2.133 | 2.191 | 2.284 | 2.356 | 2.486 | 2.579 | 2.651 
6 2.043 | 2.135 | 2.207 | 2.266 | 2.359 | 2.430 | 2.561 | 2.654 | 2.725 
8 2.118 | 2.210 | 2.282 | 2.341 | 2.433 | 2.505 | 2.636 | 2.728 | 2.800 
IO 2.192 | 2.285 | 2.357 | 2.415 | 2.508 | 2.580 | 2.710 | 2.803 | 2.875 


I2 2.267 | 2.359 | 2.431 | 2.490 | 2.582 | 2.654 | 2.785 | 2.877 | 2.949 
14 2.34X | 2.434 | 2.506 | 2.565 | 2.657 | 2.729 | 2.860 | 2.952 | 3.024 
16 | 2.416 | 2.509 | 2.581 | 2.639 | 2.732 | 2.804 | 2.934 | 3.027 | 3.099 


~ "* The inductances given in this table also apply, with a practically negligible error, to 
ordinary stranded wires oj the same cross-section. 
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25-CYCLE. REACTANCE OF SOLID NON-MAGNETIC WIRES* 


a Ohms per MILE of each wire of a single-phase or of a symmetrical 
l three-phase line 


14 
16 


d Size of 
wire, 
- cir. mils. 
or A.W.G. 


ee ny ee | cess | ene | eee 
nee | Gao | RR | " 


1,000,000 | 0.2289 | 0.2435| 0.2548| 0.2639| 0.2785] 0.2898] 0.3103| 0.3249 
750,000 | 0.2361 | 0.2507| 0.2620| 0:2712| 0.2858| 0.2971| 0.3175| 0.3321| 0.3434 
500 000 | 0.2465 | 0.2609| 0.2723} 0.2815| 0.2960| 0.3073| 9.3279| 0.3423| 0.3536 
0.2554 | 0.2701| 0.2814| 0.2905] 0.3051| 0.3164] 0.3368| 0.3514 
250,000 | 0.2639 | 0.2785| 0.2898| 0.2990| 0.3136| 0.3249| 0.3453| 0.3599| 0.3712 
0000 | 0.2682 | 0.2828} 0.2941| 0.3032] 0.3178| 0.3291| 0.3495| 0.3642| 0.3755 
000 | 0.2740 | 0.2886| 0.2999| 0.3090| 0.3236] 0.3349] 0.3554| 0.3700| 0.3813 
00 | 0.2800 | 0.2944] 0.3057] 0.3150| 0.3204] 0.3407| 0.3613) 0.3758| 0.3871 
0 

I 

2 

4 

6 

8 


0.2858 | 0.3002| 0.3115] 0.3208] 0.3354| 0.3466) 0.3671! 0.3818] 0.3929 
0.3062| 0.3175| 0.3266] 0.3412] 0.3525] 0.3730] 0.3876| 0.3989 
0.2975 | 0.3120] 0.3233] 0.3326] 0.3470} 0.3583] 0.3789] 0.3934| 0.4047 
0.3092 | 0.3238] 0.3351] 0.3442] 0.3588) 0.3701] 0.3906) 0.4052| 0.4165 
0.3210 | 0.3354] 0.3467 0. 3560 0.3706! 0.3818] 0.4023| 0.4169] 0.4281 
0.3585] 0.3678] 0.3822] 0.3935} 0.4141, 0.4286] 0.4399 
IO | 0.3444 | 0.3590] 0.3703] 0.3794} 0.3940] 0.4053) 0.4257| 0.4404; 0.4517 
0.3819| 0.3912] 0.4056] 0.4169] 0.4375] 0.4520] 0.4633 
14 | 0.3678 | 0.3824] 0.3937| 0.4030] 0.4174] 0.4287] 0.4493} 0.4638] 0.4751 
16 | 0.3796 | 0.3942] 0.4055] 0.4146] 0.4292] 0.4405] 0.4609] 0.4755 


* The reactances given in this table also apply, with a practically negligible error, to 
ordinary stranded wires of the same cross-section. 
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60-CYCLE REACTANCE OF SOLID NON-MAGNETIC WIRES” 


Ohms per MILE of each wire of a single-phase or of a symmetrical 
three-phase line 


pi iam. Inches between wires, center to center 
cir. mils. of wire, 
or A.W.G. inches I 3 6 9. I2 18 24 30 
1,000,000 | I.0000 | 0.1145} 0.2478, 0.3319, 0.3811 0.4158; 0.4652, 0.5003| 0.5270 
450,000 | 0.8660 | 0.1319] 0.2652| 0.3493| 0.3985| 0.4336, 0.4826| 0.5176, 0.5448 
500,000 | 0.7071 | O.1565| 0.2898} 0.3739| 0.4230| 0.4581| 0.5074| 0.5421) 0.5093 
350,000 | 0.5916 | 0.1782] 0.3115| 0.3955, 0.4449| 0.4795; 0.5289, 0.5640| 0.5908 
250,000 | 0.5000 | 0.1986| 0.3319} 9.4158] 0.4652| 0.5003| 0.5493| 0.5844] 0.6115 
0000 | 0.4600 | 0.2087| 0.3420| 0.4200| 0.4754| 0.5101) O.5595| 0.5945] 0.6213 
ooo | 0.4096 | 0.2228| 0.3561| 0.4403| 0.4893| 0.5244| 0.5734) 0.6085} 0.6356 
oo | 0.3648 | 0.2368| 0.3701| 0.4543] 0.5033| 0.5384| 0.5877| 0.6224| 0.6496 
o | 0.3249 | 0.2509| 0.3842| 0.4682, 0.5176| 0.5523| 0.6017| 0.6364| 0.6635 
x | 0.2893 | 0.2650} 0.3985} 0.4826| 0.5316| 0.5666) 0.6156] 0.6507| 0.6778 
2 | 0.2576 | 0.2791| 0.4124| 0.4965] 0.5455| 0.5806, 0.6300) 0.6647] 0.6918 
4 | 0.2043 | 0.3072| 0.4403| 0.5248| 0.5738| 0.6089| 0.6579} 0.6929| 0.7201 
6 | 0.1620 | 0.3353| 0.4686| 0.5527| 0.6021! 0.6368| 0.6861| 0.7208| 0.7480 
8 | 0.1285 | 0.3635| 0.4969| 0.5810] 0.6300, 0.6650| 0.7140| 0.7491| 0.7702 
IO | O.IOI9 | O.3917| 0.5248| 0,6089| 0.6582| 0.6933| 0.7423| 0.7774| 0.8045 
12 | 0.08081] 0.4196| 0.5531| 0.6371| 0.6865| 0.7212| 0.7706) 0.8053] 0.8324 
14 | 0.06408| 0.4479| 0.5813| 0.6654| 0.7144| 0.7495} 0.7985| 0.8335{ 0.8607 
16 | 0.05082| 0.4762| 0.6092). 0.6933| 0.7427| 0.7774. 0.8268| 0.8618| 0.8886 
Size of . Feet between wires, center to center 
wire, 
cir. mils. 
or A.W.G. 3 4 5 6 8 10 IS | 20 25 
1,000,000 | 0.5493 | 0.5844] 0.6115] 0.6334! 0.6684 0.6956| 0.7446| 0.7796, 0.8068 
450,000 | 0.5666 | 0.6017; 0.6288} 0.6507] 0.6858! 0.7129] 0.7619| 0.7970) 0.8241 
500,000 | 0.5915 | 0.6262| 0.6533] 0.6756] 0.7103] 0.7374! 0.7868] 0.8ar5| 0.8486 
350,000 | 0.6130 | 0.6481} 0.6752] 0.6971) 0.7321| 0.7593] 0.8083) 0.8433| 0.8705 
250,000 | 0.6334 | 0.6684; 0.6956] 0.7174] 0.7525} 0.7796] 0.8286] 0.8637} 0.8909 
0000 | 0.6435. | 0.6786| 0.7057) 0.7276, 0.7627] 0.7898} 0.8388] 0.8739} 0.9010 
ooo | 0.6575 | 0.6925} 0.7196) 0.7416] 0.7766} 0.8038! 0.8528] 0.8878! 0.9150 
oo | 0.6718 | 0.7065] 0.7336] 0.7559] 0.7906] 0.8177] 0.8671] 0.9018| 0.9289 
Oo | 0.6858 | 0.7204) 0.7476) 0.7698} 0.8049| 0.8317| 0.8810] 0.9161) 0.9429 
I | 0.6997 | 0.7348] 0.7619| 0.7838} 0.8188] 0.8460! 0.8950| 0.9301] 9.9572 
2 | 0.7140 | 0.7487] 0.7759| 0.7981; 0.8328; 0.8599} 0.9093} 0.9440) 0.9712 
4 | 0.7419 | 0.7770} 0.8041} 0.8260] 0.8611) 0,8882| 0.9372, 0.9723) 0.9994 
6 | 0.7702 | 0.8049] 0.8320) 0.8543] 0,8893| 0.9161} 0.9655] 1.00% | 1.027 
8 | 0.7985 | 0.8332] 0.8603] 0.8826] 0.9172! 0.9444| 0.9938] 1.028 | 1.056 
Io | 0.8264 | 0.8614} 0.8886} 0.9105] 0.9455} 0.9727| 1.022 | 1.057 1,084 
I2 | 0.8547 | 0.8893} 0.9165] 0.9387} 0.9734| 1.001 | x.oso | 1.085 | 1.112 
14 | 0.8826 | 0.9176) 0.9448) 0.9670] 1.002 | 1.029 | 1.078 | 1.113 | 1.140 
16 | 0.9108 | 0.9459| 0.9730] 0.9949] 1.030 | 1.057 | 1.106 | 1.141 | 1.168 


* The reactances given in this table also apply, with a practically negligible error, to 
ordinary stranded wires of the same cross-section. 
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Total Self Inductance of a Concentric Main. — In a similar manner the 
total inductance of a concentric main may be found from equations (3), (13), 
(14) and (16b), which HE for the total inductance per unit length of cable 


L=2 UE + Gena) m I saat loge H z] abhenries per centimter, 
where dj = diameter of internal conductor, assumed solid, d? = internal diameter 
of outer conductor and d; = external diameter of outer conductor. 

Inductive Drop in a Three-wire Transmission Line. — Let the wires be 
designated as Nos. 1, 2, and 3; and the three currents in the direction away 
from the generator as ñ, íz and 73. From equation (1) the inductive drop in 


each wire* js 
di d 
m= Ly "be ? Ms 
di: P. 
m= Ma id A + Ma P (18) 
"i dis 


13 = Ms + Ma + lg 


The values of the L’s and M’s in terms of the radii and distances apart of the 
three wires are given in equations (12) or (14) and (16). 

. _Equilateral Triangle Arrangement. — For ordinary three-phase work 
when there is no neutral current, the sum of the three line currents at any in- 
stant is equal to zero, whence i 

(i+ i3) = — i, (à + i) = — in and (à + i2) = — 5. 
When the three wires arc all of the same size and are arranged so that they 
form the three Masi of an equilateral prism, a common arrangement, li = L = 


Iz and My = = Mx, and the inductive drops per unit length in the three 
wires are incidat 
l d diz di; 
nel g "Lys B= by (x9) 


where } has here the same value as in equation (17), numerical values of which 
are given in the accompanying tables. 
For a Sine-wave ‘current of effective value I and frequency f, the inductive 
dtop in each wire pet unit length of ine has the effective value 
V = or Slt | (19a) 
and leads the current in this particular wire by 9o degrees, irrespective of whether 
the load be balanced or not, the only condition being that no current returns to 
the generator through any other conductor than the three line wires. 
Three Parallel Wires in the Same Plane. — Let the three wires of 
the three-phase system have equal diameters d, and let No. 2 be the middle 


wire, and let Nos. 1 and 3 be at equal distances (D between centers) from ` 


No. 2 and on opposite sides of No. 2. Under these conditions, considering unit 


length of line, put 
L = same values as in (17), taking D as the distance between either outer 
and the middle wire, 
and M= 2 loge 2 = 1.3863 abhenries per centimeter 


= 0.04225 millihenries per 1000 feet 
= 0.2231 millihenries per mile. 


di 
* Note that in vector notation 3i =j aw fI where f is the frequency, J the current 


and j Y —I. 
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Then equations (18) for the inductive drops in the three wires become, provided 
only that ù + % + i — o, 


dà dig 

US E 
dia * 

u-L , (20) 
diz dà 

seg M 


Such an arrangement, therefore, causes an unbalancing of the system, but 
when the wires are far apart, so that L is large compared with M, the effect is 
' slight., It can be avoided by transposing the wires at intervals. 


Inductance of Overhead Wires With Earth Return. — This case is not 
susceptible of a definite solution, since the inductance depends upon the dis- 
tribution of the return current in the earth. When the current returns through 
one or more rails immediately below the wire, the leakage current to the earth 
may be neglected and the wire and rails* treated as linear conductors, applying 
the formulas given above. When there is no metallic return circuit, an approx- 
imate solution may be obtained by considering the earth as equivalent to the 
“images” of the overhead wires in the plane of the earth’s surface, i.e., con- 
sidering the return circuit as consisting of the same number of wires as there 
are overhead, these fictitious return wires being the same distance below the 
earth as the actual wires are above it. The value of the inductances as thus 
calculated can never be greater than the actual inductances but will usually be 
slightly less than the actual values. 


EFFECT OF FREQUENCY ON INDUCTANCE. - — See article on 
Skin Efect. 


BIBLIOGRAPHY. — Rosa and Grover, Formulas and Tables for the Cal- 
culation of Mutual and Self-Inductance, Bull. Bur, Stand. 1912, Vol. 8, p. 1; 
Russell, A., Alternating Currents, London, 1904. 


[H. PENDE2.] 


*The external self-inductance of a rail is practically the same as that of a round wite, 
taking for r the perimeter of the rail divided by 2x; see equation (13). The iniermdl 
self-inductance depends upon the permeability 4 and the frequency of the current. The 
internal inductance, however, is small compared with the external inductance and for 
approximate calculations may be neglected. See Rails, Track and Third; Trolley Systems, 
Overhead. 
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INDUCTION COILS. — (See also Electricity and Magnetism, Principles of; 
Electromagnet Windings.) An induction coil is a device which transforms a low 
direct e.m.f. to a high alternating e.m.f. of unsymmetrical form. The single- 
winding coil, called a primary coil, is used extensively in gas-engine ignition and 
in automatic gas lighting, and the double-winding coil, called a secondary coil, is 
used for the excitation of X-ray tubes, gas-engine ignition, automatic gas light- 
ing, electrotherapeutics and wireless telegraphy. 


PRIMARY INDUCTION COIL. — The primary induction coil consists 
of a single coil wound upon an iron core made up of a compact bundle of soft- 
iron wires. To obtain a spark from such a coil it is connected in series with a 
battery and some kind of ‘‘make-and-break” contact. When the circuit is 
closed, the current increases gradually according to the expression, 


; E m 
nE aa 


where 4; equals the current at any time / seconds after the circuit is closed, 
E equals the e.m.f. of the battery, R equals the resistance in ohms and L 
equals the inductance in henries of the 
entire circuit, and e the base of the 
natural system of logarithms. The shape 
of the current curve at make" is shown 
in the curve AB (Fig. 1),* which is an 
oscillograph record taken when an e.m.f. 
of 4 volts is impressed upon a primary 
coil of 1 ohm resistance and o.ox henry 


inductance. 
If the circuit is opened when the current reaches some value, such as B (Fig. 1), 


the current decreases rapidly to zero as shown in the curve BC. Since the e.m.f. 


; : : di ! 
induced in such a coil at any instant equals L E when the current falls from 


B to C, the e.m.f. induced in the coil will be many times that of the battery e.m.f. 
and a spark will be established between the open contacts at "break." For 
use in connection with gas engines the “make and break" contacts are located 
within the cylinder. Reliable ignition is obtained when about o.o2 joule is 
dissipated in the spark at break." Since the energy dissipated as heat in the 
spark is converted from the electromagnetic energy stored up in the coil, it 
follows that the coil must have an inductance and carry a current at “break” 


such that the energy stored up, i.e., > LI?, will exceed the required value of 0.02 
joule. In practice it is customary to design the coil and time of contact so that 
v ! equals about 0.04 joule, such coils having an efficiency of about 50 per 
cent. One-half of the energy put into the coil is then used up in heating the 


conductors and metallic parts by J?R and hysteresis losses. 


SECONDARY INDUCTION COIL.— The secondary coil has two 
separate windings wound about an iron core, one of few turns called the primary 
winding and the other of many turns called the secondary winding. The primary 
winding is connected in series with a battery and an interrupter (described 
below). The spark is produced between the terminals of the secondary winding. 
In most cases a condenser is shunted across the interrupter to prevent sparking at 


* This and the following oscillograph records are due to Bailey, B. F., Elec. W. rro, 


Vol. LV., p. 943. 
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that point. Since the e.m.f. induced in each turn linked by the magnetic flux 
is the same, the e.m.f. induced in the secondary winding, neglecting leakage, will 


equal = times that induced in the primary winding, where Na and Np equal 
p 


the respective number of turns on the secondary and primary windings. Secon- 
dary coils which give sparks as long as 5 feet have been constructed in this 
manner. id 


Effect of Shunting Interrupter with Capacity. — When the interrupter 
is shunted by a capacity the e.m.f. induced in the secondary winding becomes 
oscillatory. This effect of the capacity is well shown in the oscillograph records 
given in Figs. 2 and 3. In each case a high non-inductive resistance is connected 


Fig.2 «. —— Fig. 3. 


across the secondary terminals, and the curves indicate the variation of the 
primary current and the secondary e.m.f. In Fig. 2 the interrupter is unshunted 
by a condenser, and as a result the secondary e.m.f. increases at "break" and 
decreases to zero without oscillation. In Fig. 3 the interrupter is shunted by a 
condenser and the secondary e.m.f. becomes oscillatory. The form of the e.m.f. 
curve in any actual case is not shown accurately by Fig, 3 except at the time of 
"break," since the resistance between the 
terminals of a spark gap decreases rapidly 
after the spark is established. In Fig. 4 
a low resistance is connected across the 
secondary terminals and shows the genera] 
form of the e.m.f. curve after the spark is 
established. 

" Although not shown by the curves ow- 
ing to difference in scale, the capacity 
shunted around the interrupter also in- 
creases the secondary emf. above the 
value obtained without the capacity. As- 
suming that no spark is formed at the 


Prim, Current 
| Sep'dy ELA 


Fig. 4, 


interrupter, it may be shown that the e.m.f. of the secondary equals yt I 


where L equals the inductance of the primary in henties, C equals the capacity 
of the condenser in farads and Jp equals the primary current at “break” in 
amperes. If C is made so low that a spark appears at the interrupter, the 
above formula no longer halds and the.secondary e,m.f, will be greatly reduced. 
C should then be made as smal] as possible but of sufficient size to suppress 
the spark at the interrupter, 

Insulation. — The conductors in the secondary winding must be heavily 
insulated to withstand the very high e.m.f. induced in that winding. In most 


PIU E s ae 
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tates a double-covered silk insulation impregnated with some insulating com- 
pound is used. In large induction coils the secondary winding is built up of 
several flat coils insulated from each other by ebonite or fiber disks. The coils 
are so wound that the electrical connections are made alternately at the top 
and at the bottom of the respective coils. 

Dimensions of Three-inch Coil. — The gencral dimensions of parts of a 
3-inch induction coil, as reported by S. R. Bottone, Radiography (London, 1898), 
are given following: Iron, bundle of No. 20 (B. & S. G.) annealed iron wire, 1% in. 
diameter, 13 in. long. Primary winding, four layers of No. 12 double silk- 
covered copper wire, about 414 lb. Ebonite tube over primary, 12 in. long, 2 in. 
inside diameter, 244 in. outside. Two ebonite heads, 5 in. square, 14 in. thick. 
Seven vulcanized fiber circlets (for sections), 415 in. diameter, $s in. thick, 215 in. 
central aperture. Secondary winding, 4 lb. No. 36 double-silk-covered wire. 
Platinum-tip contact breaker, height from base to center of iron hammer, 2% in., 
size of iron head of hammer 84 in. diameter, 34 in. long. Base (fitted with false 


bottom to contain condenser), 18 in. long by 9 in. wide by 234 in. deep. Conden- 


ser, 144 sheets of tinfoil, size 6 by 12 in., interleaved with r44 sheets of paraffined 


paper 8 by 13 in. 

Dimensions of Six-inch Coil.— Similar dimensions for a 6-inch induction coil, 
as reported by Bottone, are given following: Iron, bundle of No. 16 (B. & S. G.) 
annealed iron wire, 112 in. diameter, 15 in. long. Primary winding, four laycr 
of No. 12 double silk-covered copper wire, about 5 lb. Ebonite tube over 
primary 14 in. long, 2% in. inside diameter, 234 in. outside. Ebonite heads 6 in. 
square, 34 in. thick. Seven vulcanized fiber circlets 514 in. diameter, 15 in. thick, 
With 234 in. central hole. Secondary winding, 7 Ib. No. 38 double-silk-covered 
copper wire. Platinum-tip contact breaker, height from base to center of ham- 
mer, 3 in. size of hammer head, 1 in. diameter, 1 in. long. Base (fitted with 
false bottom to contain condenser), 20 in. long by ro in. wide by 314 in. deep. 
Condenser, 144 sheets of tinfoil, size 6 by 12 in., interleaved with 144 sheets of 
paraffined paper, 8 by 13 in. . 

Intetrupters. — An interrupter should be so designed that it will close the 
circuit for a definite time by easy adjustment and will open the circuit at the 
end of that time as quickly as possible. Two distinct types, the mechanical 
and the electrolytic interrupter, are in common use. Mechanical interrupters 
may be divided into the following forms: hammer, atonic, commutator and 
Mercury interrupters. Of the electrolytic interrupters the Wehnelt type is 


the most popular. 
. Hammer Interrupter. — In the hammer interrupter, shown in Fig. 5, 
the circuit is opened at 4 when the core B attracts the iron mass C mounted at the 


free end of the spring blade D. Since the 
cote attracts the iron mass only when the 
circuit is closed and loses its attraction B 
when the circuit is opened, the spring 
blade is set in vibration and opens and D 
doses the circuit in rapid succession. | e—— 
This type is used extensively in connec- []^ 

tion with small coils. The contacts at ^ Fig. 5, Hammer Interrupter 


4 are usually tipped with platinum to 
withstand the intense heat developed by sparking. The rapidity of the 


“break” is not great enough for large coils, and when a large current must be. 


broken, trouble is experienced in keeping the contact points in good condition, 


. Atonic Interrupter. — In the atonic interrupter, shown in Fig. 6, the 
free end of the iron strip P is attracted as in the hammer interrupter and is 
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returned to its original position by the spring R. "The circuit is opened at the 
contacts ab when the free end of P strikes the blade Z. Interrupters constructed 
in this manner open the circuit 
quicker than do the hammer type 
since the attracted member is 
moving faster at the instant of 
"break." The period of the 


atonic interrupter may be varied L P 

within wide limits by regulating año 

the tension on the spring R by M 
means of the thumb-screw M. R 


Commutator Interrupters Fig. 6. Atonic Interrupter 
are often used when the primary current is too large to be broken by the hammer 
or atonic interrupters. A brush bearing upon a revolving disk, built up of 


conducting and insulating segments, makes and breaks the circuit at any . 


desired rate, depending upon the speed of the motor which drives the disk. 


Mercury Interrupters are specially adapted to circuits of high e.m.f. 
In the plunger type a pointed electrode is alternately immersed and withdrawn 
from a cup of mercury, the moving electrode being set in vibration magnetically 
as in the hammer interrupter, or by the positive action of a cam driven by a 
motor. The mercury cup is covered with a layer of oil so that the spark is 
quickly extinguished when the moving electrode is withdrawn into the oil. In 
the turbine type a small stream of mercury is directed upon the periphery of a 
revolving toothed wheel. The circuit is made when the mercury stream strikes 
a tooth and is broken when the mercury stream passes through a slot between 
the teeth. The toothed wheel is rotated at high speed by a motor which also 
drives a small mercury pump. 


Wehnelt Interrupter. — The Wehnelt interrupter has two fixed elec- 
trodes which are immersed in dilute sulphuric acid. The anode consists of a 
small platinum wire insulated by glass except at its tip end. The cathode 
usually consists of a sheet of lead. If the electrolyte is well circulated, an in- 
terrupter of this kind will give about 450 interruptions per second with 24 volts 
impressed upon the primary circuit. When used with large coils the electrolyte 
heats up quickly, and a cooling coil is sometimes immersed in the electrolyte to 
control the temperature. 


Tesla Coil. — In some cases, as in wireless telegraphy, electro-therapeu- 
tics, etc., where a unidirectional e.m.f. is not required, but 
an e.m.f. of high frequency is desired, a Tesla coil may be | | | 
used in place of an induction coil. The construction of à ` 
simple Tesla coil is shown in Fig. 7. In the primary circuit a 
primary winding of few turns and a small spark gap are shunted 
bya condenser. Secondary and primary windings are wound 
together upon an air core. If an alternating e.m.f. of from 
5,000 to 10,000 volts is impressed upon the primary the con- C 
denser is charged until the voltage across the primary gap Fig. 7. Tesla 

s A ig. l. 

breaks it down. The condenser then discharges through the Coil 
gap, producing an oscillating current in the primary winding. 
The oscillating current in the primary induces a high-frequency e.m.f. in the 
secondary, which is sufficient to break down the long secondary spark gap. 


BIBLIOGRAPHY. — Bailey, B. F., Elec. W., 1910, Vol. 55, p. 943; Armag- 
nat, H., translation by Kenyon, O. A., Induction Coils, N. Y., 1908; Boucherot, 
P., Straight Induction Coils, La Revue Elec., 1912, Vol. 17, p. 343; Eddy, W.O. 
Elec. W., 1907, Vol. 49, pp. 40 to 244; Ehnert, E. W., Elek. und Masch., 1907, 


Vol. 25, p. 337- [R. G. Hupson.] 
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INSULATING MATERIALS, 
Cambric, Varnished; Electricity and Magnetism, Principles of; Gutta Percha; In- 
sulating Materials, Testing of; Paper, Impregnated; Rubber; Wires and Cables, 
Insulated.) Materials used in the insulation of electrical apparatus may be 
classified as follows (see also Standardization Rules of A.I.E.E.): 


1. Vitreous, including glass, enamel, etc., 2. Stony, such as slate, marble, 
mica, asbestos, porcelain, etc., 3. Osseus, such as bone and ivory, 4. Resinous, 
including shellac, resins, copal and other gum, 5. Bituminous, as bitumen, 
asphaltum, pitch, etc., 6. Waxy, including bees-wax, paraffin, etc., 7. Elastic, 
such as india-rubber, ebonite, gutta-percha, etc., 8. Oily, including various oils 
and fats of animal and vegetable origin as mineral petroleum, 9. Cellulose, 
including dry wood and paper, cotton, celluloid, etc., 1o. Silk and allied animal 
tissue such as catgut, 11. Sulphur. 


. SELECTION OF INSULATING MATERIAL. — In selecting an in- 
sulating material for any special purpose and in predetermining accurately the 
behavior of such a material under working conditions, it is desirable that the 
following electrical, physical and chemical properties of the material should be 
known as far as they apply to the material in question. 


Electrical. — 
Dielectric strength (voltage per mm. 
or per in. at puncture). 
Relative dielectric hysteresis. 


Specific inductive capacity; Direct- 
current ; Alternating-current. 

Conductivity or insulation resistance. 
Surface leakage. 
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MISCELLANEOUS. — (See also 


nished cloths, etc.). : 

Strength (tensile, compressive and 
shearing). 

Fracture, (fibrous, crystalline or 
amorphous). 

Ability to take polish. 

Melting point. 

Shrinkage. 


Chemical. — 


Proximate composition. 
Solubility in water, oil, etc. 
Effect of moisture and moist air. 


Physical. — 
Specific gravity and specific weight. ^ Adhesiveness. 
Hardness. Effect of high temperature (electric 
Toughness. arc). 
Brittleness. Effect of low temperature. 
Ductility. Artificial aging test. 
Workability. Porosity. 
Flexibility (with reference to var- Viscosity. 


Flash and fire test. 

Film-making power. 

Rate of drying. 

Penetration. 

Absorption of moisture. 

Amount of volatile matter given off 
at prescribed temperatures, 


Weathering qualities. 
Chemical effect upon metals in contact. 
Presence of acid. 


As the testing of insulating materials (see Insulating Materials, Testing of) is 


not standardized and few authorities have investigated the subject, the existing 
data pertaining to insulating materials are scanty, disconnected, and in many 
cases unreliable, In the following pages available data are given concerning 
the important insulating materials, the materials being listed alphabetically. 
The puncturing voltage and the dielectric strength reported are presumably 
effective a-c. values for a sine wave; the reports of tests, however, are not ` 
always specific on this point. 
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Adit is a form of papier-maché impregnated and covered with a special 
insulating compound. It may be moulded accurately in any form and possesses 
a tensile strength of about 130 kilograms per sq. cm. Certain grades of Adit 
withstand heat up to 60° C., others up to 120°C. It does not support combus- 
tion and its insulating properties are stated to be unaffected by dampness. The 
voltages required to puncture sheets of various thicknesses are given as follows 
(Hobart and Turner): "E 


Thickness in mm. 2 3 4 5 
Volts at puncture - 1000 |. 1800 3000 4000 


Aetna Material is a composite material, used principally for strain insulators. 
Symons gives the following results of tests made upon a strain insulator con- 
structed of Aetna material: puncturing voltage, 11,000; insulation resistance 
20,000 megohms; tensile strength, 2.46 tons per square inch; a sample immersed 
in water at 120° F. absorbed 3.17 per cent of its own weight in 1.5 hours. Aetna 
material will withstand great heat without disintegration but is inclined to be 
brittle at high temperatures. | 

Air has a low conductivity and specific inductive capacity, and a dielectric 
strength sufficient for most purposes except very high voltage apparatus and 
transmission lines; see articles on Corona and Spark Gap. 


Ambroin ís made by baking in a vacuum silicate of sodium, asbestos, fossil 
copals, etc., mixed with alcohol. It is moulded in heated moulds, under high 
pressure. Certain grades of Ambroin will resist very high temperatures and are 
suitable for use in arc shields. The tensile strength of grade A. F. is 2140 
pounds per square inch and the compressive strength is 2680 pounds per square 
inch, both tests being made at room temperatures. Ambroin is only slightly 
hygroscopic as compared with other insulators of the same nature. (Adapted 
from Hobart and Turner.) 

In tests made by the German Reichsanstalt the voltages required to puncture 
specimens of Ambroin of grade A. F. of various thicknesses were found to be as 


follows: 


Thickness in millimeters 0.33 0.84 — 5.0 
Volts at puncture 3500 | over 5000 over 36,000 


The insulation resistance of a specimen 3 mm. thick and 25 sq. cm. in area was 
found to be 200,000 megohms. 


Asbestos is a mineral consisting chiefly of silica, magnesia, lime, alumina, 
water and oxide of iron. The fibrous variety, called amianthus, is used in the 
manufacture of asbestos paper, cardboard, yarn and cloth. It is unaffected by 
oils, acids and alkalies and withstands very high temperatures. As a non- 
conductor of heat, it has an extensive use as an insulator in heating devices. 

According to Stifler its insulating qualities break down at 1000" C. but recover 
after the asbestos is cooled. At temperatures above 1000° C., asbestos loses 
its mechanical strength and melts at about 1300? C. Steinmetz gives the fol- 
lowing puncturing voltages for asbestos paper: 


Thickness in millimeters 0.6 I.2 
Volts at puncture 2700 5000 


Whittaker’s Pocket Book gives the insulation resistance as 16 X 10! megohms 
per centimeter cube. ! E 
Asphalt is a mineral pitch found in geological formation in various parts of 
the world. Asphalt is used (1) in the manufacture of insulating varnishes an 
japans, (2) for the impregnation of hygroscopic non-waterproof insulating 
materials and (3) as an insulating covering for cables, The various grades 
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asphalt used for electrical work are called Trinidad, Bitumen, Elaterite, Gil- 


-r'-  Sonite, Byerlyte and Manjak. Asphalt insulators possess a high insulation re- 
avs): sistance, dielectric strength, flexibility and mechanical toughness, are very 
mer cheap, and are unaffected by moisture. 


cC Pure asphalt (solid bitumen) softens at from 9o? to roo? C. and is not recom- 
wes  Mended for use for immersion in hot oils, or where it would be subjected ta 
centrifugal stress. Certain grades of Byerlyte melt at temperatures ranging 

from 209? to 350° F., while the melting point of Gilsonite varies from 230? ta 
‘400° F. Symons states that the diclectric strength of pure asphalt is 30,000 

5 volts per inch (test made on sheet “6th inch thick). "The manufacturers (Byers 
ley & Sons, Cleveland, O.) state the dielectric strength of Byerlyte to be as 


n follows: 

ame Thickness in mils 140 215 430 

aM Time of application IO sec. 4 min. 5 min. 
$0,000 


E : Dielectric strength, volts per inch 50,008 50.000 
Pirani gives the value 2.68 for the specific inductive capacity of pure asphalt. 


iE Bakelite is a synthetic organic substance resulting from the chemical conden- 
,;: ation of phenols and formaldehyde (General Bakelite Ca., N. Y.). It may be 
applied as a liquid or used as a solid. The liquid Bakelite is useful for the im- 

4. — pregnation of porous materials, for enameling under heat and pressure and as a 
«binding agent for moulded compounds. The solid Bakelite is unaffected by 
= — water, steam, oils and almost all chemicals. It doca not melt or soften at ordi- 
7" mary machine temperatures; it is destroyed only at temperatures in the vicinity 
2 of 300°C. It is easily and accurately moulded and may be made to take any 
17 color It compares favorably with rubber and gutta-percha in every way 
5" — except that it is not as flexible as those substances. The following data regard- 


^ ing Bakelite are given by the manufacturers: 


PROPERTIES OF BAKELITE 


Thickness of Volts per 
testing plece| Volts at | millimeter 
in milli- puncture at 


Composition 


Different varieties of transparent " C " I ji 27A 
a made especially for electrical purposes A NN Rai 
i by hardening liquid “A” on a glass <n ie 13,400 
y hardening liq mag 
: plate in a stove. s 16,750 38,809 
E 0.80 23,300 28,000 
4 : o.9s 25,600 26,900 
= Moulded composition, 70% Asbestas, l a 
30 % Bakelite EU ur een: 1500 
Moulded composition: wood, flour and 
Bakelite 79 din Topo 
Impregnated blotting paper, hardened in } 
. a hot hydraulic prese f pu X EE 2586 
Pressed paper impregnated with Bakelite 1.4 53,700 33,500 


* Tested with a so-kilowatt transformer, rajsing voltage gradually so that puncture 
occurred within 20 or 30 seconds. l 
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Bakelite and | Bakelite and 
nem wood pulp asbestos 


Specific resistance in megohms per cm. cube 35 X 108 
Tensile strength, lb. per square inch 650 
Compression strength, lb. per square inch 

Maximum working temperature,? C. 90 


The specific inductive capacity ranges from 5.60 to 8.85, depending upon the 
composition. 

Berrite is a gum used for impregnating paper and cloth. Materials impreg- 
nated with it are tough but crack easily. It runs freely at low temperatures 
and is unaffected by high temperatures. The dielectric strength is given by 
Hobart and Turner as 5000 volts per millimeter. 

Bitumen. — See section on Asphalt. 

Byerlyte. — See section on Asphalt. 

Cambric, Varnished. — See separate article on Cambric, Varnished. 

Celluloid (xylonite) is a dried solution of gun-cotton (pyrolin) and oil. It 
may be machined or moulded into any form by softening in boiling water. Its 
dielectric strength is very much reduced at high temperatures, and it is very 
combustible. It is only slightly hygroscopic. Hobart and Turner give the 
following values for its dielectric strength: 


Volts per mm. 


Clear samples, 0.25 millimeter thick, 20? C. Y2,000-28,000 
Clear samples, 0.25 millimeter thick, 100° C. 4,000-12,000 


Colored samples 10,200-18,900 


Tests made at the Stadt. Lab., Munich, give for the insulation resistance 
71 X 1o? megohms per centimeter cube. 

Coal-tar Pitch is the residue remaining after the fractional distillation of 
coal tar. It flows at low temperature and when cold is quite brittle. Symons 
gives its dielectric strength as 2000 volts per millimeter. 

Copal is a resinous substance, which makes a colorless varnish when dissolved 
in alcohol, oil of turpentine or linseed oil. Copal is easily fused, is very inflam- 
mable and is quite brittle when cold. Steinmetz gives the following punctuting 
voltages: 9700 volts at 3.0 millimeters and 20,400 volts at 6.0 millimeters. 


Condensite is made by the Condensite Co. of America, Glen Ridge, N. J. 
and by the Dickinson Mfg. Co., Springfield, Mass. It is a hard infusible sub- 
stance, the chief constituent of which is a resinous gum, made by the reaction 
between phenol and formaldehyde. Condensite is produced by combining this 
gum under heat with a hardening agent. It is supplied in three grades; for 
plastic moulding, for impregnating and as a cement. : The moulded Condensite 
has a compressive strength of 25,600 pounds per square inch and tensile strength 
of 4270 pounds per square inch. 

It is non-flammable and infusable, insoluble in oils, most acids and other 
solvents and shrinks but one-fifth of one per cent in moulding. The impregnat- 
ing material is used in connection with metal, wood, paper, cardboard, rubber, 
leather, etc. The plastic cement is used for fastening together the parts of 
porcelain insulators, for sealing terminals in porcelain bases, etc. 


— 
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Results of tests made upon Condensite by the Elec. Test. Lab. of N. Y. City, 
follow: 


Thickness in mils l 189 152 147 
Temperature, degrees Fahrenheit Room temp. 75 170 
Dielectric strength, volts per inch 65,600 60,500 27,900 


Ebonite. — See section on Rubber, Hard. 

Eburin is a mixture of infusorial earth, asbestos, or cotton and gums, and may 
be moulded into any form. As it is not hygroscopic and is very strong, it is 
used frequently for out-door strain insulators (Hobart and Turner). 

Elaterite. — See section on Asphalt. 

Empire Cloth consists of a closely-woven cambric coated with two or more 
films of an oxidized oil, prepared by a secret process. Canvas, duck, linen, silk, 


and paper are also coated by the same process. 
The Mica Insulator Co. give the puncturing voltages for various grades ånd 


thicknesses of Empire cloth as follows: 


Canvas| Linen 


Thickness in mils - 16 6 | 6 
Volts at puncture 7800 7800 ; 4500 7225 


Fiber. — Horn fiber (red, black, white and grey) has a very great tensile and 
dielectric strength. While not soluble in water, most acids or alkalies, it swells 
when immersed in water. The dielectric strength may be greatly increased by 
impregnating the material with oil or varnish. It will not melt at any 
temperature. 

Vulcanized fiber, made of chemically-treated paper fiber, is made into sheets, 
tubes, rods and special shapes. It warps and shrinks badly and absorbs moisture. 
It has a tensile strength of 12,000 to 14,000 pounds per square inch and a com- 
pressive strength of 38,000 to 40,000 pounds per square inch. The dielectric 
strength is claimed to be independent of the thickness. Vulcanized fiber is 
insoluble in water or natural oils. Some of the strong acids will destroy it or 
make it brittle, | 

Miscellaneous fibers are manufactured by secret processes, many of them 
containing wood-pulp or asbestos. 


PUNCTURING VOLTAGE OF VARIOUS FIBERS 


Horn (varnished) fiber | | 0.66 mm. 8,120 Hobart and Turner 


Grade of fiber Thickness dro: ? xd Authority 

Dry wood fiber | 0.22 mm. 2,800 Steinmetz 

Dry wood fiber 1.69 mm. 21,600 Steinmetz 

Red fiber 30.9 mils 8,000 to 9,500 | Canfield and Robinson 

Black fiber * 70.9 mils 72200 Žž ` Canfield and Robinson | 

Vulcanized fiber 0.58 mm. 2,200 Steinmetz 

Vulcanized fiber 12.8 mm. | © 22,500 Steinmetz i 

Vulcanized fiber 187 mils | 10,000to 12,000 | Am. Vule. Fiber Co. ' | 

Vulcanized fiber 375 mils 25,000 to 90,000 | Am. Vulc. Fiber Co. ; | 

Horn (undried) fiber 0.56 mm. 5,990 Hobart and Turner l; 

Horn (dried) fiber 0.56 mm. 6,880 -| Hobart and Turner | 
i 
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Hendricks gives the curve in Fig. 1 for the puncturing voltage of hard fiber, 
the conditions being as follows: 120 T7 ? 
Curves. — Measured on single 100 


thicknesses. 
Dimensions. — o.o31-inch to r- 3 EBEN 


inch sheets. 
Composition. — Chemical hard 


fiber. 
Treatment. — Dried before test- 20 


Kilovolts 
e 
© 


T 
oe 


Ri 0.8 0.9 


ing. 
Method of test. — Between flat, oD OA Dt 0.5 06 0 


square cornered disks under l  “ghfekmess, Inches 
: Fig. 1; Puncturing Voltage for Hard Fiber 


oil. 
Temperature. — 20 to 25°C. Time. — One minute. Frequency. — 6o. Wow. 
— Sine. 


Accuracy of curve. — About ro per cent plus or minus. 
Characteristics. — Results depend largely on dryness of fiber. 
Notes. — Results on fiber of different colors seem fo be identical. 


Fuller-Board. — See section on Pressboard. 

Galalith is made by heating the residue of skimmed milk after the water has 
been extracted. It is easily moulded or bent but is highly hygroscopic. Walter 
gives the dielectric strength as 6000 to 8500 volts per millimeter. 

Gilsonite. — See section on Asphalt. 

Glass is a silicate of soda o | 
usually lead oxide. Owing to the condensation of moisture upon h 
glass has a very large surface leakag ace and the 
resulting accumulation of dirt reduces its insulating qualiti 
Gray and Dobbie the specific resistance of potash glass is ) 
of soda glass. Annealed glass has in general a higher specific resistance 

than unannealed glass. As compared with porcelain, glass is inferior 
chanical strength; whereas porcelain is only chipped by a blow, E 


cracked or shattered. 


DIELECTRIC STRENGTH AND SPECIFIC RESISTA 
OF GLASS 


NCE - 


Volts per mm. 
(a) 


8,000 to 9,000 


Common glass 


Lead glass 5,500 
White alabaster glass 11,500 
8,500 


Black alabaster glass 


(a) Walter. (b). Foussereau (see Bibliography). 
In various samples tested by Lówe and v. Pirani, the specific inductive capacity 
varied from 5.5 to 9.1. 

Gohmak, made by the Vulcanized Products Co., 
moulded insulation of specific gravity 1.37 to 1-75 
pounding formula. The tensile strength varies from 9000 to 
square inch. It will soften slightly at a temperature of 100 
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to be unaffected by immersion in water, oils, dilute acids and alkalies. The 
manufacturers state that sheets %-inch thick are punctured by 50,000 volts and 
that the insulation resistance of Gohmak in megohms per centimeter cube is 
17 X 10! at 28° C. and 9 X xo? at 50° C. 

Gummon, made by the Dickinson Mfg. Co., Springfield, Mass., iS made by a 
secret process. It is heatproof up to 700° F. ‘and can be moulded when cold. 
It is not easily sawed or drilled as it takes the temper out of steel. 


Gutta-Percha. — See article on Guita-Percha. 

Isolit, like ambroin, is a form of papier-maché, impregnated and covered with 
a special insulating compound. See section on Ambroin. 

Jute is a fiber obtained from the inner bark of certain trees growing in India, 
Commercial jute is usually softened and rendered less.brittle by impregnating 
it with paraffin or some similar mineral oil. It is used extensively as a filler in 
lead-covered cables and as a constituent of certain kinds of paper and press- 
board. Baur gives the following values of the puncturing voltage for impreg- 
nated jute: 

Thickness in millimeters 3 6 12 24 

Volts at puncture 4,800 7,200 12,000 19,000 
Coyne and Howe give the specific inductive capacity of impregnated jute as 
varying from 3.0 to 4.0. 

Lava, made by the Colonial Mfg. Co., Am. Lava Co., and Stewart Mfg. Co. 
of Chattanooga, Tenn., is a mineral talc, machined in its natural condition and 
then baked at a temperature of rroo? C. to a condition of extreme hardness. 
It is then unaffected by any subsequent temperature short of its baking tem- 
perature. It is slowly attacked by hydrochloric acid but is not affected by other 
acids or alkalies, Its dimensions are unchanged by absorption of moisture and 
it has a negligible coefficient of expansion with temperature. The dielectric 
strength varies from 250 to 75 volts per mil depending upon the thickness of the 
sample tested. 

. Lavite. — See section on Lava. 

Leatheroid. — See section on Fiber. 

Litholite is an insulating material resembling psychiloid in structure. It is 
made-in sheets and is pressed into any form. It is softened by sulphuric acid 
and distilled water and is reduced to a pulp if immersed in caustic soda. It ig 
tough but inflammable. It is used for commutator rings, bushings, washers, 
formers, bobbins and for square and round tubing. Symons states that 20,000 
volts is required to puncture a thickness of 0.445 centimeter. 

Marble is the name given to any limestone which is sufficiently compact to 
admit of a polish. While pure marble is white, the presence of iron oxide or 
other impurities give it different colors. It is used principally for switchboard 
work and should not contain metallic veins, which reduce its insulating quali- 
ties. According to Walter the dielectric strength of marble is 65oo volts per 
millimeter. Schmidt gives the specific inductive capacity of Carrara marble as 
$3. The insulation resistance, from tests made at Stadt. Lab., Munich, ig 
stated to be 435 to 510o megohms per centimeter cube. 

Megohmit is a form of reconstructed mica in which the adhesive matter is 
reduced to a minimum and does not exceed 1.25 per cent of the finished product. 
The hard megohmit plates soften at about 80°C. It is used for slot insulation, 
commutator rings, collars, etc. Hobart and Turner give the following values 
for the puncturing voltage: : 


Thickness in millimeters . 0.25 o.6 
Volts at puncture 8,000 20,500 36,000 
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Mica is an anhydrous silicate of aluminum and potash or sodium. It crystal- 
lizes in a laminated mass, some grades of which may be subdivided down to à 
thickness of 0.006 millimeter. It is useful as an insulator because of its hig 
insulating qualities and its ability to withstand high temperatures. Owing to 
its impurity, lack of flexibility and excessive surface leakage in the natural state, 
the laminz are separated and sorted into various grades of purity and are tben 
cemented together to form plate or flexible reconstructed mica of any thickness 
or purity. Moulded mica is used in the manufacture of overhead line material 
and in the making of moulded pieces as a substitute for hard rubber. Moulae 
mica softens at 136? F. It is insoluble in water, but is affected by certain oils 
and all acids and alkalies to some extent. Mica loses its insulating qualities 
at a temperature of 1ooo? C., but recovers them after cooling. Andrews show 


that the dielectric strength of mica is greatly reduced when immersed in or 
coated with oil. 


DIELECTRIC STRENGTH OF MICA | 


Volts pef — 
millimeter 
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(a) Walter, B. (b) Canfield and Robinson (see Bibliography). 
Curie states that the insulation resistance of mica at 20° C. is 88 X 10 me 
ohms per centimeter cube. Starke states that the specific inductive capacty 
varies from 5.8 to 7.7. 

Micabond Cloth, Paper and Plate, made by the Chicago Mica Co. ue 
paraiso, Ind., are forms of reconstructed mica. Micabond cloth 1s made 0 
muslin, India mica and paper, the binding material being gutta-per 
Jt is made in thicknesses of 12, 15 and 18 mils respectively for use in armi i 
slots, cores, coils, etc. The dielectric strength is 435 volts per mi. Mi bon 
paper is made of Japanese paper, mica and rubber. It is made in thicknesses 
of 6, 9 and 11 mils respectively for use in armature slots, coils, etc. I 
strength is ro12 volts per mil. Numbers 101 and ri: are easily mo Met 
heated, whereas numbers 102, 104, 122 and 144 cannot be moulded, particu " 
attention being given to these grades to secure à uniform thickness for comm 


tator use. 


for a thickness of 125 mils. The puncturing voltage for fl ett. 
for armature slots, armature, magnet and commutator cores, transformers, of 
volts for & thi 


ranges from 2940 volts for a thickness of 5 mils to 73,509 
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125 mils, Micanite cloth is constructed of layers of mica, muslin and Japanese 
paper and the average puncturing voltage for thicknesses of from 12 to 18 mils 
is 4350 volts. Another grade of micanite cloth is constructed of mica, rubber 
tissue and Japanese paper. Its average puncturing voltage for thicknesses of 
from 12 to 18 mils is 4000 volts. Micanite paper, constructed of mica and 
Japanese paper, has an average puncturing voltage of 3700 volts for thicknesses 
of 6 to 11 mils. When constructed of mica, rubber tissue and Japanese papers 
the average puncturing voltage for thicknesses of 6 to rr mils is 3675 volts. 
Rope paper and mica, 7 to 15 mils thick, breaks down at about 4800 volts and 
pressboard and mica, 7 to 15 mils thick, breaks down at 5500 volts. 


Minerallac, made by the Minerallac Elec. Co., Chicago, Ill., is an insulating 
compound, made in four grades as follows: No. 1, a fluid of the consistency of 
molasses, No. 2, a semi-solid compound resembling hard rubber, No. 3, a heavy 
dark-brown impregnating liquid, and No. 5, a capping compound used for sealing 
apparatus after impregnation. The following results were obtained from tests 
made upon Minerallac No. 2 by Elec. Test. Lab. of N. Y.: dielectric strength, 
approximately 1000 volts per mil; insulating resistance 1.3 X 1o? megohms per 
inch cube; specific inductive capacity, about 2.1 at 75? F.; softening point, 
118° F.; melting point, 146? F.; flash-point, 395? F.; fire-point, 425? F.; acid 
or alkali reactions, none. 

Oil. — See article on Oil, eae: 

Paper. — See article on Paper, Impregnated. Unheated paper is suitable 
for insulation only when inclosed in an air-tight envelope (e.g., a telephone 
cable), for paper is very hygroscopic. Unheated dry paper from 3.5 to 4.5 
mils thick punctures at about 800 volts according to Canfield and Robinson. 


The specific resistance depends largely upon the quality of the paper, being of 


the order of 5 X 104 megohms per centimeter cube. The specific inductive 
capacity of the paper used in telephone cables, as given-by various authorities, 


ranges from 1.7 to 3.8. l 
Paraffin is a product obtained by the destructive distillation of petroleum 


shale. The dielectric strength of cloth, wood and paper is increased by impreg- 


nation with paraffin and the materials are rendered less hygroscopic. Paraffin 
is acidproof but is very inflammable and has a low melting point, about 65° C. 

: The dielectric strength of solid paraffin is given by Walter as 11,500 volts per 
millimeter. Steinmetz gives 7690 volts per millimeter as the dielectric strength 
of melted paraffin. The insulation resistance according to Braun is 284 X 1010 
megohms per centimeter cube. According to Zietkowsky the specific inductive 


capacity ranges from 2.105 at 44° C. to 2.165 at 76° C. 

Porcelain. — (See also article on Insulators, for Overhead Lines.) Porcelain for 
electrical purposes has a specific gravity of 2.65. It is unaffected by oils, acids or 
alkalies. The Locke Insulator Mfg. Co. gives the tensile strength as 1500 pounds 
per square inch and the compressive strength 15,000 pounds per square inch. It 
is quite brittle and cannot be moulded accurately enough for use in some cases. 


Ink placed upon good porcelain at a fracture will not flow from the part initially 


inked. 

The puncturing voltage is as follows; 
Thickness in millimeters 10 20 30 
Volts at puncture 115,000 160,000 190,000 


The insulation resistance is as follows: 
Temperature, °C. 50 400 1000 
Megohms per cm. cube 215 X 1o! (a) 20 (b) x (b) 
(a) Foussereau. (b) Goodwin and Mailey. 


The Locke Insulator Mfg. Co. gives the specific inductive capacity as 4.4. 
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Pressboard is similar to paper in its construction, except that it is thicker and | j 
less flexible. It is usually hygroscopic unless impregnated with some moisture | 
repellant. It is pressed into many useful forms, and is used as an insulator a 
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Fig. 3. Puncturing Voltage for Varnished Pressboard i 
principally in connection with low voltages. See sections on Fiber, Paper, etc, 
for other properties. iled and 
Figs. 2 and 3 from Hendrick’s paper show the dielectric strength of o | 


varnished pressboard respectively. 
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OILED PRESSBOARD 


Dimensions. — 0.011 inch to 0.122 
inch thick — one to six layers. 

Composition. — Cotton rags and 
paper clippings. 

Treatment. — Dried and boiled in 
transformer oil. 

Method of test. — Between squarc- 
edge flat disks 4 inches in diameter 
under oil. 

Temperature. — 20 to 25°C. Time. 
—rminute. Frequency.—60. Wave. 
— Sine. 

No. of trials. — Each point, one to 
four. 

Accuracy af curve. — 10. per cent 
plus or minus. Curve is based on 
but a few trials, hence is not very re- 
liable, but shows typical results. 

Chardcieristics. — Material is vari- 
able; results depend largely on time 
of application of stress. 

Specific capuciy. — 4.9 at 20 to 
25? C. under oil. 

Notes. — Total time of test is about 
5 minutes (average) giving rather low 
results. 
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VARNISHED PRESSBOARD 


Dimensions. ~— 0.038 inch, 0.067 
inch and 0.097 inch thick — one to 
six layers. 

Composition. — Cotton rags and 


paper clippings. 

Treatment. — Dricd and given two 
coats of varnish. 

Method of lest. — Between square- 
edge flat disks 4 inches in diameter 
under oil. 

Temperature. — 20 to 25°C. Time. 
— 1 minute. Frequency. — 6o. Wave. 
— Sine. 

No. of trials. — Each point, one to 

four. 
Accuracy of curve. — 1o per cent 
plus or minus. Curve is based on 
but a few trials hence is not very re- 
liable but shows typical results. 

Characteristics.—Diclectric strength 
low but fairly uniform, depending 
largely on varnish film; nearly pro- 
portional to total thickness within 
limits of tests. 

Specific capacity. — 2.9 at 20 to 
25° C. on o.o97-inch board. 


Presspaha is a type of pressboard made in Germany. It is strong and can 
be easily bent. It is usually impregnated and boiled in pure linseed oil, thinned 


with benzine. 


Kinzbrunner gives the dielectric strength of presspahn in volts per millimeter 
as ranging from 9300 to $200, the puncturing voltage decreasing as the radius 
of the test electrodes increases. The insulation resistance from tests at the 
Stadt. Lab. Munich is given as 11 X 10? megohms per centimeter cube, 

Paychiloid consists of a paper pulp, which is cured, dried and then treated 
chemically. According to Hobart and Turner it may be machined and worked 
into any form and is pressed into sheets varying from 146 to 142 inches in thick- 


ness. It is stated to be non-absorbent and unaffected by oils. 


Symons gives 


the volts at puncture as 25,000 for a thickness of 3.2 millimeters. 


Rubber. — See article on Rubber. 


Resin is the oxidized exudation of certain trees or plants and may be of recent 


origin or exist as a fossil. 


Some of the common resins which are used for insula- 


ting purposes are mastic, shellac, jalap, turpentine, storax, amber, hartite, 


ozokerite, copal, kauri-gum, etc. 


Most resins are insoluble in water but dis- 


solve in alcohol, cther, etc., forming varnishes of high dielectric strength. The 
resin varnishes are limited in their use by the fact that they become brittle at 
high temperatures, and will disintegrate if under vibration. Resins are hygro- 
scopic and in general possess undesirable acid properties. "Tests made by various 
authorities of the specific inductive capacity of the various resins indicate a 


value between 3.9 and 4.o. 


Slate is hygroscopic and should be boiled in paraffin. It fs often permeated 
by metallic veins, making it unfit for use unless the electrical connections are 


————— 
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insulated by bushings. It is useful for switchboard and switch-base work 
owing to its desirable mechanical and fireproof qualities. Its dielectric strength 
decreases rapidly as the temperature increases, and at a high temperature slate 
becomes a conductor. Where a high voltage is impressed upon a piece of slate 
for some time, the slate usually is not punctured but, due to the consequent rise 
in temperature, the slate acts as a short-circuit to the impressed voltage. 
The breakdown is thus only apparent as the specimens regain their dielectric 
properties after cooling. Values of this breakdown voltage, as determined at 
the Massachusetts Institute of Technology in 1913, are as follows: 
Thickness in mm. 3.7 7.2 10.3 13.5 25-3 
Volts at breakdown 11,300 10,800 13,700 12,200 22,500 


Schulze gives the specific inductive capacity of slate as varying from i 
7.37. The insulation resistance of slate, as determined at the Stadt. Lab., 
Munich, is 78 X 1o? megohms per centimeter cube. 


Varnished Cambric. — See article on Cambric, Varnished. 


Varnishes, Insulating, are made in two classes: (1) baking varnishes, which 
harden by oxidation when subjected to artificial heat and (2) air-drying vat 
nishes and similar compounds, which harden or set by evaporation of the solvent. 
Varnishes and ‘similar compounds are manufactured in a. number of e 
adapted for use in connection with armature, field, and transformer coils, mag 
net and arc lamp spools, transformer bushings, insulating cloth, paper and sei 
armature and transformer stampings, asbestos. and magnesia board, cut-ou 
boxes, switch and panel boards, mica, plate, flexible mica, mica cloth and EE 
storage batteries, weatherproof wire, iron and metal fittings, moulding, Po 
heads, vacuum impregnating, taped connections, etc. Some of the trade dee 
nations are P. and B., S. P. C., S. V. W., G. P., H. R., Voltalac, W. P., Glino : 
Benolite, Dolph's, Ohmlac, Minerallac, Nico, M. C., Insullac, Enamelac, Atm 
lac, Chatterton, Linolac, M. I. C., etc. 


Vulcabeston is a compound of asbestos and rubber, the asbestos predomi- 
nating. It is used in the form of moulded insulating pieces In connection wi 
electrical machinery where a material is desired which is not affected by oils = 
which will withstand a high degree of heat. Although insoluble in yore i 
unaffected by oils, it is slightly disintegrated by acid and alkaline sotutio 
It softens at temperatures ranging from 300 to 600° F., depending oie of 
grade. The above data are given by Holitscher. The puncturing VO =, of 
vulcabeston, according to Canfield and Robinson, is 4000 volts for à thi 
42.8 mils and 6000 volts for a thickness of 75.4 mils. 


Vulcanite. — See article on Rubber. 


Wood. — Thoroughly dried hard wood, if impregnated with an sre 
material, makes a good insulator. The woods commonly used are maple, 


* . H at 
ash and yellow pine. For use m transformers, wood 1s usually impreg? 


with transformer oil, and when used in air, the wood is impregnated wi Sg olled 

or rosin. Fig. 4 from Hendrick's paper gives the puncturing voltage 2 

wood. The conditions under which the tests were made are as follows: 
Material. — Hard maple. 


Dimensions. — 1% inch to 1 inch across grain; I inch to 6 inches with de 


3 : Wi 
Treatment. — Across grain, boiled in transformer oil under vacuum; 


grain, dried under vacuum, boiled at atmospheric temperature. 
Method of test. — Between square-cornered flat disks under oil. go, Wor. 
Temperature. — 20 to 25°C. Time. —1 minute. Frequency. — 7^ 

— Sine. Gye 
No. of trials. —Each point, one to three; three points across grain; 

points with grain, 
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Accuracy of curve.—10per 160 
cent plus or minus. 


Characteristics. — Dielectric — 140 
strength across grain increases 
much slower than thickness 
but with the grain is propor- 
tional to thickness. 

Specific capacity. — Across 100 
grán- 4.1 at 20 to 25°C. E 
under oil. 

Noles.—Test with and across 
grain on samples treated by 60 
different methods a long time 
apart. Wood seems to be 
identical in quality however. 40 

The insulation resistance 
and specific inductive capacity 99 BENE 
of various woods are as fol- 
lows; the specific inductive 


Kilovolts 
S 


capacities are from tests by 0 1 2 8 4 5 With Grain - 
Starke; the insulation resist- 0 0.2 0.4 06 08 1.0 Across Grain 
ance from tests by various ThicknessInches 
experimenters. Fig. 4. Puncturing Voltage for Wood 
Specific 
; Megohms : induc- 
Kind of wood Der co cabs Kind of wood ive ca- 
pacity 
Beech 5X10f-6X 1ot Red beech (parallel to fiber)| 2.51-4.83 
Pine (parallel to 
fiber) 35X10 Red beech (perpendicular to | 3.63-7.73 
fiber) 
'| Pine (perpendicular 
to fiber) 10X1010 Oak (parallel to fiber) 2.46-4.22 
Walnut (dry) 53-133 Oak (perpendicular to fiber) 3.64-6.84 


Walnut (paraffined) | 8X 10*-124X 10? 


BIBLIOGRAPHY. — Baur, C., Electrician, 1901, Vol. 48, p. 759; Canfield 
and Robinson, Elec. Eng., 1894, Vol. 17, p. 277; Foussereau, Comptes Rendus, 
1883, Vol. 97, p. 996; Goodwin and Mailey, Phys. Rev., 1908, Vol. 27, p. 322; 
Gray and Dobbie, Royal Soc. Proc., 1900, Vol. 67, p. 197; Hendricks, A. B., Jr., 
Trans. A.I.E.E., 1911, Vol. 30, p. 167; Hobart and Turner, The Insulation 
of Electric Machines, London, 1905; Holitscher, E.7.Z., 1902, Vol. 23, p. 171; 
Kintner, Elec. Jour., 1906, Vol. 3, p. 583; Kinzbrunner, Electrician, 1905, 
Vol. 55, p. 847; Löwe, Annalen der Physik, 1898, Vol. 66, p. 390; Starke, Anna- 
len der Physik, 1897, Vol. 60, p. 629, 1908, Vol. 27, p. 359; Steinmetz, C. P, 
Trans. A.I.E. E., 1893, Vol. xo, p. 85, 1898, Vol. 15, p. 281; Stifler, W. W., 
Elecirician, 1911, Vol. 67, p. 587; Symons, H. D., Paper read before Students? 
Section of the Inst. of Elec. Eng., April 27, 1904; Walter, B., E.T.Z., 1903, 


Vol. 24, p. 796. 
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INSULATING MATERIALS, TESTING OF. — (See also Insubating 
Materials, Properties of.) The most important electrical properties of an 
insulating material are its dielectric strength, its specific inductive capacity, 
its insulation resistance and]its effective a-c. conductance. Some of the more 
common methods of measuring these quantities are described below. 
DIELECTRIC STRENGTH. — The dielectric strength of an insulating 
material is defined as the puncturing voltage per unit thickness, the thickness 
usually being measured in millimeters or mils. The voltage required is in general 
higher than can be obtained with direct-current sources of e.m.f. and alternating 
e.m.f.’s are therefore used in such tests. The materials to be tested are place 
between electrodes connected to the high-tension terminals of a transformer, 
which receives power from a low-voltage alternator. 
Testing Transformers and Alternators. — Transformers for such use are 
made to deliver voltages up to 500,000 volts. For the purpose of comparison 
and computation of the maximum e.m.f. from the effective value, it is essential 
that the alternator should give a sine-wave voltage at all loads. Both trans 
former and alternator should be large enough to operate with good voltage 
regulation at all testing loads, so that no distortion of the wave-form will be 
produced by the charging current. Skinner suggests the following ratings 


testing transformers: 


Cap. of Max. test 


Else ps voltage 


The alternator should have a distributed feld winding and in order that the 
instantaneous 


combination of alternator and transformer may respond to any ins 

load, the impedance of each should be low; that is, the speed of the alternator 

should be high and the e.m.f. induced per turn in the 
Form of Electrodes. — Many investigators have demonstrated 

form of the electrodes used is an important factor of the test. 

the electrodes are rounded, the resulting brush discharge heats the 


that it breaks down at a low voltage. If the edges of the el 
excessive strait on 


rounded, the increased flux density at the edges produces an 
the dielectric under the edges of the electrodes. Most au 


of flat electrodes with slightly rounded edges. Hendricks suggests ** of the flat 
shapes of 


with corners rounded to a radius equal to one-tenth of the diameter 
effects of various 


face. Kinzbrunner has discussed in detail the 


electrodes. : haped 
rds composed of definitely s a 


For testing oils or other liquids two standa 
terminals supported in a liquid container are ‘commonly used. In one 5 
ing terminals consist of brass balls 14 inch in diameter fastened to rods 31e 
in diameter and placed vertically in a glass tube. The distance betwe d 
is adjustable, a distance of o.15 inch, however, being conside standard. 
the other standard the terminals consist of brass disks ¥ inch in diameter m: = 
on rods 36 inch in diameter and placed horizontally in a small box made 0 


thorities favor the use 


en the balls 


| 
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or some other insulating material, The spacing of the disks in this case is also 
adjustable, although o.2 inch is adopted as a standard. Average dry oil should 
not break down in the ball electrode standard at less than 30,000 volts and in 
the disk electrode standard at less than 45,000 volts. 

. Time of Electrification. — Materials may be tested by impressing the 
puncturing voltage, 1. instantaneously, 2. in steps of one-minute duration or 
3. in several instantaneous applications of decreasing voltage and increasing 
time of electrification. The question of the proper time of electrification is at 
present undecided, although many investigators favor the one-minute electri- 
fication, For arguments against this standard, see paper by Kinzbrunner (ref- 


erence in Bibliography at end of this article). 

Control of Voltage. — The voltage impressed between the test electrodes 
may be controlled 1. by varying the excitation of the alternator, 2. by insert- 
ing resistance in series with the low-voltage terminals of the transformer or 3. 
by varying the number of active turns on the low-tension side of the transfor- 
mer. A combination of the first and third methods is most commonly used. 
In the second method the voltage wave is made more peaked as resistance is 
introduced; in the third method, if used alone, the circuit must be broken as 
connections are made to the tap leads. By varying the field excitation of the 
alternator and changing the tap connections between tests, the shape of the 
voltage wave is kept constant and the variation of field saturation in the alter- 


nator is reduced to a minimum. Er 

Measurement of Voltage. — The voltage impressed upon the material under 
test may be determined by r. a variable spark gap shunted across the elec- 
trodes, 2. by a voltmeter and an extension coil or multiplier connected across 
the electrodes, 3. by an electrostatic voltmeter connected across the electrodes, 
4. bya voltmeter connected across the low-tension terminals of the transformer, 
the reading of which is to be multiplied by the ratio of transformation of the 
transformer, 5. by a potential transformer and a voltmeter connected across 
the terminals and 6. by a special voltmeter winding placed in the middle of the 
high-tension winding of the power transformer. The needle spark-gap method, 
"While convenient because of its indication of the maximum rather than the effec- 
tive value of the voltage, is tedious in use, and its readings are dependent upon 
the time of electrification, circulation of air, the condition of the needles, etc. 
The sphere spark gap is preferable; see Spark Gap. The use of the voltmeter 
and extension coil, while flexible and convenient, is not recommended because 
of the load which is placed upon the transformer and the possibility of leakage 
in the extension coil. The use of an electrostatic voltmeter is desirable, except 
that at high voltages the moving element must be immersed in oil, making the 
instrument sluggish in action, and may frequently break down. In.any method 
involving the ratio of transformation of the transformer, the results are question- 
able owing to the assumption of a constant ratio of transformation at all loads. 
The use of the potential transformer and voltmeter is prohibited in most cases 
by the cost of the instrument transformer and the excessive distorting load 
introduced by such an arrangement. 

A voltmeter winding in the power transformer furnishes as a rule the most 
accurate and efficient method of measurement, the chief source of error being 
due to leakage flux and impedance drop in the transformer. 

Connections for Test. — In Fig. 1 is shown the complete arrangement sug- 
gested by Hendricks for measurements of dielectric strength, energy loss in the 
dielectric and specific inductive capacity. The explanation of the figure ‘follows: 
A exciter, B field switch, C generator field rheostat, preferably motor driven so 
as to vary voltage at constant rate, D main switch with auxiliary contact for 
lighting red lamp as a danger signal, E automatic circuit breaker, F series-paral- 
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lel switches on low-tension side of transformers, G ground connection, 7 instru- 
ment loop, J voltmeter winding with taps, J voltmeter, wattmeter and ammeter, 
K choke coils, Z electrodes and 
M film cut-out. 


Causes of Variations in 
Results.—The puncturing volt- 
age of an insulating material is 
affected by its previous history, 
precise condition when tested, 
size, thickness, form, uniformity 
of electrostatic field, tempera- 
ture, time of electrification, fre- 
quency and the surrounding 
medium. The puncturing volt- 
age is affected more by temper- 


ature than any other factor, and _* . 
since the temperature of a speci- Fig. 1. Arrangement and Connections of Appa- 
men is increased greatly under ratus for High-tension Tests of Insulators 


the action of the corona discharge (see Corona) it is desirable that corona dis- 
charge should be eliminated. To prevent the heating action of the corona, 1. 
guard rings may be applied, as described by Ryan, Norris and Hoxie, 2. the 
electrodes may be imbedded in the dielectric when possible, 3. the “picein 
drop” method described by Walter may be used on the specimen, or 4. the 
electrodes and test specimen may be immersed in oil as recommended by Hen- 
dricks. In the last case materials easily permeated by oils should be glazed over 
with a varnish before testing. While the temperature of insulation in practice 
may range from ~— 25? C. to + 125° C., tests between + 25? C. and + 100°C. 
should suffice to indicate average working conditions. 


SPECIFIC INDUCTIVE CAPACITY OR DIELECTRIC COR- 
STANTS. — (See also Condensers.) The specific inductive capacity of any 
substance is the ratio of the capacity of a condenser, in which the substance in 
question fills the space between the plates, to the capacity of the same condenser 
when the space between the plates is filled with air. This ratio, designated 
by K, varies with the temperature of the substance, the time of electrification 
used in the test and the frequency, when tested with alternating currents. 
The specific inductive capacity of most substances decreases as the tempera- 
ture increases, except in the case of a few substances for which the specific 
inductive capacity increases with increased temperatures. The specific in- 
ductive capacity in general increases with the time of electrification and de- 
creases as the frequency increases. The determination of the specific inductive 
capacity from test involves the determination of the capacity of a condenser 
of known dimensions. A plate or cylindrical condenser is commonly used fot 
solid material and a spherical condenser for liquids. Having determined the 
capacity of any condenser of known dimensions from test, the specific inductive 
capacity of the dielectric used can be obtained by substituting the known con- 
stants in the condenser formulas given in the article on Capacity and Charging 
Current. 

Direct-deflection Method. — The unknown condenser C; and a ballistic 
galvanometer are connected in series with a battery of about soo volts e.m.f. 
and the deflection Dz is noted. A standard condenser C, is then substituted 
for the unknown condenser and capacity is inserted until the deflection D, upon 
charging is the same as in the first case. Then 
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As most condensers possess leakage and absorption, the method gives erroneous 
results, since no distinction is made between charging current and leakage cur- 
rent. Zelleny gives a modification of this method in which, by regulating the 
time of charge, insulation and discharge, a constant deflection may be obtained. 


Resonance Method. — The condenser and a variable inductance are con- 
nected in series in a circuit of high frequency and low resistance. A modifica- 
tion of this method is given by Rohman. Resonance is obtained and detected 
by noting the maximum value of the current as the inductance is varied. Then 


I 
C= FTPL 


provided the effective conductance of the condenser is negligible and the im- 
pressed voltage is a pure sine wave.* The accuracy of this method depends 
principally upon the flexibility and precision of the variable inductance, upon 
the actual shape of the voltage wave and upon the leakage resistance of the 
condenser. T "E 


Alternating-current Bridge. — The unknown condenser Cz and the standard 
condenser C; are connected in the arms of a Wheatstone bridge (q.v.) as shown in 
Fig. 2. The resistances Ri, Re and Rs must be wound non-inductively. The 
detector D consists of a telephone receiver or a vibra- 
tion galvanometer. After connecting the bridge to a 
high-frequency source of sinusoidal e.m.f., Ri, Re and 
Ai are adjusted until a minimum current passes 
through the detector. Then, assuming the effective 
conductance of the dielectric to be negligible, 


Ro 
Cr= CR 


Sources of error are: inductance or capacity of Ri, Re 
and Rs, error in ratio of Rı and Rs, and electrostatic 
induction between the bridge and its surroundings. Fig. 2. 


INSULATION RESISTANCE. — The method commonly employed is one 


of substitution. A standard resistance Rs (usually 149 megohm) connected in 


series with a D’Arsonval galvanometer is connected across a direct-current 
source of e.m.f. of about 5oo volts and the deflection Ds of the galvanometer 
noted. The galvanometer must have a sensitiveness of about 1 X ro? and the 
deflection should be directly proportional to the current. If the galvanometer 
is shunted, an Ayrton universal shunt should be used (see Shunts) so that the 
damping of the galvanometer will be independent of the multiplying power. 
The deflection D, is then noted when the unknown resistance Rz is connected 
in place of the standard resistance. Then 


D, 
Roy 


The usual errors of this method are due to leakage and absorption. Leakage 
may be reduced considerably by the use of a guard ring, so connected as to 
shunt the leakage current around the galvanometer. The deflection of the 


* The exact formula for a sineswave voltage is 
2 xfC 
2 ws LM —, 
m Org 
where g is the effective leakage conductance (see Alternating Currents). 
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galvanometer will vary with time due to absorption, and the resistance of the 
material will apparently vary with the time of electrification. To facilitate 
comparison of the insulation resistance of dielectrics, it has become common 
practice to take the resistance obtained after one minute’s electrification, Owing 
to the large negative resistivity temperature coefficient of most dielectrics, it is 
essential that the temperature of the material be noted when tested. 


ENERGY LOSS IN THE DIELECTRIC — EFFECTIVE CONDUC- 
TANCE. — If the transformer losses can be determined accurately under the 
testing conditions, the energy loss in the dielectric may be determined at any 
voltage by measuring the input to the transformer and then subtracting the 
transformer losses. Since the transformer losses are usually large compared 
with the dielectric losses, it is preferable to adopt the arrangement suggested 


by Hendricks, Fig, 1, and connect the wattmeter in the high-tension winding. - 


The wattmeter then reads directly the dielectric losses at any voltage, the only 
error being that due to copper losses in the high-tension winding, which may be 
corrected for. The watts lost divided by the square of the voltage gives the 
effective conductance of the dielectric. 


BIBLIOGRAPHY. =- Grover, Bull. Bur. Stand., Vol. III, p. 371; Hem 
dricks, Trans. A.I.E.E., 1911, Vol. XXX, p. 167; Kinzbrunner, Electrician, 
1905, Vol, 55, p. 809; Laws, Notes for use in Stand. Lab., Mass. Inst. of Teck; 
Rohman, Annalen der Physik, 1911, Vol. 34, p. 979; Ryan, Morris and Hoxie, 
Text Book af Elec. Mach., New York, 1906, Vol. I, p. 187; Skinriet, Elec. Jour. 
1904, Vo]. I, p. 227, 190%, Vol. II, p. 538; Tobey, Trans, A.I.E.E., 1910, 
Vol. XXIX, p. 1389; Walter, Elek. Tech. Zeit., 1903, Vol. 24, p. 796; Zelleny, 
Phys. Rev., 1906, Vol. 22, p. 65. 

[R. G. Hupson.] 


Insulator Pins 815 


INSULATOR PINS. — (See also Cross Arms; Insulators for Overhead Lines.) 
Insulator pins are made of wood, iron and various combinations of wood, iron 
and porcelain, 

WOQDEN PINS. — Wooden pins are usually made of locust but sometimes 
of oak, birch, maple or eucalyptus. 

The forest service reports: “Black locust is admitted to be the best of all 
woods used for insulator pins, but of late years other woods are being brought 
into use. Among those which will probably prove satisfactory as substitutes for 
the black lacust are Osage orange, various oaks, yellow birch, gum, hard maple, 
elm, etc.” Also: "The value of eucalyptus, particularly blue gum, for insulator 
pins has been thoroughly demonstrated. After fifteen years’ service, sound pins 


. are still in use." 


Standard Distribution Pins (Fig. 1). — The standard wooden pin for dis- 
tribution lines is of locust, 9 inches long, 115-inch diameter shank, and I inch 
diameter thread, as shown in Fig. 1. It is often described simply as a ‘‘1%-in, 
by 9-in. pin.” It is standard for use with double-petticoat deep-groove glass 
insulators and is also used for : some insulators designed for higher voltages. 


per Inch 
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Fig. 1. Standard Locust Pin Fig. 2. Insulator Pin for 13,000 Volts 


High-voltage Distribution Pins (Fig. 2). — For voltages above 2200 and 
not exceeding 13,200 it is desirable to have pins with 14 inches diameter shanks 
to fit standard cross arms, but with larger threads, as shown in Fig. 2. 

High-voltage Transmission Pina. — For voltages above 13,200 and not 
exceeding 25,000 wooden pins are used to a considerable extent. These pins 
are special and their length must be sufficient. to give the clearance from insu- 
lator to cross arm required by the design of insulator used. The shanks should 
be larger than those of standard pins, 

Paraffined Pins for High Voltage. — On high voltages wooden pins are too 
weak for the high stress which usually results from the great pin leverage of 
large insulators; such pins also rapidly deteriorate from a chemical action called 
“digestion,” especially if insalatora are too small for the voltage. Paraffined 
wooden pina have heen used to reinforce the insulation in some cases where the 
insulators have heen too small. Paraffined pins are useless as insulation unless 
the wood is first thoroughly dry and is then thoroughly impregnated. It is almost 
impossible to accomplish this in practice and the paraffning of commercial 
pins should he considered only as a preservative treatment. 
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Porcelain Bases for High-voltage Pins. — Porcelain bases are used toa 
small extent and for certain types of insulators. These extend from bottom of 
thread to top of arm. They are used for the purpose of preventing arc from 
striking pin when insulator arcs over. They act as a reinforcement of the 
insulation and may be used to assist an insulator which has inadequate insula- 
tion, due to incorrect design, or to enable it to be used on a higher voltage than 
intended. In general it is better to put all of the insulation in the insulator than 
to divide it between the insulator and the pin. 


IRON DISTRIBUTION PINS. — Iron pins (malleable iron and drop- 
forged iron) are made with 11-inch shanks and 1-inch threads so as to be inter- 
changeable with standard wooden pins. They are used at points of heavy strain. 


Pins with Iron Shanks consisting of 15-inch, 56-inch or %-inch iron bolts 
are also used. These lave a nut and washer on the lower end used for pulling 
the base of the pin firmly into contact with the top of the arm. This type of 
pin has the advantage that the smaller hole removes less wood from the arm. 
For heavy stresses tlie shank of the pin should be stiff, or the base of the pin 
broad to prevent local crushing of wooden cross arms due to the pin leverage. 


ATTACHMENT OF INSULATORS TO PINS, — Insulators are usually 
attached to wooden pins by a screw thread having a pitch of 4 threads per inch. 
The threaded portion of the pin is tapered, the diameter increasing downward 
from the top about 146 inch per inch of length. Standard thread diameters are 
I inch for distribution insulators and 13 inches for high-tension insulators 
measured at the small end over the thread. Good fit in the thread between pins 
and insulators is not commonly attained because: (1) the threads are often 
imperfectly cut on the pins, (2) the wood of the pin shrinks so that it ceases 
to be circular or warps so that the axis of the pin is not truly straight, (3) the 
porcelain of the insulator warps in manufacture so that the hole ceases to be 
circular or the surface of the thread may not be smooth. Where a pin does not 
screw into the insulator to full depth intended, or where it is loose or bears 
unequally, the strength of the attachment is much reduced. The weakest 
point is usually at the root of the bottom thread. 


Attachment of Insulators to Iron Pins. — Insulators are sometimes at- 
tached to iron pins by a screw thread similar to that used for wooden pins. The 
thread on the iron pin is often made of lead to get a more uniform bearing. 
High-tension insulators are frequently cemented. to iron pins. The pin hole of 
the insulator may be threaded as usual. The end of the pin is usually corru- 
gated or fluted instead of being threaded. The pin is grouted to insulator with 
neat Portland cement. 


ATTACHMENT OF PINS TO ARMS. — The standard wooden distribu- 
tion pin has a shank of 14-inch nominal diameter. The actual diameter at the 
top is the same as the nominal diameter, the shank tapering so that the bottom 
is about 46 inch smaller. The pin hole in the cross arm is bored to the nominal 
diameter but often becomes smaller (across the grain) due to shrinkage of the 
wood, so that a standard pin, although smaller than nominal size of the pin hole 
except at extreme top, will often make a good driving fit. Pins which are too 
small (or pin holes which are too large) will make a loose fit and should not be 
used. Pins are often made considerably oversize at the top and undersize at the 
bottom to allow for inaccuracy of workmanship. Such pins will not drive com- 
pletely in, and they weaken the construction by increasing the pin leverage and 
decreasing the bearing surface between the pin and cross arm. At the top of 
the shank a shoulder should be provided to limit the distance the pin can be 
driven in. For maximum strength the shank should be long enough to go com- 
pletely through the arm and the taper should be small enough so that it will 
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bear against the arm for the full depth without leaning far to one side. The 
standard 14-inch by 9-inch pin has a 444-inch shank length corresponding to 
the old “standard” depth of cross arm, and, therefore, does not develop the full 
strength of the later standard arms which are 44% inches or 494 inches deep. 

Pins are prevented from pulling out of the arm (especially where the wire 
exerts an uplift on the insulator and pin) by driving a nail (usually six-penny) 
through arm and pin. 

Wooden pins for high-tension insulators are made with larger diameter shanks, 
2 inch, 2% inch and 2% inch being used. 

Comparative Strength of Some Special High-tension Pins.— The fol- 
lowing are the results of tests made on pins fitted into wooden cross arms. The 
pins broke at the top of the shank. 


Pin lev- 
Dimensions of erage, 
Shank, inches inches Breaking 
from cen- | strength, 
ter of pounds 
: stress to 
Diameter | Length iop'of arm 


———— M M | À—ÀMÓÓ———áMÀ— | — án —ná——mo————Má—À | M HÓ——Égáá— [| MMMÀÀ MÀ Mee —— 


0: c—— V -—— 2% 6 12 140 
07 aie ee ret E en Me Re 2⁄4 6 16 I20 
0 PIRE 214 6 I2 205 
Oa ioo oves thee pad alan 244 6 16 120 
Eucalyptus.................... 2% 6 about ro 260 
Red oak...,........... ee 2V5 TA 1215 495 
White oak............LL.uuu... 214 TA 12% 738 
Locust. — P 233 TA 1246 II2I 


Approximate 
cost per rooo 


$ 7.50 
14.00 
22.00 


500.00 


BIBLIOGRAPHY. — Report of Committee on Overhead Line Construction, 
Trans, N.E.L.A., 1911; Lindquist, R. A, Transmission Line Construction, 
N. Y., 1912; Forest Service Circular, No. 179; Ohio Brass Co., Catalog No. 


12; Western Electric Co., Catalog Bulletin No. 74. 
[R. A. Pair AND CABOT STEVENS.] 
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INSULATORS FOR OVERHEAD LINES. — (See also Distribution 
Lines; Insulator Pins; Transmission Lines.) Insulators for overhead lines may 
be classified as insulators for distribution lines, pin insulators for transmission 
lines and suspension insulators for transmission lines. The general features of 
design common to all classes of line insulators will first be considered. 


DESIGN OF LINE INSULATORS. — Glass is commonly used for making 
small low-voltage insulators and porcelain for large insulators. Porcelain has 
greater mechanical strength, condenses less moisture on its surface and parts 
may be cemented together, but faults cannot be as readily detected ag in glass. 
Glass insulators are often completely shattered by a blow while porcelain in 
sulators usually are only chipped under similar circumstances, Various com 
positions are also used to a limited extent for line insulators. 

Properties of Porcelain and Glass. — Following are some of the mora 
important characteristics of porcelain and glass: 


Property Porcelain 


Tensile strength, Ib. per sq. in...... eee 1,500-2,200 
Crushing strength, lb. per sq. in 14,000-16,000 
Elastic limit, lb, per sq. in 3,200 approx. 


Modulus of elasticity, lbs. per sq. in.,.......... . 8,000,000 
Coeff. of expansion per ?F..... A as oed e E uS 

Coeff. of expansion per °C..... ERR 

Weight per cubic foot in lbs 

Puncturing strength in volts per inch 

Specific inductive capacity (air = 1) 


- (a) Smithsonian Physical Tables, (b) Austin, A. Q., Prac. N.B.L.A., 1913. 


In American practice porcelain parts are made from % inch to 56 inch in thick- 
ness. In European practice porcelain is used in thicknesses up to 1 inch. The 
working voltage usually averages from 10,000 to 20,000 volts fer each thickness 
of porcelain used. 15,009 volts is ahout an average figure, so that a 30,000- 
volt insulator usually has two parts, a 40,000-volt insulator 3 parts and a 
60,000-volt insulator 4 parts. 


Requirements to be Met in a Satisfactory Design. — Shapes that are 
` very long or very large in diameter are not economical to manufacture. The 
design of high-tension insulators is a “cut and try” process and many of the 
principles have not yet been reduced to a scientific basis. An insulator must 
be designed to stand extreme and sudden temperature changes, sleet and rain 
as well as smoke, dust and sometimes special conditions such as salt storms and 
salt-water spray without deterioration from chemical action, breakage from 
mechanical strain or electrical failure. 

Some of the principal points in the electrical design of high-voltage insulators 
are: 

Thickness to Resist Puncture. — The porcelain must be thick enough 
to resist puncture. If this thickness is greater than is desirable from a manu- 
facturing standpoint, two or more pieces are used to give the proper aggregate 
thickness. 

Arcing Distance; Free Arcing. — The porcelain must extend beyond 
the charged conducting connections (i.e., tie wire or cap at the top and pin at 


sy 
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the bottom) sufficiently so that the distance between the connections through 
the air around the porcelain is greater than the arcing distance of the maximum 
voltage to be carried, The arcing distance required for a given voltage may 
be determined roughly (but only very roughly) from the tables of arcing dis- 
tances between needle points; see article on Spark Gap. The greater radius 
of curvature (compared with needle points) of such metal parts as the insulator 
pin decreases the potential gradient at the terminals. Also the porcelain has | 
a much greater specific inductive capacity than the air and its proximity to the 
arcing path disturbs the electrostatic field through the air. Surface charges on 
the porcelain because of surface leakage or corona also modify the field. 

Free arcing is the property of arcing over along a line which does not touch 
the porcelain body from the point where the arc leaves the metal cap to where 
it strikes the metal pin, Where the arc touches any part of the porcelain 
the great heat fractures the porcelain in a few seconds; hence the desirability 
of designing the insulator so that it is free arcing. A properly designed insu- 
lator will arc over as a whole before any individual part (i.e., shell or unit) arcs 
over. In many defective designs the insulator will fail by some parts arcing 
over, thereby increasing the voltage on others which then fail by puncture or 
arcing over. | 

Factor of Safety Against Puncture. — The thickness of a porcelain É 
part must be so related to the distance atound it that it will arc over before | 
| 


tae eee ey 
3 a vn 


it will puncture. The ratio of puncture strength to arc over voltage is the 
factor of safety of the part, or of the insulator, against puncture. 


Guard Rings and Rods. — Where an insulator is not naturally “free 

arcing” from cap to pin, properly located rings or rods will divert the arc so as : 
to accomplish an equivalent result. Rings used for this purpose are known as t. 
Nicholson guard rings. Where a pin insulator is improperly designed so that 
it is liable to puncture before flashing over, a Nicholson ring around the base 
may be used to redistribute the potential or to reduce the arcing distance so 
as to reduce trouble from puncture. Such rings and rods are also sometimes 
used in connection with suspension ^ 
insulators. 

Leakage Surface, — Leakage sur- 
face is ordinarily measured as the 
number of (linear) inches from cap 
(or equivalent) to pin taken radially 
along the surface; see Fig. 3. This, 
however, is only a rough measure as 
it neglects the varying width of leak- 
age path. The figures in the accom- 
Panying table on pin insulators from 
a manufacturers’ catalog give approx- 
imately the total amount of leakage 
surface used in practice. The amount of surface allowed varies considerably 
between different designs and makes. 


Spread of Petticoats of Pin Insulators. — In two concentric shells: 
the two surfaces which lie opposite to each other are at different potentials 
except where they are cemented together. The difference in potential be- 
tween two points on opposite surfaces is greater the further they are removed 
from the joint. Unless the shells diverge correspondingly so as to increase the 
distance between the shells as the potential increases the air will break down 
and part of the leakage surface will be short-circuited. by a corona discharge. 
This divergence is shown in Fig. 3, where the top is a disc made slightly cone 


Length of leakage 
Rated voltage Grace inches 


4 
sra 
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vex to shed water and the inner shells are a series of cones vu radiate from 
the top of the pin. 


Color and Glazing. — Brown, slate and white are the common colors 
used in glazing porcelain. Brown is the most common color since it is more of 
an aid in determining faults. Slate colored glazing of the same color as galva- 
nizing on towers makes insulators a less conspicuous target for malicious de- 
struction. 


Cementing of Insulators. — Insulator parts are cemented together 
with neat freshly burned and finely-ground Portland cement which is usually 
allowed to set under water from ten to fourteen days before testing mechani- 
cally. The more freshly burned and finely ground the cement and the higher 
the temperature, the less time required for setting. The cemented surfaces of 
porcelain are unglazed and corrugated to obtain good bond. 

Faults in Insulators. — The more common faults in porcelain are. folds 
and flaws in moulding and the development of checks and hair cracks in process 
of drying, incomplete and non-uniform glazing, warping, air bubbles, con- 
ducting impurities, under- and over-firing and chipping of edges. Only 50 to 
75 per cent of moulded shapes ordinarily pass final test and even a less number 
of the more difficult shapes. Inspection and testing are essential to eliminate 
faults in both design and manufacture. 


DISTRIBUTION-LINE INSULATORS, STANDARD (Fig. 1).—For 
ordinary distribution circuits, including constant-potential circuits up to 2200 
volts nominal and series-arc circuits of all voltages, the double- 
petticoat deep-groove (D.P.D.G.) insulator, of the type shown 
in Fig. 1, is standard* Such insulators are usually of glass, 
though occasionally of porcelain, and in cases where there are 
heavy stresses, as at dead ends where iron pins are required, 
the insulators are made of moulded mica. The dimensions 
vary with different manufacturers. 

These insulators are used with the standard pin shown in , 
Fig. 1 in the article on Insulator Pins. Fig. 1. 


Pony Insulators. — These are small insulators used for telegraph and tele- 
phone wires. They are unsuitable for electric light and power wires. The groove 
is too small (sometimes only % in.) to properly support the larger wires used 
for lighting and the leakage surface is 
insufficient for proper insulation. Pep paca ent 


Insulators with Top Groove. — TER < ap ae 
The standard distribution insulator inch ronds per 17 pa Y 
has a groove in the side to which the Perinch. $T Uy x 
wire is tied. For very heavy cables 7 A Y 4 7 
special insulators with groove in top g Y D 
are used. Insulators for higher volt- 
age usually have both side and top 
groove, the former used where there is 
horizontal stress due to angle in line, 
and the latter on straight parts of line 
where the weight is the principal force. 


DISTRIBUTION-LINE INSU- 
LATORS, HIGH-VOLTAGE (Fig. 
2). — For circuits exceeding 2200 volts 

* The same size insulator is used for 1ro-volt and 2200-volt circuit. This has the 


advantage that only one kínd of insulator is kept in stock, and a wire can be transferred 
from use on a low-voltage circuit to one of higher voltage without reinsulating it. 


ene wu gv 
2s em Ay cV 


rd 


OAK RE SAL 


P. di. d 


wr 


e mc 
p = me YY 
— Na At 


ARN NND 


t 
je 


A ONE. 


Sh 
ow 


Insulators for Overhead Lines 821 


but not exceeding 13,200 volts nominal, it is convenient to have insulators which . 
can be used on the standard distribution pins. A number of insulators are made 
with 1-in. threads to fit the standard 1Y$-in. by 9-in. pin. It is better, how- 
ever, to use stronger special pins with 156-in. top; see article on Insulator Pins. 
Fig. 2 shows an insulator which has been used on these voltages. It is used 
with the pin shown in Fig. 2 in the article on Insulator. Pins. The manu- 
facturer rates this insulator at 23,000 volts with a factor of safety (wet) of 2. 


TRANSMISSION-LINE INSULATORS, PIN-TYPE (Fig. 3). — The 
pin-type insulators are similar in mechanical construction to the low-voltage 
insulators used for distribution lines, but are larger 
and designed for heavier mechanical stresses as well 
as higher voltages. The conductor is supported on 
a top groove except where an angle in the line «sp 
causes a lateral pressure, in which case the side E 
gtoove is used. For voltages up to about 10,000 
volts the insulator usually consists of but a single 
porcelain part. For higher voltages from two to 
five parts are cemented together. The size and ex- 
pense of pin-type insulators increase rapidly with 
the voltage so that while they may be used for 
operating potentials of 70,000 and even more, their 
use is generally restricted to potentials of not over 
50,000. A typical three-part insulator is shown in Fig. 3. The separate parts 
are called parts, shells or cones and are numbered in order beginning with 
the top. 

Tie Wires and Clamps. — Tie wires consisting of the same material as 
conductors are commonly used for fastening conductor to insulator. Two 
common types of ties are shown in Figs. 4 (single tie wire) and 5 (double tie 


Fig. 4. 


wire). For copper conductors the tie wires are usually soft-copper wires which 
are three sizes on the A.W.G. (B. & S. gage) smaller than the conductor. Metal 
caps carrying clamps for conductor are cemented to tops of insulators when more 
strength is required than can be obtained by tie wires. 


TRANSMISSION-LINE INSULATORS, SUSPENSION TYPE (Figs. 
6 to 8). — The suspension-type insulator is always used in tension, the con- 
Dections at the two ends being made so that the insulator is free to swing in 
any direction; the insulator takes such a position that its axis coincides with 
the direction of the mechanical stress. This type is used hanging below the 
cross arm with axis vertical as a suspension insulator for sustaining the weight 
of cable at points where there is little horizontal force, and also with axis ap- 
proximately horizontal as a “strain” or “dead-end” insulator at points where 
the horizontal force predominates. 

The suspension type consists of one or more complete insulators, called 
“units,” connected in a string. Each unit consists of one or more insulating 
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parts usually with a metal cap above and a metal pin below, all cemented 
together. Typical designs of suspension units are shown in Figs. 6 to 8. 


Relation Between Electrical Strength of Single Unit and a String of 
Units.— The potential per unit required to flash-over suspension insulator 
composed of units of the. 
same design decreases with. 400 
an increasing number of 
units as shown in Fig. 9. 99 
This is probably due to 
an unequal potential gra- 300 
dient. i 


Connections Between 20 
Suspension Units.—The 3 
caps and pins of suspen- — 200 
sion insulators are com- 
monly made of galvanized 
malleable iron castings, but 
where strength is required 
the pins are steel drop 40 
forgings. The common 
types of connection be- 5 
tween the pin of one insu- 
lator and the cap of the one 


0 
next below are ball and 0 1 2 3 4 5 6 1 8 


socket, clevis and pin (Figs. | irse of Units 
‘6 and 7) and hook and eye. | ig. 9. 


The hook and eye is the simplest type, but there is danger of its becoming un- 
hooked and, in order to obtain strength, the design requires more space between 
units than other types of connection. "The clevis and pin has the disadvantage 
of loose parts. The ball-and-socket connection requires special terminal fittings 


.and a rigid connection to prevent the clamp from turning when used on dead- 


end insulators for conductors which tend to untwist. It can, however, be de- 
signed with less space between units than other types. 

A type of suspension insulator which does not require caps and pina is shown 
in Fig. 8. These units are connected together by cable loops. This was one 


_of the first types of suspension insulators. It is not commonly used on account 


of cost of manufacturing. The holes for cables require filling with cement or 
other material to prevent the insulators breaking by the collection and freesing 


.of water in them in cold climates.: A very close inspection is often required to 
find punctured units that are not shattered by the failure. 
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Conductor Clamps for Suspension Insulators. — A common form of in- 
sulator clamp is shown in Fig. 8 in the article on Wires and Cables, Bare. These 
clamps ere commonly made of malleable iron castings. Fig. 10 shows a pressed 
steel clamp designed for and 
used on the Keokuk-St. Louis 
transmission line. This clamp 
is used. on both suspension 
and "dead-end" or strain in- 
sulators. Clamps should have 
an ultimate holding power of 
not less than 5o per cent in 
excess of the elastic limit of 
the cable for which they are 
used. D 


TESTS OF INSULA- 
TORS. — Tests of insulators 
may be classified as (1) design Fig. 10. 


END 
ELEVATION 


' tests, made on a very few 


insulators to determine. the characteristics of new designs, and (2) routine tests 
made on each insulator manufactured to detect defects of material or work- 
manship, 

Design Testa. — Design tests are quite expensive for very high-voltage in- 
sulators because of the difficulty of securing suitable testing apparatus. 


Mechanical Tests should be made to determine the strength. With 
pin-type insulators the important point is the strength of pin and insulator 
combined against a force (representing a horizontal wire pull) applied at the 
wire groove in a direction at right angles to the axis of the pin. For suspension- 
type insulators the tensile strength is the important mechanical consideration. 
These tests should be carried to the point of destruction of a number of samples. 


Electrical Tests should be made for puncture strength, arc-over voltage 
dry and wet, free arcing properties and corona formation. The electrades used 
should conform in shape to the cap and pin used in practice so that all surface 
exposed to puncture when. the insulator is in use will be tested. Design tests 
of the electrical properties of suspension insulators should be made on completa 
strings of insulators as well as on single units. 


Puncture Test. — As the air surrounding a properly designed insulator acts 
as a safety valve, it is necessary to immerse the insulator in oil in order ta test: 
the material of which the insulator is composed up to its puncture strength at 
normal frequency. Such a test may be used to ascertain the margin by which 
the puncture strength exceeds the flash-over voltage and to verify the dielectric 
strength of the porcelain. High frequencies are found to produce puncture in 
air in insulators which arc over before they puncture at normal operating fre- 
quencies. Standard methods of using high frequencies as a means of testing 
have not been developed. The frequencies used for normal tests include all 
commercial frequencies or say from 25 to 125 cycles per second with 60 cycles 
the most common. 


Arcing Tests. — Arcing tests, both dry and wet, are made to determine the 
voltage at which an insulator will arc over when the voltage is raised with the 
insulator in its normally dry condition and when wet as in rainy weather. 
The dry arcing test is the most common one made because of its simplicity, 
the voltage merely being raised on cap and pin until arc over occurs. Wet. 
test in new designs is very important as there is danger of puncture or arc over 
of individual parts which appear safe on dry test. The standard precipitation 
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for a wet test is 4 inch of distilled water per minute inclined at an angle of 45° 
with the axis of the insulator. The wet arcing test usually gives a lower arc- 
over voltage and hence gives a measure of the electrical factor of safety of the 
line (ratio of voltage at which failure occurs to working voltage) under the 
weather conditions when the factor is usually the lowest. 


Free Arcing Tests. —In order to test the free-arcing properties the testing 
transformer must be large enough so that the flash at time of arc over will 
continue as a true power arc; even then the phenomena of fracture will rarely 
occur, even if the insulator is not free-arcing, because of the comparative feeble- 
ness of the power used in testing. 


Corona Formation is indicated by the emission of a sound (i.e., the insulator is 
not *quiet") and may be still more accurately detected by the light from the 


corona when insulator is tested in the dark. Corona is considered an evidence 


of defective design and it is considered desirable that the voltage of corona 
formation should not be much below the arc-over voltage and certainly not 
below working voltage. However, many and perhaps most, high-voltage in- 
sulators show some corona at working voltage, though the amount is so small 
that it is difficult to detect. 


Routine Tests. — No high-voltage insulator should be used without having 
been tested at the factory. Mechanical tests, except on a few selected samples, 
are not ordinarily made on pin-type insulators. On suspension insulators a 
tension test on each unit is desirable, but should not exceed about one-half the 
expected ultimate strength, for this is sufficient to eliminate defective ones, 
and an insulator is permanently injured at a point somewhat below its ultimate 
strength. ; 

Flash-over or arcing tests should be made on each porcelain part before 
assembly (so that no poor part will get into any insulator) and on the whole in- 
sulator when assembled. Each part should be tested to flash-over potential 
for five minutes. The cup-shaped parts (also complete pin-type insulators) 
may be tested by setting them inverted in a pan of water used as one electrode, 
and partly filling the cup with water for the other. A large number of similar 
parts are ordinarily tested simultaneously in this way. Assembled suspension 
units are tested by using pin and cap as electrodes. The string of units forming 
a complete suspension insulator is not tested, except for a few selected samples 
(design tests). Factory tests of parts can be made at the factory with a trans- 
former which will give a moderately high voltage, and no special measuring in- 
struments are necessary, as the fact that parts are tested to arc-over voltage is 
evidenced by the fact that the arc-over is visible. 


SPECIFICATIONS FOR INSULATORS. — (See also article on Specifi- 
cations.) Several specifications for high-voltage insulators have recently been 
suggested as suitable for “Standard Specifications”; see papers by Peek, San- 
ford and Thomas in Transactions of A.I.E.E., July, 1913. Specifications cover- 
ing the inspection and tests of porcelain high-tension line insulators for over 
25,000 volts, which had been prepared by the High Tension Transmission Com-. 
mittee of the A.I.E.E., were presented at the 1914 annual convention of the 
Institute. The reader is referred to the above-mentioned papers for details. 


INSTALLATION OF INSULATORS. — See the articles on Distribution 
Lines and Transmission Lines. 
WEIGHTS AND COSTS.— The approximate dimensions, weights and 


costs of glass and porcelain pin-type insulators and for porcelain suspension 
units for different operating and test voltages are as follows: 


coe 
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PIN TYPE 


Test voltage 
Operati i Num Cost, 
Material eu. Height, per of Weight, dol- 
inches parts pounds lars 


volts 


.| 110-2,200 
13,200 
22,000 
33,000 
44,000 
50,000 
60,000 


Ulti- Work- 
mate ing 


: ; trength,| stress, 
inches | parts | inches Wet, | Dry, |s , 

volts | volts | pounds | pounds 

10 50,000 75,000 8,000 4,000 

Ta 50,000 75,000 9,000 4,500 


65,000 | 90,000 | 12,000 6,000 


BIBLIOGRAPHY. — Peek, Sanford and Thomas, Suggested Specifications 
for Testing High-voltage Insulators, Trans. A.I.E.E., July, 1913; Austin, O. A., 
Faclors Producing Reliability in the Suspension Insulator, Proc. N.E.L.A., 1913; 
The High-efficiency Suspension Insulator, Trans. A.I.E.E., June, 1911; Brand, 
F. F., High-tension Insulator Tests: A Study of Design Factors, G. E.. Rev., 
Vol. 16, 1913; Sothman, P. W., Comparative Tests on High-tension Suspension 
Insulators, Trans. A.I.E.E., Dec. . 1912; Imlay and Thomas, High-frequency 
Tesis on Line Insulators, Trans. A.LE.E., Dec., 1912; Peek, F. W. Jr., The Line 
Insulaior in Modern High-voltage Transmission Systems, G. E. Rev., Vol. 15, 
1912; Kempton, W. H., The Application. of Porcelain to Sirain Insulators, 


Trans. A.LE.E., May, 1910; Skinner, C. E., The Testing of High-voltage Line 


Insulators, Trans. A.I.E.E., June, 1908. 
(R. A. Parr, Casot STEVENS and E. A. EKERN.] 
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INTEGRALS. — (See also Derivatives; Equations, Differential.) IE the func- 
tion y = f(x) be plotted as a curve (see Fig. 1) and the axis of x be divided into a 

' number of very small sections, each of width dx, the 

area between the curve and the axis of x may be y 

conceived as the sum of the products obtained by 

multiplying each length dx by the corresponding alti- 

tude or ordinate y. Then 


Area= { yds, | á M 
X 


«€ ” d 
where f stands for “sum. Fig. 1. 


The Definite Integral. — The area between the values x; and zs is written 
yg 
f y dx. 
zy 
Such an expression is called a “definite integral." « 
It is evident from the figure that the area of the curve between zi and 22 is 


equal to the difference between the area from o to x» and the area from o to tı 
Hence calling the former area F(xs) and the latter area F(a), we have 


f y:dxsF(x)—F(u). -— s 
Tı 


This equation is the general expression for any definite integral. 
Indefinite Integrals. — The above equation may also be written 


T 
F(a) = fs det P) 
1 
and if x2 is considered a variable, the subscripts are omitted, as follows: 
F(z) = f dca, 


where À is a constant for any given reference point xı. This constant A is an 
arbitrary constant, since any point xı may be chosen as the reference point, but 


when a point is once chosen, A is fixed. The expression f» dx is called aa 


“indefinite integral " and A is called the “integration constant.” 
From the definition of a derivative (see Derivatives), the derivative of F(x) is 


dFG) _ Ko er 


dx dx 


and from the figure, it is evident that the difference between the area from z: to 
x+ dx and the area from 23 to x is simply y dx. Hence 
dF (x) " 
dc: ^ 
that is, the integral F(x) of any function y, with respect to x, must be such a 
function that when differentiated with respect to x, the result is the function y. 


Formulas for Integration. — s, v, x and z are variables; a, m and n are 
constants. 
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y F(x) = log F(x) 
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Function | 
f (x) fro» 

Vai — x8 v FTA asint) 
| V+ a HET EH 
| V 42 — gi ac Vè- P~ otcosh =? | 

. , sin(a—b)x  sin(a--b)x 

sin ax sin bx A ES RT TET 
; T sin (a —b)x | sin(a4- b) x 
| : 2 (a — b) 2 (a+) 
] sin? ax = ¢~— sin 2 ax 
2 46 
' cos? ax T ¢-+— sin2 ax 
2 4a 

: ; inh(a~b)x sinh(a+b)x 
inh b SWA AG — 0) ©. SIDE UIS 
| ene a= db) 2 (04:3) 
sinh (a — 5b) x | sinh (a+b) x 

h hb Sun Occ U HE Ne 
cosh ax cosh bx zlab) 2 (0-5) 
7 sinh? ax ~ ¢——-sinh2ax | 
: 2 4a | 
: cosh? ax : : 
i 468 
D e sin bx €?* (a sin bx — b cos bx) 
i a? + 0? 
4 = cos bx e°” (a cos bx + b sin bx) 
i = a 
f x 21 ! 
i sin” x cos” x 


Integrals 
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Double Integrals. — Just as the area of a surface may be represented by 


the expression 


fre 


so the volume of a solid may be represented by 


i 
i 

T 

: flf» ds 
| or adopting the usual notation, by 


: | f fen 


i taken between limits determined by the data of the problem. 
| [W. A. Det Mar] 
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INTEREST, ANNUITIES AND SINKING FUND. — Let 


P = principal invested in dollars; 

n= number of years principal is invested; 

f = rate of interest, per cent per annum; 

A = total amount of principal and interest at end of » years. 


Nole. — The following relations hold irrespective of the unit of time selected, 
provided r is taken as the interest earned per $100 during that time. 
Simple Interest. — If the principal is invested at simple interest, then 


A- (e Ez. 
100 
Compound Interest. — If the principal is invested at compound interest, 


i.e. if the interest earned each year is invested at the end of that year at the 
same rate as tbe original principal, then the total amount due at the end of 


n years is 
A = PR’, 


where 
r 
R=14+ — 
100 
R" is the amount of the principal of 1 dollar and interest at the end of s years. 
The following table gives the value of R” for n ranging from 1x to 5o years and 
r from 3 to 6 per cent. 


n 
. VALUES OP R^ = (+5) 
IOO 


Per cent interest =r 


Per cent interest = r 


; 
P 

3 4 5 6 
a x 
I | 1.03 1.04 1.05 1.06 16 | 1.6047 | 1.8730 | 2.1829 | 2.5403 
2 | 1.0609 | 1.0816 | 1.1025 | 1.1236 I7 | 1.6528 | 1.9479 | 2.2920 | 2.6928 
3 | 1.0927 | 1.1249 | 1.1576 | 1.1910 I | 1.7024 | 2.0258 | 2.4066 | 2.8543 
4 | 1.1255 | 1.1699 | I.2155 | 1.2625 || 19 | 1.7535 | 2.1068 | 2.5269 | 3.0256 
5 | 1.1593 | 1.2166 | 1.2763 | 1.3382 || 20 | 1.8061 | 2.1911 | 2.6533 | 3.2071 
6 | 1.1941 | 1.2653 | 1.3401 | 1.4185 21 | 1.8603 | 2.2787 | 2.7859 | 3.3995 
7 | 1.2299 | 1.3159 | 1.4071 | 1.5036 22 | 1.9161 | 2.3699 | 2.9252 | 3.6035 
8 | 1.2668 | 1.3686 | 1.4774 | 1.5938 || 23 | 1.9736 | 2.4647 | 3.0715 | 3.8197 
9 | 1.3048 | 1.4233 | 1.5513 | 1.6895 || 24 | 2.0328 | 2.5633 | 3.2251 | 4.0487 
Io | 1.3439 | 1.4802 | 1.6289 | 1.7908 25 | 2.0937 | 2.6658 | 3.3863 | 4.2919 
II | 1.3842 | 1.5394 | 1.7103 | 1.8983 30 | 2.4272 | 3.2433 | 4.3219 | 5.7435 
J2 | 1.4258 | 1.6010 | 1.7958 | 2.0122 35 | 2.8138 | 3.9460 | 5.5159 | 7.6862 
I3 | 1.4685 | 1.6651 | 1.8856 | 2.1329 40 | 3.2620 | 4.8009 | 7.0398 [10.2858 
14 | 1.5126 | 1.7317 | 1.9799 | 2.2609 || 45 | 3.7815 | 5.8410 | 8.9847 |13.7648 


4.3838 


7.1064 


II.4670 


The following table gives the number of years required for a given principal 


to double itself at compound interest. 


Interest Rate 3 4 5 6 
Years to Double 23.5 17.7 I4.2 II.9 
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Annuities. — An —: is a fixed sum of money paid yearly, or at other equal 
times agreed upon. 

One dollar invested at interest at r per cent at the beginning of every year 
will at the end of n years amount to 


R*—; 


Re: ; dollars, 


R- 
where R = 1+ 1/100, the interest inis compounded at the end of each year. 
One dollar invested at the beginning of a period of n | years will vied at the 
end of each year an annuity of 
R” (R— 1) 
R" — 
where R= 1 + 7/100, the interest P compounded at the end-of each year. 
Sinking Fund. — A sinking fund is a fund built up from fixed yearly pay- 
ments or annuities. Sinking funds are usually provided to retire bonds, which 


are issued for a given number of years. The annuity required to retire a bond 
of $1000 at the end of n years is 


reco (3 - 
R* — x; 


Values of this annuity for various rates of interest and for various values of t 
are given in the following table. 


dollars, 


ANNUITY REQUIRED TO REDEEM. $1000 
| Rate of interest, per cent. 


490. 20|489 . 00 
320.36|318.77 
235.50|233.74 
184.63|182. 79 
150.79|148.88 
126.61|124.67 
108.53| 106.60 
94.49| 92.57 
83.29| 81.38 
74.15| 72.25 
66.55| 64.67 
60.14| 58.27 
54.67| 52.82 
49.94| 48.11 
45.82| 44.01 
42.20| 40.42 
38.99] 37.24 
36. 14| 34.40 
33.58| 31.87 
24.01| 22.44 
17.83 

13.58 

10.52 

8.26 


6.55 . 
[W. A. Da Mar] 
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IRON, PIG AND CAST.— (Sce also Iron, Wrought; Castings, Iron and 
Steel; Magnetic Properties of Iron; Steel.) Chemically pure iron is not a com- 
mercial product. Iron of a very high degree of purity may be obtained, 
however, by electrolytic deposition. The microscopical constituent of pure 
iron is called ferrite, and pure iron is said by metallographists to be composed 
of polyhedral crystalline grains of ferrite. Commercial products are pig iron, 
cast iron, malleable cast iron, wrought iron and steel. 


PIG IRON. — Pig iron is the crude product obtained from iron ore by 
smelting in a blast furnace. The name is applied either to the molten mate- 
rial or to rough castings varying in Iength from 30 inches to 36 inches and in 
cross-section from about 1o sq. in. to 3o sq. in. A mass of piled pig iron 8 by 
to by 12 ft. weighs approximately 100 tons. Pig iron is made by burning a 
mixture of iron ore, coke or other fuel and limestone in a high furnace through 
which a blast of heated air is forced under pressure. The liquid iron when 
drawn from the furnace is either run into sand molds formed on the ground 
near the furnace, or into cast-iron molds forming a part of a conveyor chain 
which receives the molten iron. chills it by contact, and delivers it at the car. 
A pig i is the bar of iron formed in either of these types of molds, The molten 
iron is also occasionally conveyed to the steel furnace without being allowed 


to cool. 
Classification. — Pig iron may be classified as follows: 
a. Gray, white or mottled as determined by the color of its fracture and 


its chemical composition. 
b. Coke, anthracite or charcoal iron as determined by the fuel used in re- 


ducing the ore. 

c. Foundry iron, Bessemer iron, etc., according to the use to which it is to 
be put. 
Use of Pig Iron. — The product of the blast furnace is irregular in COO 
sition and physical properties and is not used directly. By forming it into 
pigs it is possible to grade it, and also transport it to foundries and iron and 
steel furnaces. Pig iron is sometimes used by: engineers because of its great 
weight to form- counterweights in unbalanced structures such as movable 
bridges, but concrete is more economical for this purpose. 


Strength. — See below in’the section on Cast Iron. 

Specifications for.Pig Iron. — See Standard Specifications for Foundry 
Pig Tron in Year Book of American Society for Testing Materials, 

Cost. — The cost of pig iron is an important factor in commerce. Quo- 
tations are given weekly in T. he Iron Age and in the first issue of each month 


‘of the Engineering News. The fluctuations in price are very considerable, 


Bessemer pig at Pittsburg varying during 1912 from $14.90 to $18.15 per long 
ton of 2240 pounds. ^^ - 

CAST IRON. — Cast iron may be defined as iron containing so much 
carbon that it is not malleable at any temperature, specifically, iron cast into 
articles of specific form and purpose as distinguished from pig iron, Except 
for special cases castings are made of gray iron. Cast iron is made from pig 
iron by melting the latter and casting in sand or iron (chill) molds. The fur- 
hace commonly used is a cupola furnace although reverberatory furnaces are 


sometimes employed. 
Composition of Cast Iron. — The composition of an iron casting is identical 
with that of the pig iron from which it is made and usually consists of metallic 


iron (ferrite) accompanied by from 2.5 per cent to 4 pet cent (by weight) of . 


carbon, together with silicon, phosphorus, manganese and other impurities, 
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832 Iron, Pig and Cast 


The carbon may be chemically combined with the iron, giving homogeneous 
white iron, or some of it may be precipitated in cooling in the form of graphite, 


making gray iron or mottled iron. The influence of carbon upon the propert- | 


ties of the cast iron is of great importance and may be summed up as follows: 

Uncombined Carbon or Graphite. — Porosity and workability increase 
and shrinkage decreases, with an increase in the percentage of graphite. Strength 
also generally decreases with an increase in graphite, although it should be 
noted that an iron may be weak by having too much combined carbon and 
that treatment which changes some of this combined carbon to graphite in- 
creases its strength. 


Combined Carbon. — In slowly-cooled white iron all the carbon occurs 


in the form of an alloy, called cementite, which forms in cooling, and the iron - 


partakes of the characteristics of cementite, being hard and brittle, the latter 
characteristic increasing with an increase in the percentage of the cementite. 


| The carbon in this condition is called combined carbon. 


Silicon. — This acts as a precipitant of carbon, drawing it out of com- 
bination into graphitic form. The maximum precipitation occurs with from 
2.5 per cent to 3.5 per cent of silicon. Beyond this percentage the opposite 
effect is noted. Increase of silicon up to 3.5 per cent therefore softens the 
iron, decreases shrinkage, imparts fluidity and reduces the strength. The 
maximum density of gray iron occurs with about 1 per cent of silicon; more 
than 2 per cent causes porous iron. 


Sulphur. — Sulphur increases the amount of combined carbon, its 
effect in this direction being far greater than that of silicon in reducing the 
combined carbon, it being generally considered that o.or per cent S will neu- 
tralize o.15 per cent Si. The amount of sulphur should be restricted to a very 
low percentage. In the Standard Specifications of the A.S.T.M. the sulphur 
content is limited to not over o.o8 per cent for light castings, not over 0.10 per 
cent for medium castings and not over o.12 per cent for heavy castings. 


Manganese. — This increases the total carbon and the proportion of 
carbon in combined form, although by combining with sulphur and reducing 
the effect of the latter, the net result may be a decrease in the combined car- 
bon. It strengthens the iron if below 1 per cent, strengthens but increases 
brittleness if between 1 per cent and 1.5 per cent, and if over 1.5 pet cent dê- 


creases strength and toughness and increases hardness and shrinkage. 

Phosphorus. — This causes expansion after solidification, therefore 
making the iron useful for very thin castings. It, however, tends to make 
the iron weak and brittle and should be kept below the following values: 


Per cent 
Chilled castings. .......... vU pes S eaa a E ipd 0.3 
Malleable castings... .... enn I tns 0.2 
Gray castings......... V arai Ror oa 2 MES o.7 


Use of Cast Iron. — Cast iron should in general not be used where tensile 
or bending strength is required. Its cheapness and high crushing SEE 
make it useful for heavy parts of machinery, and for pieces where intricate 
patterns not easily made by tools are needed. It is frequently used for wat 
pipes, despite its low tensile strength, and often for columns in buildings 37 
though cast-iron columns have been superseded to a considerable extent PY 
steel columns, except for the simplest forms of construction. Car wheels 0 
cast iron with the outer surface chilled by iron molds are much used. 


Compressive Strength. — The ultimate compressive strength of cast grata 
from 60,000 to 200,000 lb. per sq. in. A safe working value for cases W 
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column action cannot occur is 16,000 Ib. per sq. in. For columns the following 
formula may be used if the applied load is not eccentric.* 


l 
y, 6100 — 32 i , 
in which 
P = total allowable load in pounds, 
A = cross-section area in square inches, 
l= length unrestrained against lateral deflection in inches, 
d= diameter, or shortest side of rectangular column, in inches. 


Tensile Strength. — Ultimate strength may vary from 15,000 to 35,000 lb- 


‘per sq. in, but is ordinarily from 18,000 to 22,000 lb. per sq. in. For cast- - 


iron water pipes, it is usual to specify 3,300 lb. per sq. in. or 4% of the tensile 
strength, assuming the latter to be 16,500 Ib. per sq. in. 


Modulus of Elasticity varies from 10,000,000 to 30,000,000 lb. per sq. 
in. For ordinary foundry iron the modulus of elasticity may be taken as 
from 12,000,000 to 15,000,000 Ib. per sq. in. 

Elastic Limit.— Cast iron has no well-defined elastic limit. 

Specifications for Cast Iron. — See Year Book of the American Society for 
Testing Materials. 

Cost of Cast Iron. — See Castings, Iron and Steel. 


MALLEABLE CAST IRON. — This is the name given to cast iron which 
has had a portion of the combined carbon changed to graphitic carbon in the 
form of a fine powder by reheating white iron to a temperature somewhat 
below the melting point. The process used in the United States generally 
eliminates the carbon entirely from the outer layer. Malleable cast iron is 
used for parts of agricultural machinery, pipe fittings which have to be threaded, 
plow shares, etc. It has a much higher tensile strength (from 40,000 to 50,000 
lb. per sq. in.) than ordinary cast iron and is more ductile. It is frequently - 
sold as some special form of steel, and should be carefully guarded against by 
purchasers of small articles such as bevel gears, hammers and automobile drop 
forgings. 

Specifications for Malleable Cast Iron. — See Standard Specifications 
for Malleable Castings in Year Book of the American Society for Testing 
Materials. l 

Cost of Malleable Iron Castings. — See Castings, Iron and Steel. 


BIBLIOGRAPHY. — See Bibliography in article on Steel. 
[C. M. SPoFfoRD.] 


* See article on Structures, Simple for effect of eccentricity on building columns. It 
should be noted that the allowable loads on cast-iron columns as given in the building 


* laws of various cities, and summarized in the article on Buildings, ANowable Unit Stresses 


ín, are in many instances too high for conservative practice. 
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IRON, WROUGHT. — (See also Iron, Pig and Cast; Magnetic Properties 
of Iron; Steel.) If commercial iron is mechanically mixed with a suitable 
amount of slag (see article on Steel) there results a malleable material called 
wrought iron which does not harden when suddenly cooled. It melts at a full 
white heat, but becomes pasty at a lower temperature, in which condition it 
can be readily welded. It is ductile when cold. 


PROCESS OF MANUFACTURE. — Practically all wrought iron is pro- 
duced from pig iron by indirect processes although direct processes for produc- 
tion from the ore exist. These indirect processes may be divided into two 
general classes based upon the type of furnace used: (a) reverberatory or pud- 


dling furnaces; and (b) charcoal hearths. The best iron is made upon hearths, . 


but puddling furnaces produce the larger quantity. The essential difference 
between the two processes is that in hearths the chief source of oxidation is 
atmospheric air, and the fuel is burned in contact with the iron, while in pud- 
dling furnaces the chief source of oxygen is magnetic oxide of iron, and the fuel 
is burned in a chamber separate from that containing the iron. A descrip- 
tion of these processes follows. 


Puddling. — This method consists of melting pig iron in a reverber- 
atory furnace heated either by coal or natural gas. The furnace hearth is 
lined with oxide of iron, The pig is exposed for about two hours to the con- 
tinuous action of a flame hot enough to melt it and to remove most of the 
impurities, but not hot enough to keep pure iron in a molten state. By the 
action of the flame the molten iron becomes less fusible and finally pasty. 
After reaching this condition it is puddled by being worked into balls by hand 
labor. It is then taken from the furnace and squeezed or hammered into 
blooms, and then rolled into small bars about 34 inch thick and from 2 to 6 
inches wide, called ‘‘muck bars.” After cooling, these muck bars are cut into 
short pieces about 2 feet in length, piled into bundles, fastened by iron wire, 
reheated to welding heat and re-rolled into merchant bars. If the iron is 
subjected to a second piling, heating and re-rolling, it is called "double re- 
fined iron." 


Charcoal Hearths. — The following are the more important hearth proc- 
esses. 

I. Finery Process. — Charcoal fineries produce “knobbled” iron of a 
high degree of softness which is much used for boiler tubes. 

In the finery process the pig iron is first melted down in a coke or char- 
coal refinery to remove the silicon, phosphorus, and sulphur, and is then trans- 
ferred in a molten condition to a charcoal hearth which is still hot from its 

` previous charge. Damp charcoal is thrown in, a low-pressure, unheated blast 
turned on and the metal agitated to keep it in contact with the blast. After 
an hour or more the metal is collected into a ball and hammered to remove 
some of the slag, cut up and reheated in piles. Gray iron may be used in 
this process. 


2. Walloon Process. — The Walloon process is used in Sweden for 


producing wrought iron from Dannemora pig iron, the resulting product being 
shipped to England, particularly to Sheffield, for conversion into blister steel 
for use in fine toolmaking. 

In the Walloon process long pigs are melted gradually by being pushed 
forward into a charcoal fire. The molten iron drops through the blast, becom- 
ing decarburized, and collects in a pasty mass at the bottom of the furnace. 
The partially refined iron is then raised to the top of the charcoal fire, and 
melted down with the addition of rich slag and hammer scale. The metal 
is then balled, reheated and hammered. 
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3. Lancashire Process. — The Lancashire process is used principally 
in Sweden, but is also used in the United States. 

The Lancashire process somewhat resembles the Walloon process. Pig iron 
is melted between two layers of charcoal, the liquid dropping down through 
the blast and becoming oxidized. The molten metal collects in a pasty mass 
at the furnace bottom where it is allowed to remain for twenty or twenty-five 
minutes; it is then mixed with decarburizing slag and remelted in a similar 
manner. Finally the pasty mass is removed from the hearth and hammered. 

Busheled Iron. — “Busheled iron" is made of scrap instead of pig iron. The 
scrap is heated in a furnace, squeezed and rolled into bars. The resulting prod- 
uct is of inferior quality. 

COMPOSITION. — Wrought iron consists of a mass of ferrite interspersed 
with elongated particles of slag. Commercial shapes of wrought iron, such as 
plates and rods, are made from piles of muck bars, and have a fibrous char- 
acter since they consist of a series of welds. 

USE. — Wrought iron has been gradually replaced by steel for most struc- 
tural purposes. Good quality of iron, however, is still in demand where tough- 
ness and ductility are necessary, and where welding or other blacksmith work 
is to be done. Iron of a high degree of purity is sometimes specified for use 
where a non-corrosive material is needed. 

GRADES. — Wrought iron is on sale in the eastern states under the following 
classification:. 

Norway (or Swedish Iron). — Best grade; used for fine wrought work 
and machine work. It is particularly fibrous. | 

Double Refined or Best Refined. — This is the best domestic iron. It 
is used for forging, welding or machine work. 

Common Iron.— This is the cheapest grade. Used for nails, horseshocs, 
etc. It does not weld as readily as other grades. 

STRENGTH AND ELASTICITY; WEIGHT. — The values stated in 
the specifications which follow indicate the tensile strength of wrought iron of 
the grades specified. The following values are from tests made upon merchant 
iron at the Massachusetts Institute of Technology, and show the variations that 
may occur between the various grades bought in the market without specifica- 
tions, The specifications which follow show the strength which may be 
obtained in material of the grades specified therein. 


TENSILE STRENGTH, MODULUS OF ELASTICITY, ELONGATION, 
l ETC., OF WROUGHT IRON 


(M.I.T. Tests) 


Swedish 


40,600 
20,900 


Ultimate strength, lb. per sq. in..... 


Elastic limit 
Yield Point 
Modulus of Elasticity........ Cavan 
Per cent of elongation in 10 inches. . 
Reduction per cent . 75.0 


29,100,000 
26.4 
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Compressive Strength. — For all practical purposes this may be taken 
as the yield point, or from 3000 lb. to 4000 lb. above the elastic limit. 


Weight. — Wrought iron weighs 480 lb. per cu. ft. A bar r yard in length 
and 1 sq. in. in cross-section weighs ro lb. 
STANDARD SPECIFICATIONS FOR WROUGHT IRON. — See 


Year Book of the American Society for Testing Materials. 
COST. — The following quotations are taken from The Iron. Age, Jan. 2, 
1913. | 
Iron bars, Philadelphia. .................. 1.675 cents*per Ib. 
Pittsburgh. ..........e0eseeceee I.70 Cents per lb. 
Chicago. ous eR vue seesesce E4575 cents per Ib. 
On the same date small quantities were for sale in Eastern cities at the fol- 
lowing prices: 
Norway iron, 3.00 cents to 3.60 cents per lb. 
Double Refined or Best Refined, 2.50 cents per lb. 
Common Refined, 2.00 cents to 2.10 cents per Ib. 
Borden’s Best Bar Iron, 3.35 cents per lb. 
Prices vary considerably, weekly quotations being given in The Iron Age. 


BIBLIOGRAPHY. — See bibliography in article on Steel. 
(C. M. Sgorronzp.] 


-— -— —- 
r 


VN 
UN 
D» 

M 

n 
M 
N 

. 
s 
+ 


a RE | 
Lamps, Arc 837 


i LAMPS, ARC. — (See also Arc, Electric; Distribution and Transmission 
5s Systems; Lamps, Incandescent; Illumination, Street; Photometric Quantities; 
i Pholomelry; Rectifiers.) The theory of the electric arc is discussed in detail in 
the article on Arc, Electric. Arc rectifiers are discussed in the article on Rectifiers. 
This article deals with the use of the electric arc as a source of illumination. 

The positive and negative electrodes are termed respectively anode and 
cathode. The active conducting medium of the arc is supplied by the elec- 
Be tro-vaporization of the cathode. "The wasting of the anode is due only to its ox- 
idation and can be prevented without interrupting the arc by cooling or by 
isolation from air. With the exception of the carbon arc, it is more difficult 
to maintain an arc with alternating than with direct current. 

Voltage Drop Across an Arc.— The voltage drop across an arc com- 
AS prises three elements, (1) a sensibly constant drop at the anode, (2) a similar but 
55" much smaller drop at the cathode and (3) a variable drop in the arc stream. 
The electrode drops depend only on the nature of the electrodes. The drop in 
the arc stream varies with the current according to Ohm's law, but the relation 
is greatly complicated by the changes in the resistance of the arc stream. 
Steinmetz (Radiation, Light and Illumination, p. 139) proposes the following 
general expression for arc conduction in air: 


p kN) 
ERE 
"vi 


up e 
where E is the total voltage, Eo the electrode drop, / the arc length in inches, 
I the current, and & and / constants depending on the cathode material. 


For carbon electrodes, Eo = 36, k — 130, A =0.33. 
For magnetite-copper electrodes, Zo = 30, k =123, li =0.05. 

Steadying Resistance. — When the arc is employed in a series circuit its 
instability is overcome by supplying it with a constant current. Arcs in mul- 
tiple on constant-potential circuits must each be compensated by a consider. 
able ballast of stable series resistance or reactance; see article on Arc, Electric. 

Power Factor. — Due to the distortion of the current wave by the varying 
resistance of the arc, the alternating-current carbon arc has a power factor of 
about 85 per cent, although the current and voltage pass through their zero 
values simultaneously; see Alternating Currents. Reactive ballast coils used 
in constant-potential lamps reduce the over-all power factor to values between 
60 and 75 per cent. 

Sources of Luminosity. — There are three distinct modes of light produc- 
tion by electric arcs, viz., (1) by incandescence of the electrodes due to their 
high temperature, (2) by the luminescence in the arc of salts derived from 
mineralized carbon electrodes, and (3) by the luminescence in the arc of the | 
conducting vapors from the cathode. The first is exemplified by the ordinary | 
carbon arc. The second mode is exemplified by the flame arc. The color of : 
the light and its efficiency depend on the nature of the luminescent salts and 
the temperature attained in the arc. Carbon electrodes heavily mineralized 
with calcium salts yield a yellow light of high efficiency. Barium salts yield 
white light and strontium red, but the efficiencies are lower than those attained 
with yellow light. The third mode is exemplified in the metallic arcs, the chief 
practical representatives being the magnetite and the mercury arcs. Here the 
color of the light depends solely on the natural spectrum of the cathode vapor 
and the efficiency depends on the richness of that spectrum in highly luminous 
components. 

Steadiness of Líght. — Light from arc lamps is inferior to that from in- 
gandescent lamps in the matter of steadiness. The conditions requisite for 


838 -© Lamps, Art 


steady light are constant arc length, constant current, fixity of arc position, 
uniform feed, homogeneous electrodes and complete protection from drafts. 
When well ballasted the mercury arc in the vacuum tube best meets these 
conditions. The alternating-current arc displays instantaneous variations in 
intensity which are very annoying at low frequencies. Arcs should not be oper- 
ated at less than 40 cycles per second where considerations of hygiene are im- 
portant. The three-phase arc is free from this defect. 


CARBON ARC LAMPS.— Unless used for indirect light the upper elec- d 
trode of a direct-current carbon arc should be the anode in order to gain the — , ^^ 


fullest advantage of downward light distribution from the crater. In the a. 
alternating-current arc | 


; pr 
semi-craters of lower 

temperature are formed 
on both electrodes, re- 
sulting in lower efficiency 
of light production than Ne 
in the direct-current arc. 

The performance of typ- 
ical carbon arc lamps is 
given in Table I and 
Fig. 1. 


Open Carbon Arcs. 
— The open arc is char- 
acterized by the rapid 
oxidation of the elec- 
trodes due to the free 
access of air. The anode 
of a direct-current open 
arc wastes at a rate be- : 
tween x and 2 inches per .° 15? 30° 45° 
hour and the cathode at Fig. 1. Light Distribution of Typical Carbon Arcs. ! 
about half the rate of 


A. 6.6-amp. series D-C. i 
the anode. The elec- amp. series. open arc, clear globe I 


B. 6.6-amp. series D-C. enclosed arc, opal inner, and 
trodes of open alternat- clear outer globe. 


ing -current arcs burn C. 7.5-amp. series A-C. enclosed arc, opal inner, and 

from 1 to 1.5 inches per clear outer globe, small reflector. 

hour. A life per trim suf- e P eain D-C. enclosed arc, 110 volts, opal 
y fór albnisht ner, clear outer globe. Ae 

e io! Ee obtained E. s-amp. multiple D-C. intensified arc, 110 volts, opal 

by thee i tasingle pair inner, and clear outer globe. 


of very long, heavy carbons or by providing two sets for successive con- 
sumption. The open arc is very sensitive to drafts. It is operated with short 
arc length, low voltage, usually 45 to 55, and heavy current, usually 6.6 to 10 
amperes, to improve the steadiness of the light. The short arc length impedes 
downward light distribution and the intense crater casts harsh shadows. The 
erratic travel of the arc about the electrodes makes the light very unsteady. 
The use of the open arc is now confined to series circuits. 


Inclosed Carbon Arcs. — The inclosed carbon arc with closely restricted | 
air supply affords a greatly increased electrode life over the open type. Itisalo ` 
much less liable to extinction by wind, and hence can effectively employ greater 
arc length, higher voltage and lower current than the open arc. The crater of 
the inclosed arc is less pronounced, entailing some loss of efficiency compared 
with the open arc, but the greater length of the arc reduces the interference of 
the lower carbon with downward distribution. The light is much steadier than 


i. 
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TABLE I, PERFORMANCE OF TYPICAL CARBON ARC LAMPS 


Multiple | Multiple | Intensified] MUGP® | Multiple 
Item d-c. d-c. d-c. bg a-c. 
inclosed inclosed inclosed inclosed inclosed 
Terminal volts... IIO 110 110 220 IIO 
Volts at arc... ... 80 8o 80 150 72 
Amperes......... 5 6.5 5 3.25 6 
Watts a na...na. 550 715 550 715 430 
Power factor..... j oe 0.65 
Diameter of elec- | , ] Two 4 " U 
trodes, inches. § "n "s l One 8% + a 
Porcelain | Porcelain ! Porcelain | Porcelain | Porcelain 
reflector. reflector. retlector. reflector. reflector. 
Reflectors and Opal in- Opal in- Opal in- Opal in- Opal in- 
glassware, ner, no ner, no ner, no ner, no ner, no 
outer outer outer outer outer 
globe. globe. globe. globe. globe. 
Life per trim. .... 150 hours | 100 hours 75 hours 150 hours | 125 hours 
Maximum C.P....| 400 at 60° | $80at 60° | 600at 35° | 240at 60° | 310 at 60° 
MIS.EP LI m 215 318 225 160 160 
pon l 2.56 2.25 2.44 4.44 2.68 
M.L.H.C.P....... 379 559 414 215 276 
Multiple | Series | Series Series Series Series 
Item ac. d-c. d-c. d-c. a-c. a-c. 
inclosed | open open | inclosed | inclosed | inclosed 
Terminal volts...| 110 50 50 75 77 rii 
Volts at arc. . .... 72 48 48 73 72 72 
Amperes......... 7.5 6.6 9.6 6.6 6.6 7.5 
Watts. canis. 540 330 480 495 425 480 
Power factor..... 6:08. [Lee slo wee [ Sage 0.84 0.84 
Diameter of elec- 35 $3 56 15 Yo Yo 
trodes, inches. fpairs | 2 pairs 
Porcelain | Clear Clear Porcelain |Porcelain |Porcelain 
reflector.| globe. | globe. enamel| enamel| enamel 
Reflectors and Opal in- reflector,| reflector,| reflettor. 
glassware. ner, no Clear Clear Clear 
outer globes. globes. globes. 
globe 
Life per trim. .... 100 hours | 18 hours| 18 hours | 125 hours| 125 hours| 100 hours 
Maximum C.P....| 410 at 60? 720 at 45^ |1250 at 45^ | 530 at 60?| 250 at 70°! 305 at 70° 
M.S.C.P.......... 215 265 460 290 I44 173 
js 2.5I I.25 1.02 1.71 2.95 2.77 
M.L.H.C.P....... 371 395 690 479 232 291 
pom I.45 o.82 0.71 1.03 I.83 1.65 
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that from the open arc. It is bluer in color, due to the greater proportion de- 
rived from the arc proper. Electrodes of moderate length afford a life per 
trim of from 80 to 100 hours in alternating-current lamps and of 100 to 150 
hours in direct-current lamps. The range of currents in common practice is 
from 3 to 7.5 amperes. 


Intensified Carbon Arc.— The intensified carbon arc, used only on 
direct-current circuits, employs a short, thick vertical lower carbon as cathode and 
two long, thin, inclined carbons as anode. The upper carbons converge just 
above the cathode and feed downward at the.rate of consumption without ie 


aid of any regulating mechanism. The lower carbon is controlled by a feeding 


solenoid and tends to maintain an arc of constant length at a fixed level. The 


high current density in 
the positives produces a 
very intense dual crater 
which emits light of 
somewhat whiter quality 
and of higher efficiency 
than that of the ordinary 
inclosed arc. The fixed 
level of the arc and the 
absence of crater travel 1000 
aid in the effective use 
of reflectors and diffusing 
globes and in the main- 
tenance of a definite form 
of light distribution. Un- 
der standard conditions 2000 
of use the 5-ampere arc 
has a life per trim of 
from 80 to 100 hours. 


LAMPS. — The flame soooL. -AK xX 

arc depends for light pro- 0 15° 30° i 

duction m ks lumines- Fig.2. Light Distribution of Typical Flame Arcs 

cence of salts. impreg- A. ro-amp., 55-volt, D-C 

nated in carb on elec- inclined setae. , D-C. yellow flame arc, clear globe, 

trodes. In its electrical B. 1o-amp., 63-volt, A-C. yellow flame arc, clear inner, 

characteristics it is essen- opalescent outer globe, vertical electrodes, enclosed type. 

tially a carbon arc. The , E ro-amp., 55-volt, D-C. yellow flame arc, opal globe, 

evolution of this type of M pbi oren Die E 

lamp has been along two : ., 55-volt, A-C. white flame arc, clear inner 
s and outer gl 

structural lines, one hav- uter globes, vertical electrodes, enclosed type. 


ing vertical electrodes, introduced by Blondel, and the other having converging 
electrodes, introduced by Bremer. In both types both electrodes are fed by 
the regulating mechanism and the arc is maintained at a fixed level beneath 
a vitreous canopy or economizer which serves to conserve the heat of the 
arc, deflect the fumes to the ports at the periphery of the housing and to 
assist in the downward reflection of light. 1 


Flame arcs may be either opet 
o v The performance of typical flame arcs is vei in Table TI id 
ig. 2. 


Open-flame Arcs. — The open type provides positive ventilation to sweep 
the fumes of the arc from the arc inclosure and to prevent their deposit on the 
inclosing globe. The unrestricted air supply causes a rapid wasting of the elec: 


trodes. To obtain a practicable life per trim the electrodes are made eithe 


NAY 


ely y 
ney, 


ZS 
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TABLE II.— PERFORMANCE OF TYPICAL FLAME ARCS 


yx c 
i gs Open d-c. Open a-c. Open d-c. Open d-c. 
PTE Item inclined inclined vertical vertical 
pad carbons carbons carbons carbons 
sit Terminal volts........ 55 55 IIO 48 
autas Volts at arc. .......... 45 75 75 
mete — | Amperes.. a...n 12 6.5 6.5 
FT Watts.. 500 "IS 510 
yal | Power factor..........[ sese OvT9- i| ieena Oo Saaka 
"i | Diameter of electrodes l 1, V. 1 
; lA 3 z 
— inches. 
» |- d Rindo electrodes | Impregnated | Impregnated | Lower im- | Lower im- 
||. yellow. pregnated. pregnated. 
oat Glassware cms oc § | Light opal Light opal | Alba globe. | Alba globe. 
I l globe. globe. 
iu Life per trim, hours... 17 17 20 20 
Maximum C.P.........| 2150 at o? 1350 at 0° 2425 at 60° 2350 at 60° 
SE ULHO Pesii 1890 1270 2058 2050 
E Watts per M.L.H.C.P.. 0.35 0.39 0.35 0.25 
Inclosed Inclosed Inclosed 
Item d-c. multiple a-c. series a-c. multiple 
vert. carbons | vert. carbons vert. carbons 
i Terminal volts................ 6o IIO 
ul Volts at arc... ......ecece cease 55 70 
- Ampetés. ciis vais baad ey tives 10 7.5 
Pr Wallace aestate coute 
j Power factor............. aeaa 0.75 0.62 
3 Diameter of electrodes, inches. 7&5 78 
e Ki Impregnated | Impregnated Impregnated 
a ind of electrodes. MEL yellow. vello: vellow. 
m i Clear inner, Clear inner, Clear inner, 
r Glassware............... sees opalescent opalescent opalescent 
E outer globe. outer globe. outer globe. 
"d Life per trim, hours. .......... 
as Maximum CB. eoo ever] dex e o “agree. o akena 
d 


x“ very long or of very great cross-section. The co-axial arrangement of very 
:' long electrodes is obviously impracticable; hence the converging arrangement. 
+ The slender electrodes afford additional advantages through the high current 
i! density at the arc, absence of arc travel and low heat loss by conduction. A 
^ magnetic blow coil is employed to hold the arc in its proper position below the 
E electrode tips. Lamps of this type have a maximum luminous intensity in the 
5 downward direction, and hence must be hung very high to produce uniform illumi- 

nation. The open-flame arc with converging electrodes has a life per trim of 
,: from ro to 15 hours. The open type with vertical electrodes has a life per 
trim of from 12 to 18 hours, but produces a less steady light than the converging 
rx type, due to arc travel. 
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The ventilating system of open-flame arcs requires very careful design. Un- 
less the fumes are positively removed from the inclosing globe, the accumulation 
of powder on the globe during the life of a single pair of electrodes may reduce 
the light transmitted by as much as 40 per cent. 

Lamps of the open type are greatly handi- 
.capped by the high cost of maintenance and 
electrodes. 


Inclosed Flame Arcs. — The inclosed 
type of flame arc is provided with a con- 
densing chamber into which the fumes of 
the arc are carried by convection, as shown 
in Fig. 3. The gases are thus cooled and 
freed from their solids without rapid ingress 
of air. The life of the electrodes is thus 
prolonged about ten times, giving a life per 
trim of from 100 to rso hours. The elec- 
trodes used in inclosed flame arcs are less 
highly mineralized than those used in open 
arcs and the gain in life is accompanied by some loss in efficiency. The con- 
verging carbon type of flame arc has not been developed in the inclosed form. 


MAGNETITE ARC LAMPS. — The mágnetite arc depends for light pro- 
duction solely on the luminescence of the conducting vapors produced at the 
cathode. The cathode consists of a thin iron tube closely packed with a uni- 
form powdered mixture of magnetite, oxide of titanium and oxide of chromium. 
The positive electrode is a block of copper of large heat-radiating capacity. 
The magnetite produces an arc of excellent conductivity, but of relatively lean 
spectrum. "The titanium oxide enriches the spectrum of the arc, improving its 
color and efficiency. The oxide of chromium serves to restrain the rate of 
vaporization of the active elements and so prolong their life. The resulting 
light is of excellently balanced white color. The copper anode is not con- 
sumed: and requires infrequent replacement. The cathode has a life of from 
100 to 250 hours depending on the current and arc length. It is not practi- 
cable to operate the magnetite arc in an inclosure with limited air access, due to 
the need of ventilation 2 remove the copious brown fumes. The light of the 
magnetite arc is relatively unsteady, a feature which is aggravated by the in- 
termittent method of feed- 
ing employed. . 

The two commercial 
types of magnetite arc 
differ principally in the - 
electrode arrangement. In ` 
the General Electric type 
the positive is the upper; 
in the Westinghouse type 
the negative is the upper. 
The advantages claimed 
for each type conflict 


Fig. 3. Method of Condensation of 
Gas.in Inclosed Flame Arc 


Unlike other types of arc " Me p NA 
: Fig. 4. Light Distribution of Magnetic Arc in 
lamps the magnetite arc Clear Globes 


is poorly adapted to in- 
terior use on constant potential circuits. Its field is therefore largely confined 
to street lighting on constant-current circuits. While the magnetite arc is 
solely a direct-current device, it is readily adapted to use in connection with an 
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altemating-current supply by the use of the mercury arc rectifier combined 
with the constant-current transformer; see Reclifiers. 

The voltage range per lamp on series circuits is from 75 to 8o. The stand- 
ard currents are 4, 5 and 6.6 amperes. The performance oí typical ee 
arcs is given in Table III and Fig. 4. 


TABLE IIl. — PERFORMANCE OF TYPICAL MAGNETITE ARCS 


Series type | Series type {Multiple type 


Terminal volts.............. eere 


78 110 
NOMS SU ANC; ooo sechs coh ines sees 75 15 
ATRIOS ove oe cee EI POE RE ERE 6.5 
Watts rach ocean nae cue P ucc Dus 515 715 
Glassware; ce voce era ER eae SEED eae Clear globe. 
Life per trim, hours. ................ 175 I25 80 
Maximum C.P.............. s dix BE. 400 at 80° 1650 at 80° | 1650 at 80° 
ML FCP Aere reto aie 545 1340 


Watts per M.L.H.C.P..... ee. cee eae 0.59 


LOSS OF CANDLE POWER OF CARBON AND FLAME ABCS. — 
The light output of all types of arc lamps falls off gradually during the life of 
each set of electrodes, due to the accumulation of ash and fumes on the glass- 
ware. The amount of this loss varies greatly with the conditions. Matthews 
(Nat. Elec. Light Assn., 1901, p. 296) reported tests of inclosed carbon arcs of 
which the following results are typical, viz., reduction of light output in 100 
hours, best grades of carbons 5 per cent, low-grade carbons 3o per cent. In 
carbon arcs this loss depends chiefly on the purity of the carbons employed. 
The loss in flame arcs depends on the scheme of ventilation and the extent to 
which the carbons are mineralized. Composite results of many tests on in- 
closed flame arcs reported in Good Lighting, Vol. 7, p. 515, show a loss in 100 
hours burning of 23.5 per cent of the initial mean lower hemispherical candle- 
power. Tests on General Electric inclosed white flame arcs made at the Massa- 


chusetts Institute of Technology (Wright and Sprowls, rọr2) showed the . 


average reduction of light in 150 hours burning to be 18 per cent. The loss of 
light in magnetite arcs is relatively small, due to the positive character of the 
ventilation. The importance of very careful cleaning of glassware of arc lamps 
at each trimming is apparent from the above data. 


EFFECTS OF DIFFUSING GLOBES. — The intrinsic brilliancy of all 
arcs is sufficiently high to seriously interfere with good vision when in the 
direct field of view. Diffusing globes reduce the light by from 25 to 40 per cent 
through absorption, but generally serve to increase the effectiveness of vision 
to a degree which fully compensates for the loss of light. Diffusing globes 
tend to modify light distribution toward greater uniformity at various vertical 
angles; hence pronounced side-wise distribution must be attained by a properly 
designed reflector. 


REGULATING MECHANISMS FOR CARBON AND FLAME ARCS, 
— The regulating mechanism of an arc lamp serves the following functions: 
(1) to strike the arc upon lighting, (2) to feed one or both electrodes at the 
rate of consumption and (3) to maintain approximately constant the arc length, 
voltage and current. Feeding systems are of t'wo general classes. In the first 
the electrodes are fed by gravity upon the releasing of a clutch controlled by 
solenoids. As the feeding steps are small and frequent the process approaches 
a uniform continuous feed. In the second type the arc is restruck at each 
. feeding, as in the magnetite arc. 


E; 
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Gravity-feed Mechanism for Multiple Carbon Arcs. — The mechanisms 
of constant-potential lamps are practically all of the gravity-feed type. The 
commonest type has a ballast of re- 
sistance or reactance in series with 
a solenoid and with the arc itself; see 
Fig. 5. When the arc is not lighted 
the carbons are in contact. When 
the switch is closed the solenoid is 
energized and draws its plunger, 
tightens the clutch and strikes the 
arc by drawing the carbons apart. 
As the arc lengthens the current falls 
until the forces on the plunger are 
balanced. As the arc lengthens by 
burning away, the current tends to 
fall, releasing the clutch and permit- 
ting the carbon to feed until checked 
Cie ae dis doces is P. Multiple Car. Fig. 6. Suis Cor 

" : bon Arc Lamp bon Arc Lamp 
practically continuous. In alternat- 
ing-current mechanisms of this type the plungers are laminated and the 
ballast consists of a reactive coil. 


Gravity-feed Mechanism for Series Carbon Arcs.— The commonest 
type of mechanism for gravity-feed lamps of the series class employs the differ- 
ential action of two solenoids to control the feeding clutch. Fig. 6 shows this 
type of mechanism as applied to the inclosed carbon arc. It provides a solenoid 
Sı in series with the arc, a solenoid Se 
and resistance coil in parallel with the 
arc, and a short-circuiting cut-out. |o? 
The solenoids act differentially on the — O 
clutch. The shunt solenoid when [EE pel 
strengthened tends to release the 
clutch, the series solenoid to lift it. 

When the lamp is idle the carbons 
are normally in contact. When cur- 
rent is switched on, the series solenoid 
ig energized and draws out the arc. 
The cut-out opens, 5: is energized and 
tends to oppose the drawing action 
of 51, equilibrium being attained when 
the arc has the proper length. As the 
carbons burn apart 5» is strengthened 
and releases the clutch momentarily, 
allowing the upper carbon to feed by 
gravity. If the circuit through. the 
arc is accidentally broken, Sz alone is 
energized and the cut-out is imme- 
diately closed, preventing the interruption of the circuit. Alternating-current 
mechanisms have laminated plungers, but differ in no essentials from those in 
direct-current lamps. 


Intermittent Feed Mechanism.— The intermittent type of feeding mechan- 
ism for series lamps is shown in Fig. 7. When the current is switched on, the 
starting magnets are energized, bring the electrodes together and cause the arc 
to strike. As the electrode burns away the arc gradually increases in length , 


Fig. 7. Mechanism and Circuits of G. E. 
4-amp. Arc Lamp 
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. and potential drop until the shunt coil is sufficiently energized to momentarily 


short-circuit the arc and cause the striking process to be repeated. As the 
electrodes come together with considerable force the accumulated slag is broken 
from the end of the cathode. 


Feed Mechanisms for Flame Arcs. — The mechanisms of flame arcs with 
vertical carbons differ only in details from those of carbon arcs of analogous 
type, with the exception that the feeding device is dual and acts on both carbons, 
tending to maintain the arc at a fixed level. Mechanisms for converging car- 
bon flame arcs exist in great variety. The most generally-used type for con- 
stant potential operation has a series coil whose plunger acts laterally on one 
electrode to draw out the arc and gravity feed. In many cases an escapement 
clutch controlled by a shunt solenoid is used to regulate the rate of feed. In 
another type the rate of feed is controlled by a metal fin attached to each elec- 
trode. The base of this fin rests against a refractory lug. The fin is vaporized 
away by the heat of the arc at a rate exactly corresponding to the required rate 
of electrode feed. 


MERCURY-VAPOR LAMPS. — (See also Rectifiers.) The luminous ele- 
ment of this type of lamp is a Juminescent arc, in a highly evacuated tube of 
glass or quartz, formed between a mercury cathode and an anode of mercury or 
other metal not attacked by it. The voltage required to sustain such an arc, 
when the cathode (negative electrode) is mercury, consists of a constant drop at 
the electrode of about 13 volts and an arc stream voltage which is directly pro- 
portional to the length. The arc voltage per inch increases with the vapor 
pressure. At low vapor pressures the arc is an unstable conductor and the 
arc voltage per inch falls with a rising current. At high pressures, as in the 
quartz-tube lamp, the arc voltage rises very rapidly with the current. 

The large output of actinic radiation from mercury-arc lamps gives them 
special advantages in the fields of photography and blue-printing. The large 
ultra-violet radiation from quartz-tube lamps not inclosed in glass may be uti- 
lized in a wide variety of processes for bleaching, sterilization, etc. 


Power Factor of Mercury-arc Lamps. — The mercury arc can be sus- 
tained at ordinary voltages only when the mercury electrode is the cathode; 
this principle is utilized in the mercury-arc rectifier (see Rectifiers). 

To operate a mercury-arc lamp with alternating current the tube is provided 
with two anodes which are attached to the respective terminals of a reactance 
coil bridging the line. The cathode is attached to the middle point of this 
reactance bridge. The power factor of this type of arrangement, including 
the wave distortion and the lag produced by the reactance coil, is from 5o to 
60 per cent. 


Glass-tube Mercury-arc Lamps. — The glass-tube type of lamp operates 
at a low vapor pressure and temperature. Its spectrum is that characteristic of 
the mercury arc which is entirely deficient in red lines and has a great prepon- 
derence of yellow, green and violet. 

The very low intrinsic brilliancy of this type of lamp renders diffusing glass- 
ware unnecessary. Its simple color composition tends to enhance the acuity of 
vision. For general use the spectrum is perceptibly improved by combining 
with the arc a parabolic reflector coated with rhodamine enamel, which by 
fluorescence converts part of the blue and violet radiation incident upon it to 
red and orange rays. 


Methods of Starting. — The mercury arc is started either by tilting 
the tube until mercury from tbe cathodes makes metallic contact with the 
anode and strikes the arc or by breaking down the gap by a high-potential 
spark discharge. As installed for general lighting the mechanism usually in- 
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cludes an automatic starter operating on one of the two methods referred to. 
The tilting mechanism is operated by a solenoid which is cut out as the arcis 
struck. The spark-discharge device is essentially an automatic quick-break 
switch which opens the circuit of an induction coil so as to cause it to discharge 
through the tube. The mechanism also includes a ballast coil to compensate | 
for the instability of the arc. The tube is mounted in an inclined or vertical © 
position. The mercury vapor condenses at the top in a condensing chamber 
and is restored to the cathode by gravity. : 
Performance of Glass-tube Mercury-arc Lamps.— Performance -;-: 
data on several typical lamps of this class are given in Table IV. du 


‘TABLE IV. — DATA ON GLASS-TUBE MERCURY-VAPOR LAMPS  —— 


Watts, at rated volts 

Length of tube, inches 

MH CoP urbi fae es 
Watts per M.L.H.C.P.......... 


* To be operated as one or more pairs in series. E 
t Adjustable to circuit voltage by auto-compensator. M 


Life of Glass Tubes.— Tubes fail ultimately through breakage ot |^. 
through deterioration of vacuum. The life per tube varies considerably, but is | 
usually several thousand hours óf operation. Us 

. Loss of Candle Power with Age.— The light output of glass-tube ~~ 
lamps deteriorates quite rapidly during the early portion of tube life. Tess — 
reported by Harrison (Trans. Ill. Eng. Soc., Vol. 6, p. 545) give the following 
average value on two type H tubes operated at 3.3 amperes: : 


Per cent initial candle power.... 100 83 80 77 73 705 6001 
. Hours burning................ | O 250: 500 1000 2000 3000 4000 > 


Quartz-tube Mercury-arc Lamps. — The quartz-tube lamp operates at 
a high temperature and pressure. Its luminescent spectrum is richer than that 
of the low-pressure lamp and has superposed upon it a continuous spectrum of 
incandescence including all luminous elements. The light of the high-pressure 
lamp is therefore much nearer white than that of the low-pressure lamp. 0a i 
account of the high pressure of the arc in the quartz tube the length required 
for circuits of commercial voltage is very much less than the length of glass 
tube arcs. The quartz-tube lamp emits a considerable amount of invisible 
ultra-violet radiation which is capable of doing serious injury to the eye. Ample 
protection is afforded by surrounding the tube by an envelope of clear glass 
Quartz tubes are nominally indestructible, but may require occasional repump-  , 
ing. ; 

The performance of several typical quartz-tube mercury-arc lamps is given in 
Table V. 


. COST OF ARC LAMPS. — Open carbon-arc lamps are no longer sold. 
Inclosed carbon-arc lamps cost from $16 to $20 a piece.  Magnetite an 
metallic oxide arc lamps cost from $23 to $27. The first cost of flameart 
lamps is from $33 to $45. Glass-tube mercury-arc lamps cost complete, 0 
cluding reactance coil, from $33 to $35, and quartz-tube mercury-arc lamps 
cost complete from $65 to $75; the latter, however, are not yet used to any 
great extent. The renewal cost of short glass tubes is approximately $5.50 
‘that of long glass tubes $10.50 to $12. 
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TABLE V.— PERFORMANCE OF QUARTZ-TUBE MERCURY-VAPOR 
LAMPS 


X Y Z 


Voltage range 200 to 250 450 to 625 
Average current : 3.3 2.0 
Maximum arc voltage 170 345 
Mean L.H.C.P., clear glass globe.... 2400 3500 
Watts per M.L.H.C.P................ 4: 0.30 0.31 


Annual Costs. — The following comparative costs of arc-lamp operation 
under street lighting conditions for a total of 4000 hours (one year, all night 
service) are given by Friedman (Elec. World, Vol. 55, p. 1071). 


ANNUAL COST OF OPERATING ARC LAMPS 


Type.............| Open | Open | Enc. 


. | d-c. d-c. a-c. 
Amperes.......... 9.6 6.6 7.5 
Electrodes.........| $5.50 | $5.50] $1.50 
Trimming.........| 6.00 6.00 2.00 
Repairs. .......... 2.50 2.50 I.00 
Inner globes.......] ...... | .....- 0.45 
Outer globes....... 0.30 0.30 @.30 


Renewals of sta- | 
tionequipment | 
Energy, 1.5 cts. 
per kw-hr 
Totals......... $65.80 | $48.50 | $39.75 


50.00 32.70 34.50 


The above costs do not include fixed charges. Interest may properly be 
taken at 6 per cent and depreciation at from 7.5 to 10 per cent. 

Comparative operating costs of flame arcs are given by Blake (Gen. Elec. 
Rev., Dec., 1911) for 1000 hours of operation as follows: 


jh; TE RNC . Open flame  Inclosed flame 
Life per trim. ocu esses keene Years 17 hours 100 hours 
Cost of electrodes per trim......... i $0.15 $0.20 
Cost of labor per trim............. 0.04 0.04 
Maintenance per 1000 hours: 
Electrodes ae e res 8.81 2.00 
Trimming. .......... cece ee eeeee 2.35 O.40 
Globes. ............. — ete 0.09 0.22 
Totals. av se otavs Ee $11.25 $2.62 


In addition to these costs allowance may be made for repairs at $1 per annum 
and for energy at a suitable cost per kw-hr. Interest and depreciation must 
be allowed as before stated. 


BIBLIOGRAPHY. — Steinmetz, C. P., Radiation, Light and Illumination, 
New York; Johns Hopkins University, Lectures on Illuminating Engineering, 
Baltimore, Md.; Child, C. D., Electric Arc Phenomena, N. Y.; Numerous papers 
in annual conventions, reports of Nat. El. Light Assoc., Trans. Ill. Eng. Soc, 


and other technical papers.. | 
[W. E. Wickenden.] 
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LAMPS, INCANDESCENT ELECTRIC. — (See also IHuminalion, Law fixi a 
of; Illumination, Interior; Illumination, Street.) Incandescence denotes the july 
emission of light by a solid or liquid body due to its temperature elevation. xi. 
The performance of incandescent bodies is referred to a standard Mack body, |: 
or one which, at any temperature, emits the maximum possible intensity of ‘sig, 
radiation at each wave-length of the spectrum. The percentage of luminous - uml 
radiation from incandescence is low, but increases markedly with the temper- 


; a SU te 
ature. Hyde computes the luminous radiation from a black body as 19 pt yy 
cent at 2000? C. Abs., 8.8 per cent at 2500? C., 16.9 per cent at 3000? C, up 


32.5 per cent at 4000? C., 44 per cent at 5ooo? C. and a maximum of 50 per 
cent at 6500? C. Certain materials excel the black body ‘in relative light 
radiation due to selectivity or the relative depression of heat radiation as com- 
pared with light. 

The efficiency of the incandescent lamp depends on: (a) the temperature 
which its filament can sustain without an undue rate of decay; (b) the degree 
of selectivity manifested; and (c) the prevention of thermal leakage by con- 
duction and convection. These conditions require a filament of the highest 
obtainable melting point and lowest vapor tension, which must be isolated in 
a vacuum and supported by a system of low thermal conductivity. So fully 
are the two latter conditions met that the thermal leakage of modern lamps 
is less than 5 per cent. 


Electrical and Mechanical Properties of Lamps. — The specific resist- 
ance of the filament material should be relatively high to insure favorable 
dimensions in units of low power and high voltage. A relatively large positive 
temperature coefficient of resistance i$ desirable as this tends to lessen the 
variations in performance caused by voltage fluctuations. The filament should 
be of great mechanical strength, especially in its resistance to fracture. The 
materia] required should be obtainable in ample quantities, readily workable — 
and uniform in its finished state. Experience indicates that alloys are dis `~ 
tinctly inferior to pure metals and metalloids in all essential features. 


Vacuum. — Incandescent lamps require the highest practicable vacuum. 
for the chemical and thermal protection of the filament. In the manufacture  .~ 
of lamps the first stage of evacuation is mechanically produced. Final exhaus- = 
tion is produced chemically by burning within the inclosure a small amount of PA 
phosphorous compound. During the latter stage the filament is raised to 
incandescence to drive off residual gases. To prevent the loss of vacuum 
through the unequal expansion of the glass and.the leading-in wires the latter "n 
are made of. platinum. De 


TYPES OF LAMPS. — There are described in the following paragraphs 
the types of incandescent lamps which have become of commercial impor- 
tance. Of the several types the gem (metallized carbon filament) and the 
tungsten filament are at present the most widely used. 


Carbon Lamps. — Carbon vaporizes at about 3900? C. and exists in a 
variety of forms which vary greatly in other physical properties. Base carbon, 
prepared as lamp filaments by carbonizing squirted threads of dissolved cellu- 
lose, is of low conductivity, high vapor tension and of negative temperature 
coefficient of resistance. Graphitic carbon, which is deposited from hydro- 
carbon vapors on incandescent filaments of base carbon, has a high conduc- 
tivity, low vapor tension and a small positive temperature coefficient. Metal- 
lized carbon, prepared from the two preceding types by heat treatment in an 
electric furnace, has a greatly increased conductivity, a pronounced positive 


` temperature coefficient, low vapor tension and a fair degree of selectivity. The 


common carbon lamp has a core of base carbon on which a shell of graphitic 
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carbon has been deposited by the process of flashing. The hot resistance of 
this type is approximately half the value cold. The chief advantage of this 
type is its low cost and great ruggedness. It is being rapidly superseded by 
the metallized-carbon type, commercially known as the gem lamp, which has 


a higher efficiency and better color. The hot resistance of the gem lamp is 
2.6 times its value cold. 


Tantalum Lamps. — Tantalum melts at about 2800 deg. C; hasa very 
low vapor tension, its atomic weight being 183; a high conductivity, 6.5 
microhms per cm. cube at 25^ C., and of 38.8 microhms at its operating 
temperature; a mean temperature coefficient between o? and 100°C. of 
+ 0.00234: and a valuable degree of selectivity. Tantalum is readily drawn 
into filaments of minute diameter. Tantalum filaments undergo a gradual 
deterioration in Structure with use, especialy when operated by alternating 
current. This change reduces the life of the lamp and limits its general use- 
fulness. The tantalum lamp is now largely superseded by the tungsten lamp.’ 


Tungsten Lamps. — Tungsten melts at about 3200 deg. C.; has a low vapor 
tension, its atomic weight being 184; has a conductivity of 6.2 microhms per 
cm. cube at 25? C. for the hard-drawn variety and 5 microhms for the an- 


Early filaments were produced by sintering fincly divided tungsten reduced 
rom tungstic oxide; they were extremely fragile and were uncertain in per- 
ormance, Methods of drawing continuous filaments are now in vogue, giving 
a Product of great Strength and uniformity. Prior to 1912 much difficulty 
was experienced with the erratic blackening of bulbs. This fault is now (1914) 
largely overcome by the introduction into the bulb of a special chemical. The 
Pre lamp of American manufacture is commercially known as the Mazda 


drawn tungsten wire mounted in a glass chamber filled with 


uo as a radiant and simplifies the problem of its support, for the fila- 
ent Is distinctly soft when incandescent. The gas-filled lamp has an elon- 


the nid Lamps. — This type of lamp enjoyed considerable vogue prior to 
Obsolete AES o the drawn-wire tungsten lamp but is rapidly becoming 
earth oxide jie Its luminous element consists of a glower of refractory rare 
Cold but it i operating in the atmosphere. The glower is a non-conductor when 
a S resistance decreases greatly with rise of temperature. A separate 
allast r on Is employed to bring the glower to incandescence and a series 

“sistance is used to correct the instability of its conduction. After the 
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period of ignition the heater is disconnected by a solenoid cut-out. It is im 
possible to operate the glower in a vacuum owing to the electrolytic nature 
of its conduction. Its performance on direct current is inferior to that on 
alternating current. The lamp has the advantage of an inherently good 
light distribution downward, but its disadvantages are marked, viz., complexity, 
slow ignition, costly renewals, non-adaptation to ordinary sockets, and efficiency 
inferior to metal-filament lamps. Under the best conditions with clear glass 
globes, a performance of from 1.4 watts per mean lower hemispherical candle 
for the smallest to 1.10 watts per m.l.h.c.p. for the largest. types is realized. 
The alabaster globes usually employed with Nernst lamps increase the watts 
per candle performances by about 10 per cent. 

Use of Various Types of Lamps. — The following table shows the relative 
use of each of the four types of lamps produced for domestic sale in recent years 
3s reported by the Lamp Committee of the Nat. El. Lt. Assoc. in 1913. 


Type of Lamp 1907 | 1908 | 1909 | 1910 I911 | 1912 

Per Per Per Per Per Per 

cent cent cent cent cent cent 

Carbon: eS In 93.27 | 84.12 | 68.98 | 63.08 | 52.90 | 25.47 
(ets deus es m EY ea ost 5.88 8.58 | 15.07 | 14.88 | 19.00 | 33.50 
Tantalum. sce yx oes: 0.75 1.78 2.12 3.57 2.74 I.00 
Tungsten... ivo exem 0.10 5.52 | 13.83 | 18.47 | 25.30 | 39.94 


There is a marked tendency away from the carbon lamp. Many electric light 

companies have substituted the gem type for the carbon in their free renewal 
service. The total domestic consumption of incandescent lamps was approx- 
imately 85,000,000 in 1911 and 90,000,000 in 1912. 


LAMP RATINGS AND PERFORMANCES. — Constant potential lamps 
are rated primarily by watts and normal voltage, constant current lamps by 
amperes and candle-power. Secondary ratings of mean horizontal candle- 
power, mean spherical candle-power, total lumens, watts per mean horizontal 
candle-power, lumens per watt, and average life at rated efficiency are usually 
given by makers. Constant potential lamps bear a rating tag giving normal 
volts and watts. The rating tag of gem lamps has three voltages differing by 
steps of two volts, and the normal watts for the highest voltage. This type of 
rating enables the user to vary efficiency and life so as to secure the most eco- 
nomic conditions (see paragraph below on Cost of Light). The following table 
giyes approximate data on the relative performance at the three voltages. 


PERFORMANCE OF GEM LAMPS AT THE THREE RATED 
VOLTAGES B 


C. P. W. P. C. Watts Life 
Per cent Per cent Per cent Per cent 


A similar method of rating other types of incandescent lamps was in use be- 
fore 1914. 


— 
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DATA ON CONSTANT POTENTIAL LAMPS 
100 to 130 Volts 
Life, 
Watts  |M.H.C.P.| W. P. C.| Lumens | L. P. W. Bulb 
hours 
IO 7.1 I.40 70 7.0 1500 S 
I$ II.S I.30 II3 7.54 1000 S 
IS II.5 I.30 II3 7.54 500 G 
20 16.0 I.25 157 7.84 : [000 S 
25 21.4 1.17 210 8.40 1000 SG 
Mazda 25 21.4 I.17 210 8.40 500 T 
(Vacu- 40 34.2 I.17 336 8.40 1000 SG 
um 60 53.6 1.12 526 8.77 1000 SG 
Type) 100 92.6 1.08 908 9.08 1000 SG 
150 146.0 1.03 1,430 9.53 1000 SG 
250 250.0 I.00 2,450 9.80 1000 S 
400 400.0 I.00 4,070 10.18 1000 G 
$00 500. I.00 5,089 10.18 1000 G 
Mazda 
(Gas- 750 ILSO o 65 13,000 1.74 Special 
filled 1000 1670 0.60 18,900 1.89 Special 
Type) 
l 20 5.0 4.00 52 2.60 1000 S 
30 10.0 3.00 104 3.46 1050 S 
40 15.6 2.56 162 4.05 600 S 
Gem 50 20.0 2.50 207 4.15 700 S 
(At top 50 20.0 2.50 207 4.15 500 G 
voltage) 50 16.7 3.00 173 3.46 500 T 
60 24.0 2.50 249 4.15 700 S 
80 32.5 2.46 337 4.21 700 S 
100 40.7 2.46 422 4.22 650 S 
20 4.8 4.15 50.3 2.52 2000 S 
25 8.1 3.10 83.6 3.34 500 S 
30 9.3 3.23 96.4 3.2I 1050 S 
Carbon 50 16.8 2.97 174 3.49 700 S 
60 20.2 2.97 208 3.49 700 S 
100 33.6 2.97 349 3.49 600 S 
120 40.4 2.97 410 3.49 600 S 


M.H.C.P.= Mean Horizontal Candle-Power. 

W.P.C. - Watts per Mean Horizontal Candle-Power. 
LP.W. - Lumens per Watt. 

S denotes Straight-side Bulb, see Fig: 1(S). 

G denotes Round Bulb, see Fig. 1(G.) 

T denotes Tubular Bulb, see Fig. 1 (T). 
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"3 p 
DATA ON MAZDA SERIES STREET LAMPS EE 
Vacuum Type " x. N 
Sash 

4-ampere type 5.5-ampere type 6.6-ampere type m 
i à. 
Ee 
Ë: 
At 
s 
* In addition to the lamps listed in the table 32-, 40-, 6o- and 80-candle-power - 
lamps of the vacuum type are also made for 3.5 and 7.5 amperes. 200 -candle-power - 
vacuum lamps are made for 7.5 amperes. The life of all the above vacuum lamps on a 
constant current at rated initial watts per candle is 1350 hours. S 
3 


Gas-filled Type 


6.6-ampere type 7.5-ampere type 20-ampere type 
exte o occi e ee EREMO Da 
p o P Oo o 
EEPE LE TETA ee T e 
8 B > E = > LI 3 S | 
80 57 8.6 | 0.71 57 7.6 | 0.71 
100 70 10.6 0.70 was m "P 
250 170 25.7 0.68 170 22.6 0.68 . : 
- 400 264 40.0 0.66 oe shies Legs 200 10 | 0.50 
600 396 60.0 0.66 nies ee dee 300 IS | 0.50 
1000 Pas 500 25 | 0.50 


W.P.C. = Watts per Mean Horizontal Candle-Power. L.P.W.- Lumens per Watt. 
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DATA ON OTHER TYPES OF LAMPS 
Volts Watts 


il 
Type range range ent 
High voltage.................. 100-130 25-80 Tantalum MS 
High voltage.................. 200-260 25-500 | Tungsten MS 
High voltage.................. 200-260 5o, 80 Tantalum MS 
High voltage.................. 200-275 35-120 | Carbon MS 
Street railway.............0055 105-130 23-94 Tungsten MS 
Street railway.......... lesse. 100-130 42-200 | Carbon MS 
Train lighting................. 25-34 10-50 Tungsten MS 
Train lighting................. 50-65 10-50 Tungsten MS 
SIBI cao tub core ep 10-13 2.5,5 Tungsten MS 
Siranee a Urb Re Eid 50-65 5 Tungsten MS 
DIG FREE TUO MEETS 100-130 10 Tungsten MS 
DIEI Soehnle Mar hares 100-130 10, 20 Carbon MS 
DICH doceo aa eas 200-275 30 Carbon MS 
Electric vehicle................ 21-90 I5, 25 Tungsten CB 
Low volt..............l sees 4-20 2.5-30 Tungsten MS 


Min. S 
1.5-8 0.45-24 Tungsten Min. CS 
Min. CB 
MS denotes medium screw base. CB denotes candelabra bayonet base. 
Min.S denotes miniature screw base. CS denotes candelabra screw base. 
Performance with Voltage Variations. — The very high rate of change 
of light produced and of filament life with temperature causes incandescent 
lamps to be extremely sensitive to variations in voltage. A high positive 
temperature coefficient of resistance, as in the tungsten filament, affords a 
partial compensation to voltage variations and increases the stability of the 
lamp's performance. The relations of candle-power, watts, watts per candle 
and life to voltage are shown for modern types of lamps in Fig. 2. High voltage 
increases the candle-power and efficiency, but greatly reduces the life of the 
lamp. Operating conditions are always a compromise between these thrce 
factors. Under ordinary conditions circuit voltage and lamp voltage should 
agree closely. The effect of low voltage on candle-power is marked. Satis- 
factory service requires that the voltage be maintained within 3 per cent of 
the rated value for the lamp. The sensitiveness of life to voltage emphasizes 
the utter futility of life tests with imperfect voltage regulation. 
The relations between lamp performance and voltage may be very completely 
expressed j^ a series of simple proportions and exponents: 
isl; 2 Qm. V b I. ZI id A. zl 
4 Wi LV: "ls LM’ 


where V = S I = candle-power, W = cda E = watts per candle, Z = life, 
The values of the exponents in the above expressions, as determined by the 
Nat. El. Lamp Assoc., are as follows: 
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Fig. 2. Characteristic Curves of Incandescent Electric Lamps 
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Life Performance. — The rated life of incandescent lamps AD nis 

average of a. very large number and not to individual performance, 

deteriorate with continued burning | 


in candle-power, efficiency and 
strength. This decay is partly duc 
to the slow, vaporization of the fil- 
ament and partly to growing light 


absorption in a black deposit on 


the inner side of the bulb. The 
frosting of bulbs, while not acceler- 
ating filament decay, hastens the 
decline of candle-power and eff- 
ciency due to the added absorption 
by the bulb deposit of internally 
reflected light and the greater tend- 
ency of the lamp to accumulate 


" Ww 
" Hours Burning 


Fig. 3. Life Curves of Typical Incandes* 
Lamps 
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curves of Tig. 3 are typical of present-day lamps. 


. - life 
exterior dirt. The effect of bowl frosting is practically negligible. The 
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Effect of Frequency. — Incandescent lamps operated by alternating cur- 
rent of low frequency produce a flickering light due to cyclic variations of tem- 
perature. The flicker is greatest in filaments of small diameter and low thermal 
capacity, and increases in magnitude as the frequency is reduced. 110-volt 
carbon lamps of low efficiency have been successfully used with a frequency 
of 25 cycles. Tungsten street series lamps are satisfactory at 25 cycles. Con- 
stant potential tungsten and gem lamps are not as a rule satisfactory at fre- 
quencies below 40 cycles. 


Smashing Point. — The term “smashing point" denotes the percentage 
of initial candle-power to which a lamp should be allowed to decline in service 
to obtain the most economical service. It is apparent from Fig. 3 that con- 
tinued loss of efficiency ultimately Ieads to the condition where it is more eco- 
nomical to replace a lamp than to continue it in service. ‘This occurs when the 
ratio of the total light output, lumen-hours, to date to the total expenditure, 
lamp cost plus energy cost, has reached its maximum. The smashing point 
has often been arbitrarily stated as 80 per cent. Recent determinations (see 
Bulletin 101 of the Nat. El. Lamp Assoc.) give the values in the accompanying 
table, which indicate that in most cases lamps may be economically operated 
to the point of failure. 


' Smashing point, per cent 


COST OF LIGHT BY INCANDESCENT LAMPS. — The main factors 
in the cost of light are the renewals of lamps and the cost of energy. Minor 
factors are the labor of inspection, the cost of renewals and the interest on in- 
vestment in lamps and fixtures. The longer the lamp remains in service the less 
is the renewal cost chargeable to each lumen-hour and the greater the energy 
cost. Operating the lamp at better efficiency increases the renewal cost and re- 
duces the energy cost per lumen-hour: at poorer efficiency the reverse is true. 
The efficiency giving the minimum ultimate cost with any type of lamp is a 
function of the ratio of the cost of the kilowatt-hour to the lamp cost. 

À comparison of Fig. 4 with the table of rated performances shows that 
the rated efficiencies of commercial lamps agree quite closely with the most 
economical conditions of use at current lamp and energy prices. The data 
of Fig. 5 were compiled by A. G. Rakestraw (Southern Electrician, Oct. 1912) 
and include the cost of energy, renewals, interest, repairs and depreciation. 


856 Lamps, Incandescent Electric 


“iy 
m) M 
[LAM 


esum 


f Cost of Ppa Ti per ES Hr. 
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Total Cost-Cents per 1000 Spherical C.-P.-Hours 
to 5 - 2 
to - c. 


3 4 5 6 1 
Energy Cost-Cents per Kw.-hr. 
Fig. 5. Cost of Light from Incandescent Electric Lamps 


DIFFUSERS FOR INCANDESCENT LAMPS. — Diffusers soften light 
and reduce its brilliancy by the increase in the area of its apparent soure j 
This is at the expense of considerable absorption (see table on Absorplion 0 
Light by Glassware in article on. Illumination, Laws of). The chief diffuse 
media are: ground glass, produced by sand-blasting or acid etching; translucen 
glass of various types, such as alabaster, opaline, opal, milk, etc., which bas in 


- 
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its structure minutely-divided mineral oxides; and prismatic glass. These 
media are used in frosted bulbs, globes and bowl reflectors partially covering 
the lamp. The diffusion from ground glass is inferior to that from other media, 
as the light source is partially visible as a bright spot in high contrast to the 
surrounding area. Opaline and alabaster transmit a subdued image of the 
filament but diffuse a considerable portion of the light very effectively. Opal 
and milk glass are truly diffusing, but are high in absorption. Prismatic globes 
transmit by refraction innumerable images of small elements of the flament dis- 
tributed over the entire surface of the globe. When viewed directly the diffusion 
is imperfect, but to averted vision the effect is excellent. The refracting prisms 
enable the light distribution to be modified throughout a considerable range. 


Other diffusing globes tend to equalize light intensity in all directions. 


REFLECTORS FOR INCANDESCENT LAMPS. — Reflectors serve 
primarily to modify light distribution and incidentally to shade the illuminant, 
to diffuse its light partially and to produce artistic effects. "The chief reflect- 
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ing agencies are polished metal, silvered glass, prismatic glass, opal glass, enam- 
elled metal and aluminum paint. Polished metals, silvered glass and pris- 
matic glass afford a wide latitude in the distribution of light, depending on 
the contour and depth of the bowl. - Diffusely-reflecting surfaces afford less 
range of control and are not capable of producing strong downward concentra- 
tion. Prismatic and opal glass reflectors transmit a moderate amount of dif- 
fused light and afford some direct illumination for surfaces not receiving the 
directed beams from the unit.  Practically all reflectors are designed for 
mounting at a definite position with reference to the luminous center of the 
filament and produce their normal distribution only in this position. The 
table below gives data on the mean performance of representative groups of 
reflectors for incandescent lamps. ` | 

Curves of the light distribution from various types of reflectors are given in 
Figs. 6, 7, and 8. 
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MEAN PERFORMANCE OF TYPICAL GROUPS OF REFLECTORS FOR 
INCANDESCENT ELECTRIC LAMPS * 


Industrial types, Opalescent glass 
metal types 


3 

.u ag eti e| vl .$| aj aj .8 
Er [AE <3 D L = e a V yt -A 
JEIERERESEREGHSEHSE: 
S ign| Sa EMI in| 8o oe COIE 
Cel Bw al aul gl ol oa) Bul s » 
EEFEIEEIEEIEHIEHEHIEHIEHEE 
Q E Ps E: TSIS & Su Us| ad 
oH) eB) SE |SH|PB mH ERR 
ymigs N(M+t} ©] o wl NU". 

& | : 
cd hemispheri- 70.7 |104.0|92.6 | 81.1| 75.5| 72.3| 73.0| 88.3] 85.7| 80.6 
Mean spherical c-p....... 67.3 | 54.0|61.7 | 40.7| 37.8| 56.0| 57.6| 58.5] 60.0| 58.1 

Per cent total flux ab- I " " 

sorbed. ns... E Sud ATE coe (oe fa 
Lumens, 0°-60° zone..... 177 1398 |287 |442 |419 |303 |304 |349 |205 |331 


Lumens, o?-90? zone.....|444 654. |583 |s10 |475 


454 |458 |553 |537 |506 
Total lumens............|846 1677 |774 |sro 


475 [|703 (723 |735 [755 [732 


* Table adapted from data by A. L. Powell, Gen. Elec. Review, Vol. 15, p. 717. 


BIBLIOGRAPHY. — Trans. A.I.E.E., Vol. 29, pp. 927, 961 and 1709; 
Louis Bell, Art of Illumination, N. Y.; Bulletins of Eng. Dep’t., Nat. El. Lamp 
Assoc., Cleveland; Abstract Bulletin of Physical Laboratory, Nat. Elec. Lamp 
Assoc., Cleveland; Johns Hopkins University, Lectures on Illuminating Engineer- 
ing; Hutchinson, Modern High Efficiency Illuminants and Illumination; Numer- 
ous papers in Trans. N.E.L.A., Elec. Wid., Trans. Ill. Eng. Soc. 
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LIGHTING PLANTS. — (See also Distribution and Transmission Systems; 
Illumination, Interior; Illumination, Street; Lamps, Arc; Lamps, I ncandescent; 
Power Stations; Substations.) Electric lighting systems divide broadly into 
two classes, viz., series or constant-current, and parallel or constant-potential. 
The former system is appropriate where a large number of similar lamps in 
scattered locations are to be controlled simultancously and where a high voltage 


' can be safely applied to the circuit, as in street lighting. The parallel system 


is extremely flexible, is adapted only to bow voltages and permits the independent 
control of single lamps and groups. 


LOAD CONDITIONS. — The load of a lighting plant varies greatly with 
the season and with the hours of the day. There is usually a sharply-defined 
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Load Factor and Fig. 1. Load Curves of Lighting Plants 


Diversity Factor. — 

(See also Standardization Rules of the AI.E.E.) The load factor of a machine, 
plant or system is the ratio of the average power to the maximum power during 
a certain period of time. The diversity factor is the ratio of the sum of the 
maximum power demands of the subdivisions of any system or part of a system 
to the maximum demand of the whole system or the part of the system under 
consideration, measured at the point of supply. The investment in a lighting 
system is largely determined by the peak load to be provided for. The annual 
charges on this investment are practically independent of the output; hence 
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the investment expense per kilowatt-hour varies in nearly inverse ratio to the 
annual load factor. The average annual load factors of lighting installations, of 
various types, as given by E. W. Lloyd (Nat. El. Lt. Assoc., 1909, Vol. 2, p. 586) 
range from 5 to 29 per cent, with the general average of complete systems less 
than 20 per cent. The economic advantages of high load factor can be secured 
in lighting service only by combining it with loads having non-coincident peaks, 
as commercial power and railway systems. Fig. 2 shows typical load curves 
and load factors for a typical winter and a typical summer day of (a) a city 
system of lighting and power, (b) a city Street and elevated railway system and 
(c) the combined load of (a) and 

(b). (Trans. A.I.E.E., 1912, Vol. 
31, p. 240.) The advantage 
of the diversity factor of these 
loads is apparent. 

In a general sense an appro- 
priate scale of charges for elec- 
tric energy should be graded 
according to the degree to which 
the load contributes to the sys- 
tem's peak as well as according | 
to the energy consumed. Off- 
peak loads may appropriately 
receive low rates. The gain in 
load factor from diversity often 
makes it possible for a lighting 
station to sell energy at whole- 
sale to a railroad system at a 
cost less than that at which the 
latter system could generate it 
independently. 

Diversity factors exist between 
the various subdivisions of a 
lighting system and have an 
important influence on the rated 
capacity and investment re- 
quired in the several elements __ 
ofasystem. H.B.Gear (Trans, Fig. 2. 
A.I.E.E., 1910, Vol. 29, p. 375) 
reports the diversity factors of 
various classes of service and 
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DIVERSITY FACTORS OF A LIGHTING SYSTEM 
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Feeders to transformers. ...... 1,8 2.0 1.25 

Transformers to meters........ 3.0 LT no 

Total diversity factor......... 6.20 2.53 I.M 
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DIRECT- VS. ALTERNATING-CURRENT SYSTEMS. — (See also 
Distribution and Transmission Systems.) Direct current has the following 
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advantages for lighting: (1) safety, since the lines are in no way associated with 


high-voltage conductors; (2) freedom from power factor, reactance and skin 
effect, which results in superior voltage regulation in heavily loaded low-voltage 
circuits; (3) the direct availability of the storage battery as a reserve and a load 
regulator; (4) the self-exciting and self-regulating features of direct-current 
generators; (5) the superiority of direct-current motors for adjustable speed 
service and for the operation of elevators and cranes; and (6) the marked su- 
periority of direct-current arc lamps. Direct current is generally used in iso- 
lated plants and in congested city districts because of the greater ease with 
which good voltage regulation is maintained. 

The advantages of alternating current are chiefly those incidental to its flexi- 
bility of voltage transformation and control, which makes possible an extended 
range of economical transmission and the independent regulation of separate 
feeders and lines. Alternating-current generators are less expensive than direct- 
current machines, being free from commutator limitations and adaptable to 


much higher speeds. 

Voltage. — The range of voltage from 100 to 125 is standard for electric 
lighting in America. In England and to some extent on the continent the 200- 
to 250-volt range has been extensively used. The higher range lends itself to 
more economical distribution of power, the lower range to the superior construc- 
tion of incandescent and arc lamps. The Edison 3-wire system of distribution 
is largely used in direct-current systems. The voltage generated for alternating- 
current systems is usually the same as that used for primary distribution when 
the latter is below 15,000 volts, although steam turbo-alternators are often pro- 
vided with raising compensators having a ratio of x to 2 when the line voltage 
supplied is in the range from 6000 to 15,000. In most systems of small and 
medium capacity the a-c. line voltage is 2300. The secondary distribution 
iis is supplied by transformers and is usually at 110 to 115 volts between 
ines. 

Small self-contained lighting outfits for train-lighting and similar service 
Where a storage battery is used for regulating purposes are usually designed for 
à voltage range from 25$ to 35 or from 5o to 65, and use lamps of the train- 
lighting and compensator types. See also Lighting of Trains by Electricity. 


Phases. — The polyphase system affords distinct advantages in the first cost 
and voltage regulation of both generating equipment and lines. Primary dis- 
tribution in all modern a-c. systems is either 2-phase or 3-phase, the latter 
predominating largely. Secondary distribution from transformers is either single- 
phase, 2-wire or 3-wire; 2-phase, 3-wire or 4-wire; or 3-phase, 3-wire or 4-wire. 
6-phase connections are used only as a link between high voltage systems and 
synchronous converters. See also Converters, Synchronous; Transformers, 


Frequency. — The standard lighting frequency in America is 60 cycles, and 
that in Europe so cycles. A frequency of 25 cycles has many advantages for 
overhead transmission and for conversion to direct current by synchronous 
converters. Power transmitted at 25 cycles is frequently converted to 60 cycles 
for lighting purposes by the use of frequency changing motor generators. Ina 
few cases where a large load of induction motors is associated with a lighting 
system the compromise frequency of 40 cycles is employed. The performance 
of atc lamps and of incandescent lamps for interior lighting is not satisfactory 
below 4o cycles, due to an obvious and annoying flicker. 


PRIME MOVERS. — (See also Gas Engines; Steam Engines; Steam. Tur- 
bines; Water Wheels.) Prime movers for lighting plants should provide ap- 
proximately constant speed without variation in angular velocity during each 
revolution. The steam turbine has a great advantage over the reciprocating 
engine for large alternators, due to its lower first cost and superior operating 
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economy. It has marked incidental advantages due to lighter foundations, 
smaller space requirements, elimination of fly-wheel, ease of attendance, and 
lower cost of maintenance. The piston engine is preferred for the driving of 
direct-current generators, because of its more appropriate speed. 

Internal combustion engines surpass steam power in thermal efficiency, but 
are handicapped by higher first cost and small range of overload capacity. 
Their net advantage over steam power may be large when the cost of coal is 
very high, when a supply of natural or by-product gas is available at low cost 
and when the load factor of the system is unusually good. Internal combustion 
engines do not compete successfully with steam units in plants furnishing both 
heating and lighting service where a supply of exhaust steam has large value. 

The crude-oil engine involves a high investment and heavy maintenance 
expense, but is in other respects an excellent type of motive power where oil isa 
more economical fuel than coal. Gas from a public source of supply and gasoline 
are used to a large extent in very small lighting plants to operate internal com- 
bustion engines. They are relatively expensive fuels, but may afford a saving 
by displacing a gas-producing plant on the premises. Gas-engines in lighting 
plants should be controlled by close-regulating governors and should be supplied 
with fly-wheels of considerable inertia. 


. Waterwheels of all types are well adapted to the driving of lighting generators 
if controlled by close-regulating governors. 

Overload Capacities. — Steam prime movers are capable of carrying con- 
tinuous overload capacities of 50 per cent or more whereas gas engines and 
waterwheels are very limited in this respect. A large overload capacity enables 
a plant to carry a smaller reserve equipment for emergencies. Current practice 
favors the use of a sufficient boiler or gas producer capacity to carry the average 
load with high efficiency and resort is had to forcing during peaks of short dura- 
tion. In the average of a large number of modern stations of medium capacity 
0.4 boiler horse-power is provided for each kilowatt of generating capacity. 


GENERATORS. — (See also separate articles on Generators.) Direct-current 
generators are usually compound-wound and are operated at the voltage of the 
distributing system. A heavy direct current can usually be more economically 
secured by the conversion of alternating current than by direct generation. 
This method is an economic necessity when the direct-current load is more 
than one mile distant from the station. Edison 3-wire systems may be sup- 
plied by sets of two generators in series, by special 3-wire generators or by 
standard 2-wire generators operated in conjunction with voltage balancing sets. 

Polyphase alternating-current generators are chosen for low cost and good 
regulation. Small low-speed alternators are usually provided with individual 
exciters, often on the same shaft, but large alternators are supplied with exciting 
current from a central system comprising several exciters in parallel. 

Constant-current d-c. generators are now practically obsolete. Power for 
series circuits is now most economically obtained from constant-potential a-t. 
generating sources through constant-current transformers. Direct current for 
series circuits is obtained by operating the mercury arc rectifier in series with 
the secondary circuit of the constant-current transformer. 


DISTRIBUTION. — (See also Distribution and Transmission Systems.) 
Distribution systems are designed with a view to the greatest possible reliability 
of service and the closest regulation of voltage consistent with reasonable invest- 
ment. The 3-wire system is standard for local d-c. service. An interconnected 
network of mains is used in extensive 3-wire systems and is fed at many points 
by feeders from stations or substations. Alternating current is distributed at 
2300 volts or more, 3-phase, to transformers, from which secondary distribution 
is made to consumers by 2-wire and 3-wire systems. ‘To obtain good voltage 
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regulation on polyphase systems it is necessary to maintain a close balance of 
loads. E 


SUBSTATIONS. — (See also Substations, Lighting.) Substations are used 
for the following purposes: (a) to receive alternating current from high voltage 
transmission lines or feeders and reduce it in voltage for local distribution; (5) 
to convert alternating current from feeders into direct current for use in the 
adjacent territory; (c) to convert alternating current received from feeders at 
25 cycles to 60 cycles for distribution by local lighting circuits; (d) transform 


alternating current from constant potential sources to constant current, either 


direct or alternating, for the supply of arc lighting circuits; (e) to house storage 
; and (f) to house 


batteries used as load regulators or reserves on d-c. systems; 

feeder regulators for the control of voltage on lighting circuits. Conversion to 
direct current is accomplished either by motor-generator sets or by synchronous 
converters, Motor-generator sets may be either of the synchronous or the 
induction type “and are usually operated without step-down transformers. 
Synchronous converters are usually 3-phase or 6-phase and are always associated 
with voltage-lowering transformers. Converters may be of the split-pole type, 
the synchronous booster type or the compound type to provide automatic con- 
trol of d.c. voltage, or may be operated in conjunction with voltage regulators 


similar to those used on a-c. feeders. 

Motor Generators versus Synchronous Converters. — (See also Motor 
Generators; Converters, Synchronous.) Motor-generator equipment is more 
expensive and less efficient than converter equipment, but occupies less space, 
affords more synchronous condenser capacity for power factor correction and 
is more reliable in its operation, especially at an a-c. frequency of 60 cycles. 
Synchronous converters are used almost exclusively for 25-cycle conversion 
and are gaining in use at 60 cycles. Each converter is usually supplied with its 
own bank of lowering transformers, Converters of larger capacity than 5oo kw. 
are usually operated 6-phase. Converters supplying 3-wire d-c. systems are 
adjusted to give from 220 to 250 volts, d-c., and the neutral wire is derived from 
the neutral connection of the transformers. 

Storage Batteries. — (See also articles on Batteries, Storage.) Storage bat- 
teries are extensively used in stations and substations as a reserve against the 
failure of the primary source of direct current. It is difficult to operate the bat- 
tery as a load regulator on constant-voltage systems, especially by a floating con- 
nection. A booster or end-cell arrangement is required to compensate for the 
sloping volt-ampere characteristic. The substation battery commonly floats on 
the bus bars fully charged and assumes the load if the voltage of the bus bars 
falls a certain amount. The battery falls in voltage as its discharge proceeds 
and additional cells must be added in series to sustain the line voltage. The end- 
cell switch for this purpose may be either hand-operated or automatic. If auto- 
matic, it is controlled by a relay switch operated by a solenoid connected across 


the main bus bars. 


PROTECTIVE EQUIPMENT. — (See also Switchgear Equipment for Power 
Stations; Lightning Protectors.) As lighting systems are required to render prac- 
tically uninterrupted service the protective appliances are intended to discon- 
nect apparatus and circuits only in extreme emergencies and then only those in 
serious danger. Generators and exciters are not as a rule provided with auto- 
matic circuit breakers. Radial feeders and transmission lines have circuit 
breakers which open with extreme overloads, often with inverse time elements. 
Feeders and transformers operated in parallel at both ends are provided with 
selective relays which open the circuit breakers at both ends i In case of trouble, 


and so prevent the disturbance of other circuits. 
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VOLTAGE REGULATION. — Aside from the condition in which the 
illuminants are installed and maintained, the quality of lighting service is almost 
solely a matter of continuity of service and close regulation of voltage. The 
best service standards require that the variation of voltage at the lamps shall at 
no time exceed 2 per cent on either side of the mean. Service with less than 3.5 
per cent variation may be considered fair and with more than 5 per cent de- 
cidedly poor. 

In direct-current systems fairly constant voltage at the loads may be obtained 
by the use of generators properly over-compounded. A much more sensitive 
method of control is afforded by the Tirrill regulator (see Regulators), which 
automatically corrects all but the most transient voltage fluctuations of the 
generators. Synchronous converters have fixed ratios of voltage conversion, 
but may be regulated to provide approximately constant voltage at load centers 
by methods cited above in the paragraph. on Substations. A plan of voltage 
regulation commonly used in 3-wire networks is to provide in the station or sub- 
station two sets of bus bars differing somewhat in voltage. All feeders termi- 
nate in selector switches, by which they may be connected with either set of bus 
bars as desired. 'The more heavily loaded feeders are connected to the higher 


bus, the others to the lower bus, with the result of nearly uniform vol- ^ 


age throughout the network of mains. 


The following voltage-control methods are employed in a-c. systems: (1) to 
regulate all generators by hand or by Tirrill regulators to constant voltage or to 
a voltage rising in proportion to the load; (2) to provide not only approximate 
regulation of generators but to equip each outgoing line with feeder regulators 
of the switch or induction type, to be automatically controlled if desired, so that 
each feeder is caused to supply approximately constant voltage at its center of 
load. 'The latter system is the more flexible and economical for extensive dis- 
tribution systems, since each feeder is independently regulated and may be pro- 
portioned in cross-section with regard to economy rather than inherent voltage 
regulation. Single-phase regulators are preferred for close control if the loads 
are subject to unbalancing. 

As checks on voltage regulation at load centers voltmeters should be provided 
at stations or substations to indicate conditions at. these centers. The volt- 
meters may. be connected to the feeders at the distributing centers by small 
pressure leads or to the feeders at the station through compensators which allow 
for the voltage drop in the feeders. When a power load of low power factor is 
associated with an a-c. lighting system, voltage regulation and economy in 


transmission can often be assisted by the use of the synchronous condensed to 
compensate the lagging current; see Converters, Synchronous. 


BIBLIOGRAPHY. — Weingreen, J., Electric Power Plant Engineering, NY, 
1913; Snell, J. F. C., Power House Design, London, 1911; Franklin, W. S, 
Electric Lighting, N. Y, 1912; Crocker, F. B., Electric Lighting, N. Y., 1910; 
Gear, H. B. and Williams. P. F., Electric Distribution Systems, N. Y., 1911. 


Numerous articles on this subject will be found in Trans. A.I.E.E. and Prot. 
N.E.L.A., and in the trade papers. 
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LIGHTING OF TRAINS BY ELECTRICITY. — (Sec also Batteries, 
Storage, Alkaline and Lead Types; Generators, Ditrect-current.) The electric 


. lighting of railway trains on steam lines has become a very important industry. 


According to H. A. Currie and B. F. Wood, whose comprehensive paper is the 
basis of this article, there were in use or contracted for on June 3oth, 1912, a 


. total of over 15,000 cars lighted by electricity on the railways of the United 
. States and Canada. 


Systems Used. — Three systems are in general use, which are known as the 


. Straight storage system, the head-end system and the axle generator system. 
In the straight storage system, each car is provided with a storage battery 
; Which must be charged at terminals during the lay-over period. The head-end 
; System consists essentially of a steam-driven generator located on the locomo- 
; tive or baggage car and with connections through the various cars. The axle 


generator system, which is rapidly superseding the others, consists of a genera- 
tor belted to the axle of each car, a storage battery for supplying current when 
the speed of the cars falls below a certain value, a regulator device for con- 
trolling the generator output and voltage at all train speeds, and a regulator 


. for controlling voltage on the lamp circuits. Each of these systems is described 


in detail below. 

Standard Lamp Voltages. — The standard lamp voltage was 60 volts for 
all three systems when carbon lamps were used, but it has been changed in 
the axle generator system to 30 volts since the introduction of tungsten lamps. 
The usual lamp is a 25-watt drawn-wire filament tungsten lamp with a round 


^ bulb, although lamps of xo, 15, 20, 25 and so watts are available for this service. 


The standards of the Association of Railway Electrical Engineers are ac- 


* cepted as representing the best American train-lighting practice. 


Limiting Size of Battery. — Thc batteries in general use in train-lighting 


"service have a rated capacity of approximately 300 ampere-hours. This is 


about the maximum limit of capacity for Planté type batteries having weight 


. low enough for convenience in handling. 


NA 


STRAIGHT STORAGE SYSTEM. — In this system, each car is pro- 


« Vided with a storage battery, which must be charged at terminals during the 


lay-over period. The fundamental requirements are: 

I. The capacity of the battery must be in excess of the demand for current 
to operate lamps, fans, etc. for the longest run between charging periods. 

2. The power plant, or other outside source of power, must be of sufficient 
capacity to meet the maximum demand for charging current. 

3. The lay-over time at terminals must be sufficient to cover all necessary 
shifting and charging of the batteries at the proper rate. 

4. The yard must have a sufficient number of tracks provided with charg- 
ing outlets, so arranged that the charging of batteries will not interfere with 
shifting operations. ` 

Battery Equipment. — The great majority of cars on which this system 
is used are equipped with a 64-volt lead or nickel-iron battery with cells con- 
nected in series. A few cars are operated at other voltages, viz. 26, 30, 32 
and rro, 

Two battery boxes are generally provided for 64 volt batteries and secured to 
the under side of the car, one on each side equidistant from the ends of the car, 
and with the front or door side slightly back of the line of outside finish. The 
cells are put up in double compartment lead-lined wood tanks provided with 
handles, rollers, etc. for convenience in handling. The two halves of the battery 
are eonnected in series and leads are run to the switchboard in the end of the car. 
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Taps are taken off these leads at the battery terminals and run to charging re- 
ceptacles, conveniently located on each side of the car. 


Charging of Batteries. — The charging voltage provided la usually 50 per 
cent higher than the normal voltage of the battery. Hand or automatically 
operated resistance devices, usually carbon rheostats, are provided for reducing 


the voltage of the individual charging lines to the proper point. The batterie ^" 
are charged while on the car under normal conditions. When the layovt ^ 
period is short it is sometimes necessary to exchange a discharged battery for ` 


one fully charged. 


HEAD-BND SYSTEM. — This system requires the following apparatus: 


1. A generator, usually steam turbine driven, placed in the baggage cat or 
on the locomotive, and furnished with steam from the locomotive, 


3. The necessary indicating, regulating and controlling apparatus placed -: 


near the generator and in an accessible position. 


3. Train line wires of the proper size on each car and running the entire 
length of the train, flexible connections being made between cars, in the vestibule, 


4. Batteries, consisting of a suitable number of cells connected in series and. | 


placed in battery boxes attached to the under side of each car, 
. 8. Lamp regulators are sometimes installed in the cars to compensate for 
the line drop and to maintain constant voltage at the lamps. 

Head-end systems are generally operated at 64 or 110 volts, although the 
introduction of tungsten lamps has to a great extent eliminated the need of the 


high voltage equipments, and comparatively few railroads are now using 110 volts. : i 
Another system has a 64 volt 200 kw. axle-driven generator mounted on the `~ 


baggage car truck but projecting into the car body. It is operated through 4 
chain drive. 


Requirements for Successful Operation. — The successful operation ol 
this system requires that: 


1, A sufficient amount of steam at the proper pressure be provided whe 
lighting is necessary. As it is the object of the transportation department to 


get trains to their destination on time, lack of steam 1s felt first by the lighting ci 


system, the pressure being reduced or steam cut off entirely so that the schedule 
may be maintained. 


2. Wheh the train is broken en route, each aection must either be equipped 
with a battery to insure light until the train is again made up, or provided 
with some auxiliary light. i 
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3, A member of the train crew must be capable of operating the generating ` 


apparatus and of making running repairs and adjustments en route. 


AXLE GENERATOR SYSTEM. — The axle generator systems used in 
this country comprise the following principal parts: 

1. An axle-driven generator mounted on the car truck. (Abroad where 
rigid trucks are used the axle generator is frequently secured to the under side 
of the car body.) 


2. A suspension by which the axle generator is supported fram the tmd 
frame. | 


3. A drive, connecting the armature shaft to the axle. 


4. A regulator for controlling the voltage and output of the generator at al 
train speeds. 


s. An automatic switch designed to open on reverse current for the pup 
of preventing discharge of the battery through the generator, 
6. A regulator for controlling the voltage impressed on the lamp circuits 


y. A battery of a suitable number of cells te supply current when generale 
eurrent is not available. 
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Three European systems which do not require complicated regulator mechan- 
isms are being introduced into the United States. 

Requirements for Successful Operation. — For the successful operation 
of the system, the following requirements must be met: 

1. The polarity of the generator terminals must remain unchanged with a 
movement of the car in either direction. 

2. At all train speeds, from the cutting-in speed of the generator to the 
maximum, the generator output and voltage must be maintained within the 
desired working limits. 

3. The generator must be automatically connected and disconnected from 
the battery circuit as the train speed rises above or falls below the critical range 
of speed. 

4. The lights may be burned at any time and the transfer of this load from 
the battery to the generator and vice-versa must result in no appreciable change 
in the candle power of the lamps. 

5. The voltage impressed on the lamp circuit must be maintained within 
such limits as will give satisfactory illumination and reasonable life of lamps. 


Suspension of Generator. — In this country it is general practice to sup- 
port the axle generator from the truck frame. When first applied, the generator 
was placed between the axle and the truck end sill, this arrangement being 
known as "inside suspension." The generator was not easily accessible for 
inspection and repairs, and at the present time it is placed outside of the truck 
frame, this arrangement being known as ‘‘outside suspension." There are four 
general methods of carrying the generator from the suspension framing, viz. 
bottom pivoted, top pivoted, parallel link and sliding. The bottom pivoted 
was first used but at the present time the parallel link suspension is in more 


general uso, 

Transmission. — The most usual form of transmission for axle generators 
consists of a rubber-filled canvas belt running on pulleys on the axle and the 
armature shaft. The axle pulley as first used was cast iron mounted directly 
on the car axle, the bore of the pulley conforming to the taper of the axle, 
but on account of inequalities in the axle which was hammered or rough-turned, 
it had to be wrapped with tarred paper. The axle pulley at present in use is 
of pressed steel, mounted on a steel bushing, the bushing being secured inde- 
pendently to a turned seat on the axle, and the pulley mounted thereon. Belt- 
tension is provided by means of springs which also afford relief to the belt due 
to the movement of the car axle with respect to the truck frame. One spring 
is generally used when the generator has top, bottom or sliding suspension and 
two springs with the parallel link suspension. Chains of the silent type have 
also been tried and have the advantage of positive action and decrease in 
beating pressure, but the wear of the links both on the face and the pivot 
sprockets has been excessive. Belts of V section have been tried and would 
seem to have the same advantages as the chains, but it is found that in 
winter the bottom of the V groove in the sheaves packs with ice and snow, 
and driving power fs lost. Neither the chain nor V belt requires tension 


device, 

Lubrication. — The generator bearings are a great source of trouble, and 
some method of lubrication is required which will confine the oil in the bearings 
under the severe conditions of service to which these machines are subjected. 
Ball bearings have been very successful when used with grease free from acid 
or alkali, which does not oxidize, evaporate, become gummy or lose its body. 


Method of Controlling Voltage and Current. — The usual modern regu- 


' lating mechanism keeps the current output of the generator constant regard- 
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less of the demand as long as the battery is not fully charged. As the battery 
i becomes charged, the generator voltage gradually increases and at a predeter- NNG 
! mined voltage, a change in control is effected whereby the current is caused to A CHOI 
| decrease until the battery is floating on the line. When the speed of the train hur j; 
u (and therefore the generator voltage) falls below a predetermined value the "um |; 
' generator is cut out of circuit and the lamps receive their current from the xai; 
battery. Ss cys 
As the voltage on the battery on charge is approximately 30 per cent higher cu 
than on discharge, it is necessary to provide some means of lamp regulation in ~ 
order to keep a constant voltage on the lamps. This is accomplished by means ix”; 

of a regulating resistance, a series of carbon blocks, the resistance being vared — :; 


Sal y 
i by varying the pressure on these blocks, the variation of pressure being deter- <*;.. 
mined by a pilot voltage coil connected across the lamp mains. (The preceding, 
hd part of this article is abstracted from H. A. Currie and B. F. Wood, Trans. Siap 
A.S.M.E., 1912.) SE 

Costs. — The cost of axle lighting includes the following items: fixed charges — 

on equipment, maintenance, depreciation, haulage and energy. The first cost ~it; 

and maintenance cost of axle-lighting equipments are given in the following i i 

table. Pu 


Maintenance cost per car, 


miles 


` 2 dollars Enn 
of genera- oe As 
tor pit Per 1000 i 
dollars Per month | |. 

N 


Baggage........... ee 
Passenger coach or 
Sleeping car 
Dining car 


I 600 0.70-0.75 5.00- 5.50 


2 1000 I.50-2.25 10.75-16.00 


**a299205909*79t*59 


3 1200 4.00-5.00 31.50-40.00 


The cost of hauling an increment of weight of the order of magnitude of 
axle-lighting equipments is about one mil per ton-mile. The energy supplied 
to the lighting generator costs about one mil per rated kilowatt capacity pet 
mile. The depreciation should be figured on the cost of equipment less that of 
the battery renewals which are included under maintenance. No reliable data 
exist as to the relative cost of operating axle generator and other systems. 


BIBLIOGRAPHY. — Buttner, Max, Remarks on Electric Lighting of Trains, 
Bull. Inst. Ry. Congress, 191r, Vol. 25, p. 267; Committee Reports in Pro- 
ceedings of Assn. of Ry. Elect. Engineers; Currie and Wood, Train Lighting, 
Trans. A.S.M.E., 1912, Vol. 34 (contains a very comprehensive bibliography 
on all systems of. train lighting); Ferguson, T. Electric Train Lighting Systems 
Jour. LE.E. 1914, Vol. 52, pp. 262 & 359. Gillman, C. R., Head-End Electric 
Train Lighting, Proc. Western Ry. Club, 1911, Vol. 24, p. 9o; Gray, W. L. 
Railway Car Lighting, Proc. Canadian R.R. Club, Feb., 1910; Master Car 
Builders’ Ass'n., Report of Committee on Train Lighting, 1911~1912; Schroeder, 
H., Train Lighting by Electricity, Richmond R. R. Club, April, 1910; Sloan, J. R- 
Electric Car Lighting, Proc. Cent. Ry. Club, March 11, 1910. See also Bulletins | 
of Gould Coupler Co., Consolidated Railway Lighting and Equipment C^. , 
Safety Car Heating and Lighting Co., U. S. Lighting and Heating Co. | 
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LIGHTNING PROTECTORS: GROUND WIRES, ARRES- 
TERS, CHOKE COILS. — (See also Distribution Lines; Ground Connec- 
lions; Power Stations; Substations; Switch Gear Equipment for Power Stations; 
Transmission Lines.) Abnormal rises of voltage in transmission and distri- 
bution circuits may be set up either by lightning discharges or by electrical 
oscillations caused by switching loads on and off the lines. The latter type 
of disturbances have been called “internal lightning. High-frequency oscil- 
lations are usually of small power and are generally called “statics.” The 
term "surge" is used for any kind of oscillation. 

A “ground wire" is a grounded wire which is run above and parallel to the 
main wires of an aérial line. A “lightning arrester” is any device shunted between 
wires or from wire to ground, which device under normal voltage permits prac- 


'tically no current to flow, but which becomes a fairly good conductor, usually 


by the formation of an arc, when the voltage rises a given amount above normal. 
A “choke coil” is a coil of wire of comparatively low resistance and small in- 
ductance, which is placed in series with the line. The coil has a very small 
impedance to normal line frequencies, but a high impedance to high-frequency 


oscillations. 

GROUND WIRES. — A line completely inclosed in a grounded metallic 
sheath, as, for example, a lead-covered cable, is completely protected from in- 
duced electrostatic charges (see Electricity and Magnetism, Principles of). The 
ground wire used over aérial transmission lines acts as a partial screen and is 
one of the best means of protecting aérial lines against lightning. The pro- 
tection is not perfect, however, since the wire forms only a partial screen. 

Where systems operate with a thoroughly grounded neutral this neutral wire 
can form the overhead grounded conductor and the system becomes practically 
a three-phase four-wire system allowing the use of single-phase transformers of 
58 per cent normal line voltage to be connected between any phase wire and the 
neutral See articles on Distribution Circuits; Transmission Lines. 


LIGHTNING ARRESTERS. — A lightning arrester consists essentially 
of a spark gap so set that excess voltage will cause the gap to arc over, allowing 
the charge due to this voltage to pass to ground. There is combined with the 
gap some means of suppressing the power arc which follows and which tends to 


continue after the abnormal 
voltage has ceased. 

Àn ideal lightning arrester 
should take no current at the 
ordinary operating potential, 
but at any potential much 
higher than ordinary there 
should pass enough current to 
limit the abnormal potential to 
some fixed safe value. When 
the abnormal potential ceases 
the arrester should stop taking 
current from the line. The 
closer an arrester approaches 
cade conditions the bet- 
ter the arrester. : 

Horn-gap Arrester (Fig. 1). Se er 
This arrester consists of two knee-shaped horns mounted on regular line in- 
sulators, The distance between the knees depends largely upon the voltage 
between line and ground, and varies from about 146 in. to 383 in. for 2200 
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volts to about 6% in. to 9% in. for 110,000 volts. One of the horns is con- 
nected directly to the line and the other through a resistance, usually water, and 
a choke coil, to the ground. Practice differs as to whether the water should 
have salt added, but it should always be covered by a layer of oil about one- 
eighth inch deep to prevent evaporation. . 

The operation of the horn gap is based on the fact that a short-circuit once 
started at the base travels upward due to the heated gases and to the force 
exerted on the arc by the magnetic field of the current until the arc is ruptured 
by attenuation. On circuits of high voltage this rupture sometimes takes a 
second or two, but seems to act with but little disturbance of the line. The 
angle between the horizontal and the straight portion of the knee ranges from 


ss to 60 degrees. The curvature of the knee should have a radius of from 
3 to 5 inches. 


Multipath Arresters have been developed for a-c. and d-c. service for volt- 
ages not exceeding rooo by the use of a carborundum block fastened between 
two terminal plates, thus allowing the static discharge to spread itself over a 
number of minute discharge paths. The normal voltage between the line and 
the ground is divided into so many minute gaps that the voltage across each 
gap is too small to maintain an arc after the discharge has passed. 


Nonarcing Árresters (Fig. 2) based on the discovery of "nonarcing metal” 
by Mr. A. J. Wurts, formed the first successful high-voltage arresters. The 
peculiar property of this metal is that an alternat- 
ing current will not maintain an arc between adja- 

- cent cylinders of the metal provided the voltage is 
not too high and that the power current which fol- 
lows the lightning discharge does not vaporize too 
much of the metal. The first condition is met by 
having a fairly large number of very small gaps in 
series, and the second condition gives no trouble 
where the amount of power current is comparatively 
small as was the case on the early high-voltage in- 
stallations. For large amounts of power it becomes 
necessary to use resistances in series with the spark 
gaps to limit the current, and these resistances re- 
duce the effectiveness of the arresters. For very high 
voltages different schemes are used to reduce the 
number of gaps required. Ithasbeen found that by 
shunting a certain number of these gaps by a non- 


inductive resistance the effectivenéss of the arrester 
is increased. 


Fig. 2 shows an arrester of this design intended Fig. 2. Nonarching Light- 
for service on 6600-volt lines where the capacity ping Arrester 
does not exceed 2000 kv-a. The nonarcing cylinders are held between porce- 
lain insulators in such a way that there is an air gap of about 142 inch between 
adjacent cylinders in each one of the four sets of seven cylinders. ‘The marble 
slab forming the base of the arrester also has mounted on it three graphite re- 
sistance rods shunting some of the gaps. Modifications of this scheme wete 
used for the “low equivalent,” *multigap," “multiphase” and similar “shunted 
gap" arresters that were installed before the electrolytic arresters were brought 
out and are still giving good satisfaction in many plants operating at voltages 
as high as 88,000 volts. 

Electrolytic Arrestera (Fig. 3) have been found after experimental research 
and operating experience of many years to be the best suited for high voltages 
up to the highest in actual service. See also Power Stations, H ydroelectric. 


TE 
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suk These lightning arresters are usually provided 


ayre: with a horn-gap device mounted on a framework 
eff and arranged so that the length of gaps can be 
'ix: adjusted easily while the breaker is in service, 
The arrestar itself consists essentially of a system 
«ct of nested aluminum cup-shaped trays as shown 
sot? im Fig. 8, suitably supported and arranged in a 
wiz steel tank containing a liquid clectrolyte which 
da x forms insulating films on the surfaces of these 
trays. These films prevent passage of current at 
normal voltages and break down at abnormal 
Jai? Voltages: on the cessation of the abnormal stress 
the film regains its original resistance. When 
Qe these arresters are arranged for outdoor service, 
^; the aluminum trays filled with electrolyte are 
“completely immersed in transformer oil contained 
~. hn the steel tanks. This oil provides an insula- 
^. tion and cooling medium, and prevents evapora- 
^" fien of the electrolyte. ‘The volume of oil in the 
tanks, which are nearly filled, is great enough to 
== absorb the heat due to a continuous discharge 
< for a long period. ES 
e It is usually necessary to charge the arrester | — 
: periodically for the purpose of maintaining the Al ENI E ka 
film of oxide on the aluminum plates, The horn / i (ets rmm | iW 
\ gaps are readily adjustable so that in one posi- <= | | AS 
e 
^ 
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is the line current will arc across the gaps and us 
charge the cells, In a second position the gaps p oo 

' are sa set as to discharge only at a predeter- pou ced e Lum 
j mined point slightly above the operating voltage, 

In the third position of the horn gaps, the gap is so large as to prevent the possi- 
bility of arcing across and in this manner acts as a disconnecting switch when it 
is necessary to inspect the tanks containing the elec- 
trolytic cells. See also Power Stations, Hydroelectric. 


CHOKE COILS (Fig. 4) are an important ele- 
ment in the protection of circuits against static dis- 
turbances, in addition to the lightning arrester itself. 
The inductance of the choke coil acts as a reflector to 

: — high-frequency waves and prevents the potential to 
/ which the leads of the generator or transformer cojl 
* are subjected from undergoing excessive or abrupt 

changes. As at the operating frequency the value 
of volts per turn in a choke cojl is very small, a 
surge may cause a spark to pass momentarily between 
turns but no arc will be formed. This is not usually 
_ . true of a generator or transformer. Although extra 
: insulation for the end turns of generators and trans- 
formers is desirable, it cannot entirely take the place 
` of choke coils but frequently permits the use of coils 
of a smaller choking power. — 
Fig. 4 shows a type of choke coil built in normal Fig. 4. Choke Coil 
capacities up to 260 amperes at 25,000 volts. These 
coils are made by winding wire or copper strap on circular or elliptica] 
center blocks with heavy insulation between turns. The coils are without 
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iron and are arranged for mounting on the station wall or on a suitable 
framework. 

For high-voltage work one or more open helical coils are used. These coils 
are usually made of aluminum wire wound in a helix of about 20 turns and 


15 inches in diameter. They are arranged for supporting on insulators and for 
either indoor or outdoor mountings. 


INSTALLATION OF ARRESTERS is dependent on their D The 
electrolytic type is frequently made suitable for outdoor service; the other 
types are intended to be mounted indoors and are connected i in circuit at the 
point where the lines pass from the building. 


Ground Connection. — (See also article on Ground. Connections.) One of the 
most important features of a lightning-arrester installation is the securing of a 
satisfactory ground connection to enable the static electricity to pass readily 
into the earth. With a poor ground connection the value of lightning arresters 
and choke coils is greatly reduced. 

A common method of securing a ground connection is to solder or rivet the 
ground wire to a large tinned copper plate which is buried in several layers of 
crushed coke or charcoal in permanently damp earth. Wrought-iron pipes 
driven deep into the moist earth will also make a good ground. In hydraulic 


plants the ground should include a connection to the penstock or some other 
portion of the piping system. 


SPECIFICATION. FOR LIGHTNING ARRESTER. — (See also arlide 
on Specifications.) As the services to which lightning arresters are subjected are 
not capable of reproduction for testing purposes, lightning arresters cannot be 
specified in terms of performance. Hence it is necessary for the engineer to 
specify the type and details of construction after an examination of the various 
types. When calling for proposals, the following details should be stated: 


station or out-of-door service, voltage and frequency of circuit; details as to 
where arresters are to be located. 


DIMENSIONS, WEIGHTS AND COSTS vary so much for the different 
voltages, class of service, whether grounded or ungrounded neutral, indoors 
or outdoors, that it is impossible to tabulate this information in the limited 
space available. 

Lightning protection in a power house is almost independent of its capacity 
but depends on the voltage and number of feeders to be protected. A 209 
ampere 2300 volt 3-phase feeder would require lightning protection costing about 


$20 while a 200 ampere 110,000 volt feeder would require lightning protection 
costing about $2,000. 


BIBLIOGRAPHY. — Papers in the Elec. Jour. by Neall, N. J., Jan. E 
Dec., 1905, and by Jackson, R. P., Aug., 1907, Feb., Mch., and Apr., 1993; 
papers in the Trans. A.I.E.E. by Mershon, R. D. 1903, Vol. 22, p. 335 
Neall, N. J., 1904, Vol. 24, p. 951; Wirt, H. C., 1906, Vol. 25, p. 399; Rowe, N., 
1907, Vol. 26; Creighton, E. E., 1907, Vol. 26, p. 1049 and 1908, Vol. 27, p. 669; 


Jackson, R. P., 1907, Vol. 26, p. 873; Steinmetz, 1907, Vol. 26, p. 401; papers in 
the G. E. Review for June 1908 and Feb. 1910. 
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LOCOMOTIVES, ELECTRIC. — (See also Cars, Electric; Collectors, 
Current; Locomotives, Steam; Railways, Energy Requirements and Motor Capacity 
for.) For many years a new type of electric locomotive was designed for nearly 
every new proposition. However, with the very numerous applications of 
electric locomotives of from 30 to 50 tons weight for slow freight and switching 
service on interurban roads and in terminals, the double-truck bogie type finally 
demonstrated its superior fitness and came to be adopted almost universally in 
America for all work involving speeds less than 45 m.p.h. For higher speeds 
special provision must be made for guiding the locomotive around curves by 
the addition of guiding trucks or axles, for placing as much of the weight of 
the motors as possible on springs and for raising the center of gravity to a 
reasonable height (five feet or over). With a low center of gravity every side- 
wise movement of the mass of the locomotive strikes a blow side-wise on the 
track, but with a high center of gravity a side swaying is transformed into a 
downward thrust on the track. As the track is not usually designed to with- 
stand great side thrusts it is better to avoid a low center of gravity in high- 
speed locomotives. 

The coefficient of adhesion for electric locomotives has usual and safe values 
of from 18 to 22 per cent. It is higher for electric than for steam locomotives 
on account of the uniform torque of the electric motor. With clean dry rails the 
coefficient for electric locomotives may be as high as from 30 to 40 per cent. 


CLASSIFICATION. — Locomotives are usually classified by the arrange- 
ment of their wheels and the subdivision of the wheels into driving wheels and 
guiding wheels. A series of numerals is used, each numeral representing a group 
of wheels of one form usually on one truck. Thus 4-4-0 designates a locomotive 
having four wheels on a guiding truck, four driving wheels connected and no 
trailing wheels or truck. This is the common “American” type of steam 
passenger locomotive. An ordinary double-truck four-motor freight locomotive 
or motor car would be designated as 4-0-4. (See also Locomotives, Steam.) 


TYPES OF MOTORS.— Locomotives are built with various types of motors 
and operate from various systems of electrical distribution, e. g., 

a. Direct-current Motors at 600, 1200, 1500 or 2400 volts; for the higher voltages 
two motors are operated in series. 

b. Single-phase Motors for 250 volts and 15 or 25 cycles, connected to the 
secondary of a transformer which receives its power from a 6000- or 11,000-volt 
trolley line. 

C. Three-phase Induction Motors operating at about 500 volts supplied by 
the secondary of a transformer whose primary is connected to a 6000- or 11,000- 
volt three-phase trolley. l 


CONTROL SYSTEMS. — The control of all modern electric locomotives is 
by the multiple-unit system (q.v.), as the currents required are too large or the 
voltage too high for a drum control (q.v.). The possibility of one motorman 
operating and controlling two or three locomotive units at the same time is also 


advantageous. 


TYPES OF ELECTRIC LOCOMOTIVES.— The simplest form of electric 
locomotive is a box car with a motor geared to each of the four axles on two 
bogie trucks. Such a locomotive would be geared for a very low speed and 
hence high tractive effort. To prevent slipping of the wheels the car would be 
weighted down with ballast or a load of freight. | 
. The most common type of electric locomotive consists of a cab and framing 
carried on two heavy four-wheel trucks, each axle carrying à geared motor. 
Extra strength is provided in the cab framing to transmit the tractive effort ot 


f 
| 


~ 


. 600 volts d-c. 
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the motors to the couplers. The complete locomotive may weigh from 30 to 50 
tons and is equipped with motors having ah aggregate capacity of approximately 
soo horse-power. It will haul trains of about 20 cars, weighing about 500 tons, 
at speeds from 40 to 30 miles per hour. The usual tractive effort} at the ohe- 
hour rating of the motots is ftom 10,000 to 15,000 Ib. Such locomotives aré 
well adapted for switching purposes in terminal freight yards and for hauling 
freight trains on interurban electric railways. 

Detroit River Tunnel Loconiotives. — A further development of this type 
of locomotive is exemplified in the large locomotive used for pusher and grade 
service in the Detroit River Tunnel of the Michigan Central R.R. and other 
similar installations. Each of these locomotives weighs from 100 to 120 tons, 
all on drivers, and consists of two four-wheel trucks carrying geared motors 
of from 300 to 500 horse-power each. The two trucks are coupled together by 
a pin or hinge which causes them to guide each other. This is called the “ Articu- 
lated” type. The cab, containing all the control and auxiliary apparatus, is 
mounted on the trucks. The Detroit River Tunnel locomotives operate on 

. Locomotives of this type are now in operation also on 2400 
volts d-c. and on 6000 volts three-phase a-c. They are limited in speed to about 
40 miles per hr. on account of their lack of guiding trucks. 

New York Central R.R. Locomotives. — The locomotives constructed in 
1910 have a leading and a trailing two-axle guiding truck and in the middle four 
driving axles with gearless motors. The armature of each motor is mounted 
directly on the dtiving axle and the bi-polar field of the motor forms a part of the 
tnéchanical frame work of the locomotive. The magnetic flux passes through all 
four motors in series and returns by the side frames. The motors are woutd 
fot 666 volts d-c. and have very large air gaps to allow fot the play between 
the atrnatute and the field as the wheels pass over irregularities in the tracks. 
The field structure is spring borné but the armatures are not. 

The locomotives constructed in 1913 consist of two sections articulated, 
with two two-axle trucks on each section. One truck on each section is rigid and 
the other is a bogie or guiding truck. Every axle carries a motor and all 
wheels are of the same size. The single cab is carried on a king pin on each 
section. 

New Haven R.R. Locomotives. — The type of electric locomotive adopted 
by the N. Y., N. H., & H. R.R. in 1911 has four gearless single-phase series 
motors, the armatures being mounted on quills concentric with the driving 
axles and driving the wheels by means of springs. 'The locomotive has two 
trucks, each having four large driving wheels and two smaller guiding wheels. 
The motors arè designed to operate at from 250 to 300 volts either a-c. or d-C, 
two in series on the line for d-c. and on the secondary of a transformer for a-t 
The line voltage is 11,000 at 25 cycles. 

Pennsylvania R.R. Locomotives. — The locomotives of the Pennsylvauia 
R.R. consist of two similar units coupled back to back. Each unit has a two- 
axle guiding truck and has two driving axles rigid with the body frame. There 
is one large motor per unit, mounted in the cab and driving the wheels by means 
of an inclined connecting rod from the motor to a jack shaft and horizontal side 
rods from the jack shaft to the drivers." The connecting rods on opposite sides 
are placed at right angles to avoid dead centers. 


SPECIFICATION FOR ELECTRIC LOCOMOTIVE-* — The following 


memoranda are intended to assist in writing specifications. See also attide 
on Specifications, 


On important high-speed systems it is usual for the design of the locomotive 
to be wotked out by the purchaser and manufacturer working in collaboration, 


* By W. A. Del Mar. 
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and in such cases, the design is usually specified in detail. In other cases, it is 
more usual to specify the operating characteristics and leave the design to the 
manufacturer. The following memoranda are to assist in the preparation of a 
spedfication of the latter type. 

General Description of Service. — Whether for direct- or alternating-cur- 
rent, single-phase or three-phase, freight or passenger hauling, overhead trolley 
or third rail. Line voltage, etc. 

Specific Details of Work to be Performed by Locomotive. — Weight 
of cars loaded and empty. Maximum train weight. Average train weight. 
Time to make typical run of stated length. Number and duration of stops in 
typical run. Ton miles per day per locomotive. Maximum speed on level 
with average load. Maximum speed on maximum grade with maximum load. 
Acceleration (miles per hour per second), with maximum load. Hours per day 
in regular service. Amount of time in shifting and yard service. 


Profile and Plan of Line. — Grades and curves. 

Clearances and Limiting Dimensions.—Gauge of track, clearance diagram 
of right-of-way. Maximum and minimum height of trolley wire or third-rail 
location. Height of coupler. Wheels, tread and flange (M.C.B. or special). 
Weight of rail. Minimum radius of curve. Wheel diameter. Maximum 
permissible weight per running foot of right-of-way. 

Operating Characteristics. — Absence of nosing or lateral swing. Absence 
of rail pounding. Temperature-rise limitations. Efficiency. 

Control, — See specifications under Control Systems for Railway Motors. 


Motors, — See specifications in articles on Motors. 
Air Brake. — Straight, automatic or combined. General characteristics. 


COST, WEIGHT AND DIMENSIONS. — Electric locomotives cost 
about $400 per ton weight, which is considerably more than steam locomotives, 
but they are cheaper to operate and maintain as they can make more mileage 
per day. It costs, roughly, between 5 and ro cents per locomotive mile to 


operate electric locomotives. ; 
The characteristics of the most prominent types of electric locomotives are 


given in the following table: 


wr 


£ Li 
n 
i| 8 Locomotives, Electric 
CHARACTERISTICS OF ELECTRIC LOCOMOTIVES 'NJTIY 
Bush Pied- Butte | Detroit |: taiten 
Item termi- | mont | A.&P.| Rive | ~y 
| nal R.R. R.R. | Tunnel iude 
| Eau OMEN eee ee MEE 
ti S "Class 
yster Lad dus a eni i e Ax Qe QUE D-C D-C D-C D-C. RN 
i Trolley voltage.................. Leere 500 1500 2400 600 ee 
i Service........... eese ICONE RES Freight | Freight | Freight | Freight ul | 
i and and i 
2 passenger| passenger a 
b Total weight, tons................ esee. 40 55 80 100 | Er 
T Number of motors.............-.0000- 4 4 Ec 4 m 
d Horse-power per motor................ go* 185* 300t 275° i 
t Weight of electrical equipment, tons... 14 19 30 2] E 
A Weight on drivers, tons................ 40 55 80 100 | 
d Diameter of drivers, inches. .......... 36 37 46 48 [us 
f. Rigid wheel base...................... 6 ft. 6 in. |7 ft. 4 in. | 8 ft. 8in. | 9 ft. 6 in. Siu 
| Total wheel base. ......... esce 22ft. | asft. | 26%. |27ft.6in| Ee 
t Rated tractive effort, pounds . ........ 17,000 13,700 30,000 35,000 Sm 
Ñ Rated speed, miles per hour......... re 8 20 15.5 I2 |, Re 
" Classification ..05 605 desea rr Ru 404 0440 0440 0440 m. 
: \ New | N.Y. i T Penn- -o 
1 i Item Haven | Central pin 7 | sylvania | - 
; 
| R.R. R.R. R.R. R.R. dr 
i peces - 
fi Svstemiccssacescieviesaan m Eee dra ds A-C. D-C. | phase | D-C. i 
^ Trolley voltage........... cesses 11,000 600 6,000 600 ae 
Y! SEPVIGe 5. roo peo vp eda ars Passenger] Passenger| Freight | Passenger S 
` ji and a 
: ^ i passenger M 
ki Total weight, tons............ esee 102 IIS 11S 166 
p Number of motors. .....sssseressess.o 4 4 4 2 
* Horse-power per motor. ............... 250* 550* 375* 1250" 
i: Weight of electrical equipment. ....... 55 30 55 64 
i Weight on drivers, tons................ 81 7 IIS 104 
5. Diameter of drivers, inches. .......... 62 44 60 72 
N Rigid wheel base...................... I3ít.9in.| 13 ft. iI ft. 8 ft. 
i Total wheel base. ...................s. 33ít. 6in.| 36 ft. |31 ft. 9 in.|ssft. in. 
; | n Rated tractive effort, pounds. ........ 9,000 20,000 38,000 25,000 
is Rated speed, miles per hour........... 4I 40 15 32 
| Classification... secs E v vds rs 240042 484 0440 4444 
A 


* At one-hour rating of motors. t At continuous rating of motors. 


BIBLIOGRAPHY. — Armstrong, A. H., Comparison of Steam and Electric 
Locomotives, Trans., A.T.E.E., Nov. 1907; Burch, E. P., Electric Traction for 
Railway Trains, N. Y., 1911; Locomotive Dictionary, AR.M.M.A., N.Y. 1906; 
Murray, W. S., Maintenance of New Haven Locomotives, Trans. A.1.E.E., Jan. 


and Nov. 1907; Storer and Eaton, Electric Locomotive Design, Trans. AIEE, 
July 1910. 
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LOCOMOTIVES, STEAM. — (See also Locomotives, Electric; Railways, 
Energy Requirements and Motor Capacity for.) Locomotives are classified 
broadly by the number of truck and driving wheels. Each arrangement of 
wheels has a definite name but the various wheel arrangements have multiplied 
so rapidly of late that the “Whyte classification" has largely come into use. 
Whyte Classification. — According to this scheme of classification three 
numbers are used; the first indicates the total number of leading or truck wheels 


‘in front of the drivers, the second indicates the total number of drivers, and the 


third indicates the total number of wheels behind the drivers and under the 
locomotive proper. Tender wheels are not included. This classification may 
be extended, by the use of more than three numbers, to cover engines of the 
articulated, or Mallet, type. The classification and names of some of the more 
important types are given below, the weights being in short tons. 


DESIGN AND PERFORMANCE. — A steam locomotive is essentially a 
moving power plant and as such it must transport its fuel and water with it. 
Its limitations as to size and weight are determined by roadway clearances, 
the curves upon which it must run, and the strength of the track supporting it. 

The load upon a driving axle is generally limited to 30 tons. This weight is 
sometimes exceeded, but as a rule is not often equaled. 

Maximum Power. — The limit of power of a steam locomotive is measured 
by the size and steam-producing capacity of its boiler (see Boilers). Owing to 
the necessarily small grate area, coal must be burned very rapidly under an 
induced draft. The rate of combustion is quite commonly as high as roo lb., 
and is sometimes 150 Ib. per sq. ft. of grate area per hour. The use of brick 
arches and superheaters largely increases the power, adding from 30 to 40 per cent 
in some cases. On account of difficulties of lubrication, wear of valves, etc., 
piston valves must be used with superheaters. 

The maximum horse-power which can be exerted by a steam locomotive 
is in some cases 4000, although this is unusual; from 2000 to 2500 is a fairer 
maximum figure for ordinary cases. The largest tenders have a capacity of 
9000 gallons of water and r5 tons of coal. 

Tractive Effort, — The tractive effort of a single expansion steam locomotive 
at slow speed is computed from the following formula: 

Tractive effort = DX, 


where P-= mean effective pressure in cylinders, in Ib. per sq. in. (usually taken 
as 0.8 of boiler pressure), 

D = diameter of the piston, in inches, 

S = stroke, in inches, 

d = diameter of driving wheels, in inches. 

Tonnage Rating. — By the tonnage rating of a locomotive is meant the 
weight, in tons, of the train which it can pull, exclusive of the weight of the 
locomotive, but including the weight of the tender. Short tons (2000 Ib.) are 
used. Let: 

F = maximum tractive effort, usually taken as the tractive effort cor- 
responding to a mean effective pressure equal to o.8 of boiler 


pressure, 
G= maximum grade, per cent, 
L = weight of locomotive, in tons, 
R= locomotive resistance, lb. per ton, 
f = train resistance, lb. per ton, 
T= “tonnage rating,” i.e., weight behind locomotive. 
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F-(R+20G)L 
T = —=—— 
r+ 20G 


See article on Ratlways, Energy Requirements and Motor Capacity for, for values 
of and R. On heavy grades this value of the tonnage rating will be limited 


t: by the ability of the fireman to keep up full steam pressure. 


Reduction of Tonnage Rating in Stormy Weather. — Weather con- 
ditions also affect the steam locomotive’s capacity. The worst condition 
is cold weather with a heavy wind at right angles to the track. This side wind 
always makes engines steam badly and increases flange friction against the rails. 
It is à common cause of delays. 

Tonnage ratings are reduced a variable amount under severe weather con- 
ditions, Some roads have fixed rules and some have not. The maximum 


i feduction, taken from a table published in Bulletin No. 59 of the University of 
: Illinois Engineering Experiment Station, is 3o per cent for temperature around 


ts degrees below zero. On lines having heavy grades the grade resistance is 
such a large proportion of the total work to be done that the train resistance 
becomes a very small factor. Consequently the tonnage ratings for roads 
having vety heavy grades are practically the same for all seasons and weather 
conditions, 

Unbalanced Forces. — The necessity of partially balancing the heavy re- 
Gptocating parts by weights located on the wheels produces unbalanced ver- 
tical forces which are hard on roadbed and bridges. 

Center of Gravity and Stability. — The boiler is necessarily placed almost 
Wholly above the wheels and the center of gravity of the whole engine is there- 
fore a considerable distance above the rails. Careful tests have shown this to be 
à positive advantage so far as ease of maintenance of track is concerned. By 
proper elevation of outcr rails on curves, the overturning tendency of the cen- 
trifugal force may be wholly or sufficiently neutralized. This overturning tend- 
ency is much less than most engineers suppose. It is safe to state that it is 
impossible to overturn a locomotive at any practicable specd upon any ordinary 
curve by the action of centrifugal force unless the conditions are such (as in a 
cross-over, for instance) as to set up a rolling or oscillatory motion of the engine 
about its longitudinal axis. Generally speaking, the tender is the part of the 
train most likely to leave the rails. This is due to its varying and shifting load 
of coal and water. 

Typical Large Locomotives. — The first three locomotives listed in the 
following table are perhaps the highest development of the steam locomotive up 
to the present date. The data for these locomotives, which are in use on the 
Pennsylvania R.R., was furnished through the kindness of T. R. Cook, Assist- 
ant Engincer of Motive Power, Pennsylvania Lines. These engines are all 
equipped with superheaters. The external heating surface of the superheaters 
is taken as 50 per cent greater than the heat surface of boiler in obtaining the 
total heating surface. In a test these locomotives produced an indicated 
horse-power of from 2 to 4.1b. of dry fuel per hour. The lowest rate repre- 
sents a fuel consumption of 3500 to 4000 lb. of coal per hour, the locomotive 
having sufficient fire-box capacity to burn up to 9,000 or 10,000 lb. of coal per 
hour. This isa consumption of from 65 Ib. to 180 lb. per sq. ft. of grate per 


ur, 

The fourth locomotive is of the Mikado type, is not equipped with a super- 
heater, and was built by the Philadelphia and Reading. It is designed to burn a 
mixture of buckwheat (anthracite) and soft coal. © The information concerning 


this engine was taken from the Ry. Age. Gazette of Aug. 13, 1913. 
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OPERATION OF STEAM LOCOMOTIVES. — Below are given some 
of the more important facts in regard to steam locomotive operation. 


Location of Coal and Water Stations. — Coal and water stations for re- 
plenishing the tender are required at intervals, depending upon the topography 
of the line and volume of traffic. On fairly level roads coaling stations are re- 
quired at intervals of 50 or 60 miles for freight engines and 120 miles for passenger 
engines. Water stations are needed at about 50o-mile intervals for passenger and 
25-mile intervals for freight service. These distances may be much reduced on 
heavy grades. The location of water stations is also a matter of available water 
supply. Where possible water should be taken at regular stops. 


Fuel and Water Consumption. — This is very variable depending upon 
topography and alignment of road, kind of service, frequency of stops, whether 
single or double track, climatic conditions, weight of trains, etc. The number 
of pounds of coal burned per locomotive mile averages about 104 for passenger, 
208 for freight, 130 for mixed, 108 for switching and 150 for all types of ser- 
vice. The actual water evaporated varies from 4.5 to 6.5 lb. per pound of coal 
burned. The first figure is for a coal consumption of 200 lb. and the last for 
65 Ib. per sq. ft. of grate per hour. ) | 

In some parts of the U.S. oil is used for fuel on account of the high cost of 
coal. It results in a greater expense for upkeep of boilers on account of intense 
heat, but in the far west and southwest is economical on the whole. 


Use of Different Kinds of Coal. — Exhaust nozzles and draft appli- 
ances can be arranged to suit any one of various kinds of coal, and arrangements 
should be made to use only the kind of coal for which the engine is “drafted ” 
as other kinds are burned at a less efficiency and consequently at what is prob- 
s a larger expense even though the cost per ton of the improper coal is 
ess. 

Idle Steaming. — Whenever a locomotive is standing idle under steam, 
coal is being consumed. This idle time should be reduced to a minimum by 
avoiding firing up a long while before an engine is needed, and by keeping trains 
moving while they are on the road. Roads having traffic largely of one kind can 
show better results in this particular than those having a mixed traffic composed 
of equal parts of all kinds. 


Lubrication. — The friction in a locomotive is large, ranging from about 20 
per cent of the total power of the engine to a maximum of 50 per cent or more 
under certain conditions of passenger service. Probably 35 per cent is a fair 
average. In many cases an appreciable economy can be instituted by increasing 
the quantity of oil allowed for an engine. Most motive power officials are 
strangely blind in this respect. Generally oil consumption is kept at a minimum, 
and enough coal is burned to overcome the resulting friction. The proper 
method is to so arrange the ratio of oil to coal that the total expense for the two 
isa minimum. 

Blowing-off. — Boilers must be blown off and washed out at intervals de- 
pending upon the quality of water used. 


COSTS, — The first cost of a steam locomotive is from 6 to 7 cents per pound 
of weight, including tender. 

Annual Costs. — The cost of maintenance and repairs ranges from $2000 to 
$3500 per locomotive per year, an average figure being $2600. 

The average life of a locomotive is about 20 years; hence in addition to the 
Cost of maintenance and repairs an annual depreciation of 5 per cent of the 
first cost should be charged against the locombtive. In addition, an interest 
Charge of, say, 5 per cent of the first cost should be included. 
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The operating costs are as follows, the figures being for ordinaty mixed ser. 
vice on a trunk line with modetate grades: - 


Wages of crew, — 10.6 cents pér loco.-tnile 
Coal, at $3.00 pet toń, 18.9 cents per loco.-tmile 
Oil, waste, été.; | | - O3 dent pet loco.-nile 
Wiptts, 3.5 cent pet léco.-mille 
Repaits, | ti.3 cents per loto.-mile 
Total operating cost, | 


41.6 cents pet loco.-mile 

The average cost of operation of a locomotive, including wages of tonductor 

So is about $50 per day, on the basis of 100 miles being a day’s 

work, —— ah 

The total annual cost of a locomotive costing initially $20,000 and coverihg 

an iverage ot 100 miles per day would then be roughly: 
Gperation........... vinta E 
Maintenance and repairs . . 
Depreciation. . 
Interest 


LEE EKIS SE E E E ot s 


essi, $10,000 
CE E EE S r E E test 2,600 
(EKSE K E r E LES E E SE r E E S r Fas 1,000 
*€6992«09250625206069209?9096990062500€00609964999,9 (E r r r a vis$otus f$ 1,000 
"Totali oi Ed RS CESS ae ha EOE A es $14,600 
BIBLIOGRAPHY. — Henderson, G. R., The Cost af Locomotive Oberalion, 
N. Y., 1906; Goss, W. F. M., Locomotive Peformance, N. Y., 1907; Interstate 
Commerce Commission, Siasistics of Railways in the United States, toro, Wash: 
ington; Pettigrew, W., F., A Manali of Locomotite Engineering, London, 1900} 
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LOGARITHMS. — The logarithm of a number A, to a given base b, is the 
power s to which that base b must be raised in order to equal the number A. 
Thus, if ^ = A, then » is the logarithm of A to the base b, which may be written 
n=log}A. From this delinition the following properties are readily deduced, 
where A and B are any two numbers. 


log AB = log A + log B. 
A 
log 5 = log A — log B. 


log A" = n log A. 


Characteristic and Mantissa. — These three equations hold irrespective of 
what is chosen as the base of the logarithms, provided the same base is used for 
each logarithm. In the common or Brigg's system of logarithms the number 
10 is chosen as the base. In such a system the logarithm of any number may 
be expressed directly in terms of the logarithm of a number (including decimal 
Íractions as numbers) between 1 and xo. For example: 


logio 376.42 = log (100 X 3.7642) 
= log 100+ log 3.7642 
m 2+ log 3.7642, 


since the power to which 10 must be raised to give roo is 2. Similarly, logy 
3764.2 = 3 + log 3.7642. The logarithms of all numbers between z and 10 are : 
less than unity. The whole number or integer part of a logarithm is called its 
“ characteristic " and the fractional part its “ mantissa.” The characteristic 
of the logarithm of a number less than unity is negative. For example: 


log 0.037642 = log (x45 X 3.7642) 
| = log 1 — log 100 + log 3.7642 
m — 2+ log 3.7642. 


In general, the characteristic of a number greater than unity is positive and ts 
one less than the number of figures to the left of the decimal, while the charac- 
teristic of a number less than unity is negative and is one greater than the num- 
ber of ciphers between the decimal and the first significant figure. A table of 
logarithms gives the mantissas only, the characteristics being determined by the 
above rule. Such a table is given below. 

Antilogarithms. — If n = log A, then A is the number whose logarithm is n. 
This may be written symbolically 


A = log n. 


A is then called the antilogarithm or inverse logarithm of n. "The antilogarithm 
of a number (i.e., the number which has the given number for its logarithm) is 
found from a table of logarithms by finding the number in the margin cor- 
tesponding to the decimal point of the given number in the table, and fixing 
the decimal point by the rule given above. Example: 


log! 1.6464 = 44.3. 


Use of Logarithms. — Logarithms are used in the processes of multiplica- 
tion, division, raising to powers and taking roots. For example, to find the 
product of two numbers take from the table the logarithms of the two numbers, 
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add these logarithms, and then from the table find the number of which thisis : 
the logarithm. The position of the decimal point is fixed by the value of the WANTS 
mantissa in the sum of the two logarithms. By adding a whole number toa 


mins 
mantissa and subtracting the same number from the characteristic the mantissa TM 
y of the final result can always be kept positive. alg 
: Examples. — Multiply 376.2 by 0.587: is Ty 
i log 376.2= 2+ .5754% a 3M 
| log 0.587 =—1-+ .76863 EX! 
1 Adding gives 1 + 1.34404 = 2.34404 co 
i i therefore 376.2 X 0.587 = 220.8. tel is 
T: Qr ' 
k Divide 37.62 by 587: at 
$ log 37.62 = 1 + .57541= 1.57541 5i 
d log 587 = 2+ .76863 - 2-- .76863 “chy 
l —— aieh 
; Subtracting gives — 2+ 89678 | en 
= 0.06409. ^i 
; therefore 587 0.06409 dm 


| t 
NATURAL LOGARITHMS. — (See also Roots and Powers.) The base of Wa 


1 d Y wo 
the so-called natural system of logarithms is the value of the expression | 1 t |] “th 


EN 

when # is taken equal to infinity. The numerical value of this expression is. ...- 

| : LIY E | : i, 

found by expanding | 1+ s by the binomial theorem (see Series), andis ~ 

i equal to 2.718282 +. This number is usually represented by the symbol e, 3s 

ip that is, | i 

i €= 2.718282 +, or 2.718 approximately. n 
1 


^ Logarithms to this base are readily calculated by means of Taylor's series (se 


WC S 
" Series); also this number e enters in a very simple manner into various mathe- hs 
H matical and physical relations (see Equations, Differential; Transient Eledre — 
P Phenomena; Hyperbolic Functions; Trigonometric Functions). n 
B The relation between a logarithm of any number A to any base b and the ; 
Ky logarithm of A to any other base a is a 
m. : log, A E 
i dV lo A zm fa | | 
; t ; Bb loga b E 
H From this last relation the natural logarithm of any number may be found 
E directly from the table of common logarithms. 


Example. — 
loge 376.2 = 2.3026 X 2.57541 = 5.930. 


The natural logarithm may also be taken directly from the table of expo- 
nential functions (q.v.), remembering that loge A is the number in the margin 
bag of the table corresponding to the number equal to A in the columns of the 
i table. 

Pu The symbol “In” is frequently used for the natural logarithm and the 


l | : symbol “ log ” without a subscript is usually employed as an abbreviation fot 
RE the logarithm to the base 1o. 


d [W. A. Der Maz] 
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if rus ; 
5: LUBRICANTS AND LUBRICATION. — (See also Bearings; Friction.) 


est Ordinary lubricants may be classified as follows: 


i) — Vegetable Oils. — Commonly employed vegetable oils are linseed, cotton- 


seed, rape atid castor. Vegetable oils decompose at comparatively low teni- 
peratures. They are used chiefly for compounding with mineral oils. 

Animal Fats. — Animal fats ordinarily employed for lubrication ate tallow, 
neat's-foot, lard, sperm, wool grease and fish oil. Like vegetable oils they 
decompóse at comparatively low temperatures and are used chiefly fot com- 
pounding with miretal oils. 

Mineral Oils. — These are all petroleum products, and form the whole or 
the greater part of most of the lubricants employed. 

Solid Lubticanté. — Dry graphite, soapstone and mica are sometimes 
used as lubricants for slow-speed work when the bearing surface is restricted in 
area and the load to be carried is very large. 

‘t Defloccülated ” Graphite. —In 1906 E. G. Acheson discovered a process 
of producing a fine, pute, unctuous graphite, which when heated with a solution 
of tantin would temain suspended in water for months. The graphite thus 
suspended in water, known as ‘‘aquedag”’ has been successfully used as à lubti- 


. cant (Zfons. Ad.E.E., 1907), Acheson’s "deflocculated" graphite, as the 


graphite in the finely divided form is called, has also been suspended in oil, the 


à" oil emulsion being known as “‘oildag,” making an excellent lubricant. 


Greases. — Compounds of oils and fats containing sufficient soap to form 
a more or less solid mass at ordinary temperatures are called greases. Lime 
soda or lead soaps are used in these compounds. For very high pressures 
graphite, soapstone and mica are sometimes added to the grease. | 


QUALIFICATIONS OF A GOOD LUBRICANT. — The generally 
accepted conditions of a good lubricant are as follows! 


1. "Body" (ire, Viscosity) ehough to prevent the surfaces to which it is applied 
from coming in contact with each other. 

a. Freedom from corrosive acid, of either mineral or animal origin. 

3. As fluid as possible consistent with sufficient “body.” 

4. Low coeffitient of friétioA (as determined in a standard bearing). 

5. High "flash" and butning points. 

6. Freedom ftém all materials liable to produce oxidation or * gumming." 


The examinations to be made to verify the above are both chemical and 
tnechanical, and are usually arranged in the following order: 


1. Identification of the oll, whether a simple mineral oil, or animal oil, or a 
mixture. #. Density. 3. Viscosity. 4. Flash point. 5. Burning point, 6. 
Acidity. 4. Coefficient of friction. 8. Cold test. 

Test for Fats. — Heat a small quantity of the oil in a small test tube r5 min- 
utes with sriall pieces of metallic sodium of caustic potash: If fatty vil is 
present; a soapy mass will form dt the top. | (Gebkafd4.) — 

Test for Tarty Matter. — Dissolve a small quantity of the oil in from 
10 to 26 times its bulk of gasoline; tar arid other insoluble mattet will be pre- 
cipltated. (Gebhard?.) | 

Specific Gravity. — This is usually made with a hydrometer, graduated 
accotding to the Baurüé scale. At 60° F. 

140 


Specific gravity = 7 55 degrees Baumé 


a 

. . . i 
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Viscosity. — Viscosity, or internal friction, is usually determined by observ- ~E V: | 

ing the time required for a given amount of oil to flow through a standard orifice. : 

By "specific viscosity" is meant the ratio of the time for the oil to run out to — - 
that required for an'equal volume of water at 60? F. The temperature of the . " 
oil should always be observed and stated. Engine oils are usually tested for, - 

viscosity at 70° F. and cylinder oils at 212? F. (Gebhardt.) p 


Flash Point. — The flash point is determined by heating a sample of oil p 
in a cup at the rate of 15° F. per minute until a spark will ignite the vapor; ^— 
the corresponding temperature is the flash point. The flash point as thus | 
determined depends to some extent upon the surface exposed, the size of the . : 


spark, the distance between spark and surface of oil and the dimensions of the ; ; 
cup. (Gebhardt.) EE. 


Burning Point or Fire Test. — By continuing the application of heat : | | 
and noting the temperature at which the oil itself takes fire and continues to ` 
burn, the burning point is determined. rur 

Acidity. — The presence of free acid is determined by shaking up equal “| 
quantities of oil and water and testing with litmus paper. n 

Cold Test. — The cold test is the temperature at which the oil will just flow. © 

Friction Test. — The coefficient of friction as determined from friction- ~ 
testing machines gives but little information concerning the action of the ol > 
under the widely different conditions found in practice. (Gebkardt.) iq 


Properties of Vegetable and Animal Oils. — The following data are taken ` i 
from Gebhardt's Steam Rower Plant Engineering. 


Kind of oil 


Water as À 
1.00 i 


0.9175 
0.8815 
0.9080 
0.9210 
0.9299 
0.9639 
0.9046 ` 
0.9155 


Properties of mineral oils as compounded for ordinary use are given below. 


Grease ‘Lubricants. — Tests made on an Olsen lubricant testing machine 
at Cornell University are reported in Power, Nov. 9, 1909. It was found that 
some of the commercial greases stood much higher pressures than the oils tested, 
and that the coefficients of friction at moderate loads were often as low as those 
of the oils. The journal of the testing machine was 394 inches diameter, 3% 
inches long, and the babbitt bearing shoe had a projected area of 5.8 square 
inches. The speed was 240 revolutions per minute and each test lasted one 


hour, except when the bearing showed overheating. The following are the 
coefficients of friction obtained in the tests: 
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vq RELATIVE VALUES OF FRICTION COEFFICIENT WITH GREASES 
d AND OILS 


"d 
ogy tl fee + | | 


a zs i visas zr Engine} Engine 
um er ite er oil oil 
grease grease | grease 


Grease! Grease 


APPLICATIONS OF VARIOUS TYPES OF LUBRICANTS. — The 
== type of lubricant to use in any case depends upon: 
1, The cost due to consumption of lubricant. 
^^ 4, The saving in annual cost due to lessening of wear of bearings, guides and 
:2^ other rubbing surfaces. 
t4 3. The cost of the energy saved (as the result of decreased friction losses) 
}  dueto the use of the lubricant. 


?" — For minimum annual cost the sum of the last two items should equal the first. 
Estimates of this kind are difficult to make, and the result is that the kind of 
lubricant used in any specific case is usually determined by experience. 

The following table, from a paper in Power, December, 1905, p. 750, gives 
the kind of lubricant ordinarily employed for various purposes, together with 
thtir approximate characteristics. The cold test of all these oils, except oil for 
refrigerating machinery, is given as 30° F. Refrigerating-machinery oil should 
not solidify above o? F. 


METHODS OF LUBRICATION. — The commonest type of “lubrica- 

_ tor” on engines or dynamos is the simple oil cup with sides of glass, so that the 

level of the oil in the cup can be seen. Any type of lubricator in which the flow 

of oil can be seen is known as a “‘sight feed.” The flow of oil is regulated by a 
needle valve in the base of the cup. 


Lubrication of Crossheads, Crank Pins, etc. — In applying oil to rub- 
bing surfaces, both of which are in motion, various devices are used by means 
of which the oil cup can be kept at rest. A stationary oil cup may be used with 
a “wiper” on the moving member, or a ''telescopic," “pendulum " or “ cen- 
trifugal” oiler may be employed. Sometimes the crank, connecting rod and 
ctossheads are inclosed in a casing the bottom of which is filled with oil so that 
at each revolution the end of the connecting rod splashes oil over all the parts. 


Oil Rings and Chains. — The bearings of small high-speed engines and 
dynamos are frequently provided with rings or chains running loosely. over the 
Journal and dipping into an oil bath in the pedestal below the bearing. The 
Totation of the journal gives enough motion to the rings to enable them to carry 
up sufficient oil from the bath to keep the bearing surfaces bathed in oil. 


Cylinder Lubrication. — The oil must be forced into steam cylinders 
against the steam pressure. This is usually accomplished by means of specially 
constructed cylinder cups, hydrostatic lubricators or force pumps. A brief 
description of the more common forms of these devices will be found in Geb- 
hardt’s Steam Power Plant Engineering. | 
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APPLICATIONS AND CHARACTERISTICS OF VARIOUS OILS — iss, 


Viscos- | =i ol 


Specific ity at | ipn 
Kind of oil and application gravity, 70°F. | Suy 


Baumé (Water | tin 


= 1) a the he 
Mo 
hr 
lus 
zin 


ul ife 


M M—————————————— 


High-pressure cylinder oils: 
For cylinders using dry steam at from 


IIO to 210 lb. 175-205 


General cylinder ott: : 
For cylinders using dry steam at from 
35 to 100 lb. Also for air compressor 
cylinders when the oil is made from }| 26-25.5 
steam-refined mineral stock and has a 
viseoalty of 200. 


180-190 | cg 


Wet cylinder ol* _ 
For cylinders using moist steam, espe- 
cially in compound- and triple-expan- 


150-185 Hh 
sion engines. 


Gas-engine cylinder o1lf...... RS en re 26.5 300 


Automobile gas-engine ol}... cece eens 29.5 195 
Heavy engine and machinery oils: 
For heavy slides and bearings, shafting 
and horizontal surfaces. 


= 


"m 
nan lah wuam o7 Um De 


30.5~39.5 110-195 


`| General engine and machinery oils: 
For high-speed dynamos and other 
comparatively heavy machines. 


30.8-30 175-190 
Fine and light machine oils: 
For fine work, such as printing presses, 
Sewing machines, typewriters, spin- 
dles, etc. 


DE A66 ce acte xU do 7 


32.5-30.2 110-160 


=: 


Q2 DeSMVUET ae a i 


For cutting tools, screws, etc.... 


III oof 271-23 aiU | + 


Refrigerating machine oils 


h 

i Cutting oils; 
i 

t 165 
j 


` Wet service and marine oilsà 230 


Greases: — 
Various kinds, used in special work =| 


quiring high pressures and low velaci- 
ties. 


* May contain not over 2 to 6 per cent of refined acidless tallow oll in the hish 
pressure oils and not over 6 to 12 per cent in the low-pressure oils. 

t Neutral mineral oil compounded with soap. The soap will not decompose 3 
high heat, and although not a lubricant serves as a vehicle for carrying some oil. 

t Owing to lack of body this oil will not deposit carbon on the sparking polnts. 

$ May contain 30 to 40 per cent of pure strained lard oil. | 
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pz Oil-feed Systems. — In power plants oil is supplied continuously to the 


— bearing surfaces of the various engines and generators by means of an oil-feed 
. system, comprising essentially a supply tank, pump and the necessary piping. 


is . Oil filters and purifiers are also used in connection with the oiling system, to 
» ; eliminate the impurities which collect in it due to dust, wear of bearings, ex- 


posure to the heat and to the atmosphere. See article on Power Stations. 


^ AMOUNT OF,OIL REQUIRED FOR ENGINES. — J. H. Spoor, in 
Power, Jan. 4, 1910, has made a study of a great number of records of the 
. amount of oil used for lubricating cylinders of diferent engines, and has reduced 
them to a systematic basis, i.c., the number of pints of oil used in a ro-hour day 
for different areas of surface lubricated. The surface is determined in square 
inches by multiplying the circumference of the cylinder by the length of stroke. 
The results are plotted in a series of curves for different types of engines, and 


_ approximate average figures taken from these curves are given below: 
Éu 


PINTS OF CYLINDER OIL IN 10 HOURS 


Square inches lubricated 


" Type of Engine 
m. 
I000 | 2000 | 3000 | 4000 | 6000 | 8000 MN Gam 18,000 
. — [Automatic highapeed | 2 sac ee 83]. s 
Simple slide valve.. | 0.5 | .... | 02.0 | ee | one 


Compound, ......... tae | a ee. 135 143 
.. |Corliss: 
^ | Average........... 0.9 | 1.65 | 2.25 | 3.75 
Maximum......... 1.2 | 2.25 


eret to coe. | 1,00 


As shown in the figures under 2000, Corliss, a certain engine may take 214 
times as much oil as another engine of the same size. The difference may be 
, due to smoothness of cylinder surface, kind and pressure of piston rings, quality 
of oil, method of introducimg the lubricant, etc. Variations in speed of a given 
type of engine and in steam pressure do not appear to make much difference, 
but the small automatic high-speed engine takes more oil than any other typo. 
Vertical marine engines are commonly run without any cylinder oil, except 
-that used occasionally to swab the piston rods. 
= The amount of engine oil required will of course depend upon the number of 
Cups on the engine and the size of the various bearings. For a 1000-h.p. Corliss 
engine the Vacuum Oil Company state that the amount of engine oil would not 
exceed twice the amount of cylinder oil required. 


BIBLIOGRAPHY. — Archbutt and Deeley, Lubrication and Lubricants, 
London, 1912; Gill, A. H., Skort Handbook of Oil Analyses, Phila., 1911; Hurst, 
G. H., Lubricating Oils, Fats and Greases, 3d ed., London, 1911; Graphite as a 
Lubricant, Circular of Jos. Dixon Crucible Co., Jersey City, N. J., 1909; Kent's 
^ Mechanical Engineers’ Pocket- Book, N. Y., 1913. 
i (Wu. KENT.] 
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MACHINE TOOLS, ELECTRICAL OPERATION OF. — (See ok. 
Motors, Industrial Applications of.) When the work of equipping a machine 
tool with motor drive is undertaken, there are certain features which shouldbe | 
taken into account and properly analyzed, as the conditions of operation gener- ` 
ally vary greatly with the product manufactured. If a tool is intended for 


a certain specialized kind of work, information on the following points should | 
be given: 


I. The exact class of work which the tool is to accomplish. 
2. If the power required to remove the metal is not known, then a statement 
should be made as to the approximate feed and cutting speeds to be taken. 


3. Careful analysis should be made of the time required to load and unload 


the machine, to determine the feasibility of employing auxiliary means other 
than manual labor for loading the tools. 


From this information an approximate determination can be made as to the 
intermittency of operation of the tool, in order to decide whether an intermit- 
tently rated motor or a continuously rated motor will be required. From a know 


edge of the physical shape of the work, a determination can be made as to ^ 


whether an adjustable-speed motor will result in economy of time, if used on 
this particular class of tool. The tool builder can then decide upon the proper 


type of controller, and its most desirable location from an operating point of ` 


view for the workman. 


If a special type of tool is not desired and it is preferable to purchase one with 
such characteristics that it can be used for general manufacturing, one should 
determine as nearly as possible the range of material or work for which it will 
be used in straight manufacturing operations. A knowledge of this will w- 


doubtedly permit of a better motor and tool selection than the simple purchase e: 


of a standard stock tool. 


TYPE OF MOTOR. — The following table will aid in the choice of the 
proper motor for machine tool application. 

It must be kept in mind that various circumstances, süch as size or roughness 
of work, flywheel capacity, etc., may call for radical departures in choice of 
motors, this list being compiled to meet average conditions. 

Shunt Motors are used in the following cases: when the work is of a fairly 


steady nature; when considerable range of adjustment of speed is required, 25 
on lathes and boring mills, and on group and line-shaft drives, etc 


— 


3 „d 
Compound-wound Motors are used where there are sudden calls for excessive 


power of short duration, as on planers, punch presses, etc. 


Series Motors should be used where speed regulation i is not T and 
where excessive starting torque and slow starting speeds are required, as, for 
instance, in moving carriages of large lathes, in raising and lowering the cross 
rails of planers and boring mills, and for operating cranes. 

When in doubt as to the choice of compound or series motors of small horse 
power, the choice might be determined by the simplicity of control in favor of 
the series motor. Series motors, however, should never be used when the motor 
can run without load, as the speed would accelerate beyond the point of safety. 

Induction Motor. — The alternating-current motor of the squirrel-cage rotor 
type corresponds to the constant-speed, shunt, direct-current motor, but with 3 
high-resistance rotor it approaches more closely the characteristics of a compound 
direct-current motor. It is understood that the variable-speed machines 
checked in this list under the alternating-current squirrel-cage rotor column, 
have the necessary mechanical speed changes. 


The slip-ring induction motor with external rotor resistance would be used 
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MOTORS FOR MACHINE TOOLS 


| A-C. 
(See Footnotes) 


D-C. 


Tool 
Comp., Series 


Yo 


Raising cross rails on boring mills 

and planers................. Ls. 
Boring bare. cusece eve V | oxuadess 
Bending machines... . ... ........... 20-40 
Bending rolls ...................us. 
Corrugating rolls... ....... EEEE 
Centering machines................|] YW Pae paua 
Chucking machines................] M. P sees 
Boring, milling and drilling ma- 


Grinder —tool, etc..........0c0000| V. usse] sees 
Grinder — castings................. 20 

Gear cutters... ires ree o ee o epus 20- l ana 
Hammers—drop..,...... Mni 
Keyseater—milling—broach......| Vo | ...... | cecees 
Keyseater —reciprocating.......... 
Labs croce vu ouuenel sueta 
Lathe carriages............ ésxsewss] sake] auwses 
Milling machines, . ....... saxsssazxibo WW UE uasaws were 
Heavy slab milling................ 
Pipe cutters...,......... PAEST WK ul] desee] voies 
Punch presses. ......,.. eese eee ee 


e.c 


*99029 


Planers —rotary.......... d 
Saw —small circular.,.............| wv | v.s | seen 
Saw —cold bar and J beam........ i 


X Squirrel-cage rotor. 
4 Squirrel-cage rotor — high starting torque. 
Slip-ring induction motor with external rotor resistance. 


. 0 Might be used for tire lathes as it allows slowing down when cutting hard spots. 
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for variable speed, but this must not be construed to mean that it corresponds 
to a direct-current, adjustable-speed motor, as it has the characteristics of a 
direct-curfent shunt motor with armature control. 


The self-contained, rotor-resistance type would be used for line-shaft drives, 
and for groups when of sufficient size. 

Multi-speed Alternating-current Motors are those giving a number of 
definite speeds, usually 600 and 1200 or 600, goo, 1200 and 1800 r.p.m., and are 
made for both constant horse-power and constant torque. 
be used where alternating current only was available, or direct current limited; 
and the speed range of thè motor, together with one or two change gears, would 
give the required speeds. 

Shaft Couplings. — Ín connection with the selection of motors, standard 


shafts and shaft extensions should be chosen so that spare parts and interchanges 
may be made with the least cost and 


time. A number of standatd shafts and 
shaft extensions are shown in the sketches 
in Fig. 1. 
CONTROL EQUIPMENT. — The 
choice of control, whether it be for old of 


new tools, in the majority of cases is fully MES 
as important as that of the motor. In IN LIMITED OPACE. 


selecting the control it is necessary to con- 
sider the nature of the work, the accessi- 
bility. of the controller to the operator, the 
method of attaching it to the tool and in 
some cases its relative position to other 
tools; for instance, an open-type starting STANDARD BREVE COUPLING: 
rheostat should not be exposed to danger Fig, 1. Standard Shaft Couplings 
of short-circuit from flying chips: 


When installing controllers, accessibility in case of accident should be kept in 
mind, even though of little importance as far as starting up is concerned. The 
starting apparatus should be placed where the motor or some of the moving 
parts can be seen by the operator. On individual motor-driven tools, where 
the motor is started and stopped many times a day or where the starting con- 
ditions are of a Severe nature, or where tools are edged along, drutt-type con- 
trollers with extra heavy starting resistance should be used. For adjustable 
speed motors, using the drum-type control, the field control should be through 
fingers making contact on segments of the controller drum and not by sliding 
contacts on a dial. Motors above 40 or so horse-power under these severe 
conditions are best operated by a mastet controller which operates contactors 
for cutting out steps of starting resistance, and if adjustable speed, the field 
control should be taken care of by fingets making contact on segments of the 
drum. This class of starting apparatus will stand any quantity of abuse and, 
by the addition of a simple curtent limit relay device, becomes practically a fool- 
proof protection for the motor. Thete are cases where it might be advantageous 
to use master controllers and contactors even with smaller motors. The con 
trolling apparatüs as well as the motor in the case of individual drives should be 
attached directly to the tool when possible. This arrangement allows moving 
the tool by simply disconnecting the leads and connecting them in the new 
position. In case of portable tools this, of course, is an absolute necessity. 

Upon the convenient arrangement of the control depends, to a considerable 
degree, the output of the tool. The importance of the arrangement from the 
standpoint of the operatot cannot be ignored, since the output of a tool will be 
materially increased when an operator can start and stop the tool and obtain 
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at al] times maximum cutting speeds by simply turning a handle. The con- 
troller must be placed in a safe position and should be accessible for repairs, which 
very often means that some arrangement is necessary to bring the operating 
handle within easy access of the operator? 

The convenience of control, which bears directly on production, is ignored in 
the majority of tools where the control is of the greatest importance. <A familiar 
illustration of the convenience of control is the arrangement so commonly seen 
on lathes, whereby the operating handle travels with the tool carriage and allows 


the operator at all times a complete control of his tool. 


Application of Reversing Motors. — One of the most interesting motor 
applications of recent date is the use of reversing motors for machine tools. 
The large increase in production due to this form of drive on planers is now 
generally appreciated, but the application of the reversing-motor drive in its 
various forms (which is almost unlimited) is not so well appreciated. It ig 
applicable not only to planers, new and old, but to screw-, worm- and rack-driven 
slotters, keyseaters, turret lathes, wire- and tube-drawing machinery and to 
boring mills, when machining projections which are short in comparison with | 
the total travel of the mill or when machining surfaces where projections prevent 
à complete revolution. Reversing motors are also applicable to that class of 
reversing machinery which is now reversed through clutches, shifting belts, ete., 
the cost of maintenance of which is usually high and the efficiency low. 

The motors recommended for this service are of the commutating pola type 
with a speed range usually of from 250 to 1000 r.p.m. in sizes up to and including 
109 horse-power planer rating; also a speed range of from 350 to 1200 r.p.m. in 
sizes up to 35 horse-power planer rating. Other speeds can be obtained when 
required. These combinations of speeds allow the motor in the majority of 
cases to be coupled direct to the driving shaft of the machine. 

Starting, stopping and reversing are accomplished with sparkless commuta- 
tion. In order not to brake (dynamically) from high speed in one violent step, 
means haye been provided in the control to accomplish this in three distinct 
Steps, braking down slowly from the high speeds and then quickening the brake 
action at the lower speeds by cutting out the brake resistance in two steps, 
thus completing the entire brake action without undue shock, in the shortest 
possible time. This feature, in addition to the quickness of the brake, will be 
recognized as a decided advantage in the maintenance of the machine. Inci- 


' dentally, reversing is accomplished without the delay incident to the use of 


sluggish relays. Aftera failure of voltage with the master controller in the run- 
ning position and upon closing the line circuit breaker, the motor will start up in ' 
the regular way, without additional complications in the control. This latter 
feature is advantageous in the event of the operator failing to return the master 
Switch to the off-position. Cutting and return speeds are entirely independent 
of each other, so that it is possible to use the slowest cutting speed and the highest 
return speed, or vice versa, in any combination not exceeding four to one. with 
thirty-five to seventy cutting speeds and the same number of return specds, 
depending on the size of the equipment. Special cases, where overlapping speeds 
are required or where the entire range of motor speeds is to be used in both direc- 
tions for cutting, as in plate planers, can be readily provided for when the 
operating conditions are known. . 

Example. — In Fig. 2 curves A, B and C are for motor No. 2 and show 
the ampere input of a 10 horse-power, 1250 r.p.m. motor driving a 36-inch modern 
type planer through shifting belts. ` 4 is the return stroke of the planer table 
at a speed of 68 feet per minute; C, the cutting stroke, without cut, at 33.3 feet 
per minute; B, the same cycle but with a cut slightly less than ro horse-power. 
The lost time on the cutting stroke, due to the belt slipping, is plainly seen, the 
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cutting speed falling off from 33.3 feet to 29.4 feet or 13 per cent. Curves EP... 
and G are made on the same machine when driven by motor No. 1, a 1o-horse- mo 
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Wi Motor n -10 H.P.- 2504 000 280 V ; air 
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4 Fig. 2. Tests on 36 in. by 1o ft. Reversible Planer | 
| 
| power, 250 to 1000 r.p.m. reversing motor, direct connected. These curves are | | 
i P =i e : 
i superimposed on the above curves for comparative purposes. No attempt was > 


made in this set of curves to duplicate the slow cutting or return speeds of the | 
. belt-driven machines as the comparison would have shown power differences `y 
only. Eis the return stroke of the planer table at a speed of 88.7 feet per minute; — | 
G, the cutting stroke at 53.2 feet per minute; F, the same cycle but with a cut ~~ 
of approximately 13 horse-power. The speed drop in this case is motor slow- — ' . 
down only. For comparison the speed of motor No. 1, curve F, was chosen as = 
the most economical speed under the conditions which the test was made. The ' 
loss in time of the belt drive as compared with the direct-connected reversing- P. 


motor drive (the depth of cut and feed being the same in both cases) is 62 per x 
cent. 


— RED ven pene mor ERE ms 


BIBLIOGRAPHY. — Fair, C., Motor Applications to Machine Tods, S 
A.LE.E., 1910, Vol. 29, p. 621; Abplication of Direct-connected Reversing Molors ` 
to Planers, Slotters and Other Machine Tools, G. E. Rev., 1913, Vol. 16, p. 78; 
Hall, G. H., Motor Drive in Machine Shops, Machinery, 1912, Vol. 18, p. 786; 
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(D. B. RusHMORE, assisted by E. A. Lor] 


ure dpt CT em DR 07 


. 
Ntc 
E 
nist 


coc 


Magnetic Properties 897 


MAGNETIC PROPERTIES OF IRON AND OTHER METALS. 
— (See also Electricity and Magnetism, Principles of; Magnetic Testing.) For 
the definitions of magnetizing force and flux density see Electricity and Mag- 
nelism, Principles of; for the relations of the various units in which these 
quantities are expressed see Units and Conversion Factors. 

Hysteresis Loop — Residual Magnetism and Coercive Force. — When 
a magnetic substance which is not magnetized initially is placed in a magnetic 
field the intensity of which is increased from O to Hm, the flux density produced 


Fig. 1. 


in the magnetic substance increases in the manner shown by the curve OBm 
in Fig. 1. If the magnetizing force is then decreased to a value H the flux den- 
sity does not return to the value corresponding to this value of H on the ascend- 
ing curve, but decreases less rapidly than it increased. This phenomenon is 
known as “magnetic hysteresis.” 

When the magnetizing force is reduced to zero the flux density in general 
has a considerable value (OR in Fig. 1); this value of B is called the “ rem- 
anent" or "residual" magnetism. To reduce the flux density to zero the 
magnetizing force must be reversed and increased in the reversed direction to 
à value OC, called the “coercive force." As the magnetizing force is still further 
increased in the reversed direction to a value numerically equal to the positive 
maximum, and then decreased to zero, reversed, and increased again to Hm, the 
flux density passes through the cycle of values represented by the closed loop. 
This closed loop is called the “ hysteresis loop." 

If the iron (or other magnetic substance) is not originally unmagnetized, this 
hysteresis loop will be shifted above or below the axis of H, but after a number 


‘of reversals of the magnetizing force between given positive and negative values, 


the loop will become practically symmetrical with this axis, particularly if the 
iron is continually jarred. In the armatures of electrical machines and the 
cores of transformers, in which the field intensity reverses a large number of 
times every second, and the iron is continually jarred, the relation between (lux 
density and field intensity after a short interval of time is represented by a 
symmetrical loop of the form shown in Fig. 1. 

The area inclosed by the hysteresis loop depends upon the maximum value 
of the flux density reached during the cycle, but the general shape remains 


| — 
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about the same. Fig. 2 shows a series of loops corresponding to various values 
of the maximum flux density. The area of the loop is also different for varlous lil 


| SHS to ne 
kinds of iron or steel. r times the area of this loop when B and H are plotted ‘gyi, 


to scale is equal to the ergs of heat developed in the iron per cubic centimetet “Wu 


tm 
m aoa MI E 


X per cycle. (See section on Hysterests Loss, below.) one 

t Permanent Magnets — Retentiveness. — An examination of this hystere- ' 

$ sis loop also makes clear how a bar of steel may be permanently magnetized by | 

! placing it in a magnetic field. For, when the bar is removed from the field it T 
E retains a flux density approximately equal to the residual magnetism OR. In ns 

i the case of a cast-iron or steel bar, properly hardened, the bar thus magnetized hi 
d may be handled with comparative roughness without reducing to any con < ix 
T siderable extent the strength of its poles, but in the case of a soft-iron bar even a 
E the slightest jar will cause it to lose its magnetism almost entirely. The property Mie 
a possessed by a magnetic substance of retaining its magnetization is called its | y 
z9 * retențiveness,” E | 
E Magnetic Saturation. — The difference between the flux density and mag- | 
a netizing force, at any point in a magnetized substance, divided by 4x is dè =... 
i fined* as the intensity of magnetization J at this point, vlz., n 

i j,P-H, | | x 

3 Te | it 
US or Le 
i PRATAN. ur 

si | i1 
Val 


É 'The intensity of magnetization J is proportional to the exress of magnetic 

; i flux caused by the presence of the magnetic substance. As the magnetizing 

* force in a magnetic substance is increased the flux density B at first incteases 

much more rapidly, for soft iron a thousand or more times, than the magnetizing — 

force H (i.e., the intensity of magnetization established is many times greater — 7^ 
b than the magnetizing force). However, for larger values of H the intensity of 7 
i 


magnetization ultimately becomes constant and any further increase in B cat- 


y 
not be greater than the increase in H. When the intensity of magnetization — 
t has reached its saturation value the magnetic substance is said to be "satu- — 
ud rated.” 
T 


Mass I ^ o. e rx T 


VAL 


Wrought iron, cast iron, cast steel and sheet steel all become practically 
saturated at magnetizing forces below 100 ampete-turns per inch (50 gilbetts | 
pet centimeter), but absolute saturation does not occur until the magnetizing 


iS 
hee force reaches about sooo gilberts per centimeter, and in the case of some mag- |! 
: i netic alloys even higher fields are required for absolute saturation. Hadfield 
and Hopkinson (Jour. Elec. Eng., rort, Vol. 46, b. 237) give the following, a 
F4 the results of an extended investlgation. 
LAE 


t. The saturation value of J in absolute units for pure iron of density 7.8 
is 1680 within x per cent. This is slightly lower than the values obtained by 


Don Ewing and Low and other experimenters. 
th 2. In an annealed iron-carbon steel in which other elements are present in 
N small proportions the saturation value of J is less than that of pure iron by à 
OR percentage equal to 6 times the percentage of carbon. 
: ; 3. Quenching an iton-catbon alloy from a high temperature reduces the 
UNE 


| saturation value of J by a large but somewhat uncertain amount. 
i 4. The addition of silicon or aluminium to iton results in a reduction in the 
saturation value of J which is roughly in proportion to the amount added, $5 


* The factor 44 afises from the original conception of intensity of magnetisation as 
o the magnetic moment per unit volume, 
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though the addition behaved as an inert diluent. If carbon be present, however, 
silicon seems to neutralize its action to some extent. 

Permeability and Normal B-H Curves. — The magnetic permeability u 
of a substance corresponding to any degree of magnetization is usually defined 
as the quotient of the flux density B by the magnetizing force H, that is 


B. 
BH 


On account of the hysteresis effect, however, this quotient may have any value 
within wide limits depending upon how the magnetization is produced. Con- 
sequently a more restricted definition of permeability is required in the case 
of highly magnetic substances like iron and steel. In such cases it is customary 
to take as the normal permeability of the substance corresponding to any given 
value of the magnetizing force, the quotient 
Bm 

3 


H Hm 


where Bm is the flux density corresponding to the end of the symmetrical 
hysteresis loop produced by reversing the magnetizing force a number of times 
between the values -+ Hm and — Hm. That is, the locus of the ends of the 
various symmetrical hysteresis loops (the dotted line in Fig. 2) is taken as the 
normal B-H curve of the substance, and the corresponding quotients B/H for 
any point on this curve is taken as the normal permeability corresponding to the 
value of B and H at this point. 

The relation between permeability and magnetizing force or flux density is 
a complex one. As the flux density increases, u reaches a maximum at a rela- 
tively low flux density (from 3000 to 8000 gausses) and then decreases ulti- 
mately to unity when the magnetizing force reaches a value so large that the 
intensity of magnetization J is negligible in comparison with H. This limiting 
condition, however, is never reached in practice. 

Susceptibility. — The quotient of the intensity of magnetization J divided 
by the magnetizing force H is called the magnetic susceptibility x corresponding 
to this magnetizing force; viz., 


c whence UIHA 

FACTORS AFFECTING THE PERMEABILITY AND HYSTERESIS 
LOSS. — The normal permeability and the hysteresis loss (the latter is propor- 
tional to the area of the hysteresis loop) depend to a very great extent upon the 
physical structure and chemical constitution of the sample and the heat treatment 
to which it has been subjected. It has also been recently discovered (Pender and 
Jones, Phys. Rev., 1913) that when sheet steel is annealed in an alternating 
magnetic field, the permeability is increased in certain cases as much as 50 per 
cent, but there is no appreciable change in the hysteresis loss. The B-H curves 
of two samples taken from the same lot of material may even differ consider. 
ably. The permeability and hysteresis losa also depend to a slight extent upon 
whether the sheets are magnetized in the direction of rolling, or transverse 
thereto, being higher in the latter case. 

Temperature and Aging. — Permeability and hysteresis also depend upon 
the temperature of the sample at the time the abeervations are taken, though 
the variation due to ordinary changes of temperature is slight. For very 
high temperatures, however, all magnetic substances become practically nop- 
magnetic, This temperature corresponds to the major recalescenca point, 
Which is about 750° C, for steel of the quality used in armature and transformer 
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punchings. When steel is kept continuously at a moderately high temperature 
(100? C.), the hysteresis loop also gradually increases in size, and therefore the 
energy loss in the magnetic circuits of electric machines due to hysteresis in- 


creases with time.. This effect is called “ageing.” There is practically no 
ageing of silicon steel. 


Chemical Composition of ‘ Electrical’? Sheet Steel. — Sheet-steel 
manufacturers make a special grade of sheet for electrical purposes, which they 
sell under various trade names. Such steel is always low in carbon content 
and, except silicon in the so-called silicon steels, all impurities are reduced to 
small amounts. Within the last decade the use of steel containing about 
3 per cent silicon has come into extensive use, particularly for the magnetic 
circuit of transformers. The permeability of this steel is somewhat lower, 
in the useful range of flux densities, than that of ordinary electrical steel, but 
the area of the hysteresis loop, and therefore the hysteresis loss, is from 40 pet 
cent to 60 per cent less; the specific resistance of silicon steel is also about 3 times 
greater than that of ordinary electrical steel, resulting in a reduction of about 
7o per cent in the eddy-current loss (see curves below). Aluminium has much 
the same effect as silicon, but the aluminium alloy is not so easily rolled. Í 

The following are typical chemical analyses of the two kinds of electrical 


steel, but it should be understood that considerable variations in the proportions 
of the various constituents occur in practice. 


Ordinary 
electrical 
steel * 


Silicon 
steel 


Per cent 


Per cent 


EENE NEES Ne pas 0.01 3.46 
S pua re a 0.08 0.04 
RUE 0.50 0.13 

o | Sulphur... ce. ee eee eee eee 0.03 0.02 - 
xad Leta hess 0.06 0.06 


* Parshall & Hobart, Electric Machine Design. 


Of a large number of electrical steels analyzed by the Bureau of Standards 
(Lloyd and Fisher, Trans. A.I.E.E., 1909, Vol. 28, p. 463) none showed more 
than the slightest trace of vanadium. 


Annealing of Sheet Steel. — Sheet steel as it comes from the rolling mill 
may be greatly improved in magnetic properties by proper annealing. The 
chief requirement seems to be that the steel be brought to a temperature about 
ioo? C. above the major recalescence point, i.e., to a temperature of about 
850° C., and then allowed to cool slowly down to a temperature of from 100 t0 
150° C., when it may then be removed from the annealing furnace and allowed 


to cool more rapidly. The time required for annealing is from 12 to 36 hours. 
The annealing is usually done after the punchings have been made, thus elimi- 


nating the hardening at the edges produced by the cutting; otherwise this 


hardening may produce a considerable increase in the hysteresis loss. 
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TYPICAL B-A AND PERMEABILITY CURVES. —In Fig. 3 at 


given the standard B-H curves used by one of the large manufacturing com 


panies, and in Fig. 4 the permeability at various flux densities derived there- 
from. It should be understood that these curves represent results obtainable 


under ordinary commercial conditions (joints not included) on iron and steel of 


901 


Magnetic Properties 


Gilberts per Cm. 
50 100 150 200 250 300 350 400 450 500 


: Annealed Silico 


hoes 


RE 
HAH 


Ampere Turns' per Inch 


TECIE 


20 


Ly 


VLL 1o] 20] 30 | 


20| 13 


60 


110,1 


‘60 
Gilberts per em. 


40 
Fig. 3. Normal B-H Curves of Iron and Steel 


v0 


10 


Fig. 4. Permeability Curves of Iron and Steel 


Digitized by Google 


902 = Magnetic Properties - | 


the composition found suitable for electrical purposes. Ordinary commercial iron 
or steel will not, as a rule, have a permeability as high as given by these curves. 

In Fig. 5 are given the permeability curves of nickel and cobalt as determined 
by Fleming, Ashton and Tomlinson (Phil. Mag., 1899, Vol. 48, p. 271). Alloys 
of certain non-magnetic metals have been found to be magnetic to about the 


same extent as nickel; see paper on Heusler Alloys by E. B. Stephenson, Bull 
47 (1911), University of Illinois, Eng. Exp. Stat, 
60 


D UTMHMIITM 

— As indicated by th | 

in Fig 4, the A ar EAIN EE as 8 
NENSELURERMESEE 


meability of sheet steel occurs i 
below the range of commercial 
flux densities. A number of 
tests by the author showed 
that this maximum occurs at 


a 

à 
from 6 to ro kilolines per i $0 | Njekel\ BWENE 
square inch, the pem E || [ N a 
decreasing rapidly with flux SINT 
densities less than these val- 4 Pe tN 
ues, the complete curve being KERNEENEENERZSNA 
similar in shape to the curves peste eke Ween le ee eae 
shown in Fig. 5. The author 1? SN EE NE LELE 
has obtained a maximum per- i: Padi Apa 
meability of about gooo c.g.s. BERE DARLES 2 eens A 
units with ordinary electrical ' %9 40 60 80 100 120 140 160 180 200 
sheet steel, and a maximum of p 
13,000 c.g.s. units with silicon Fig. 5. Permeability Curves of Nickel and Cobalt 
steel, carefully annealed in . 
small lots in an alternating magnetic field (Pender and Jones, Phys. Rev., 1913). 
These exceptionally high permeabilities, however, are not obtained in practice 
under commercial conditions of annealing. It should also be noted that the per- 
meability of silicon steel in the commercial range of flux densities is less than 
that of the ordinary low-carbon electrical steel. 


CORE-LOSSES. — When a varying magnetic field is established In a mag- 
netic substance a certain amount of heat is developed due (1) to hysteresis and 
(2) to the electrie currents induced in the conducting mass. The induced 
currents are called eddy currents, and the total amount of energy. dissipated as a 
result of hysteresis and eddy currents is known as the core-loss, i.e., 

Core-loss = hysteresis loss + eddy-current loss. 


Hysteresis Exponent. — As already noted, the hysteresis loss is propor- 
tional to the area of the hysteresis loop. Steinmetz (Elec. Eng., 1890; Trons. 
A. I. E. E., 1892, Vol. 9, b. 3) found from a series of tests on a large number of 
samples that the area of the hysteresis loop for a given sample is approximately 
proportional to the 1.6 power of the maximum flux density corresponding to the 
tip of the Joop. Later investigations (Lloyd and Fisher, Bull. Bur. Stdsy 1909, 
Vol. 5, p. 453) have shown that this exponent is not a constant but in general 
increases with the flux density. In Fig. 6 are plotted the results of Lloyd and 
Fisher’s tests on five different samples. It will be seen that a fair average value 
of the exponent between B = 3000 and B = 10,000 is 1.6; for higher flux densities 
there is a decided trend upward. 


Hysteresis Coefficient. — If the magnetic field throughout the iron i 
uniform, and the hysteresis exponent is assumed constant and equal to 1.6, then 
the power loss can be expressed by the formula 


Pr = KV{B'6, or Pp= KWB, 


— — S A OOOO Oaai 
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teresis coefficient and the 
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where 


V = volume of iron, 

f= frequency of alternating field, in cycles per second, 
B= maximum flux density, 

W = weight or mass of the iron. 


The value of the constant K depends upon the units in which the other quan- 
tities are expressed. If V is in cubic centimeters, B in gausses, f in cycles per 
second and P4 ín ergs per 
second the formula is usually 
written 


Ph = n Vf Bt.*. 


That is, the loss in ergs per 
cyde per cubic centimeter is 
„Bis. The constant 9 is 
knowa as Steinmetz’s hys 


quality of fron or steel with 
respect to hysteresis ig fre- 
pipa expressed in terms of 
this constant. 19 

The hysteresis loss is also xi E A E 
sometimes stated as the watts 
per pound at 10,000 gausses 


Flux Density, Gaussen 
Fig. 6. Variation in Hysteresis Exponent 


and 60 cycles, ' Let w = hye- © Ordinary electrical sheet, unannealed. 
teresis loss in watts per @ Ordinary electrical sheet, anaealed (German). 
pound at 10,000 gausses and X 0.7% silicon, annealed. 
60 cycles. Then the corre O 3.4% silicon, annealed. 
sponding value of y is : Q Silicon-steel, annealed (German). 
For Specific Gravity = d Specific Gravity = 7.7 — Bpecífic Gravity = 7,5 
7 = 0.000146 wd f] = 0.00113 W, 7] = O.OOIIO W, 


Note that w, is the hysteresis loss only, excluding the eddy-current loss, which 


is discussed below. 
The following table gives the value of K in terms of y when the various quane 


tities in the formula for hysteresis loss are in the units stated. 


FORMULA FOR CALCULATING HYSTERESIS LOSS 
P, = KVfBi- 


Power, P, Volume, V | Frequency, 7 Flux density, B 


Ergs per sec. Cu. cm. Cycles per sec. Gausees 


Watts Cu. cm. Cycles per sec. Kilogauases 
Watts Cu. fn. Cycles pet sec, Kilogausses 
Cycles per sec, | Kilolines per aq. fa. 


—— —— 


== = o 
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P, = KWfB!-6 
Power, P, Weight, W | Frequency, f Flux density, B K= 

. ` 7 
Ergs per sec. Grams Cycles per sec. Gausses i 

Watts Kilograms Cycles per sec. Kilogausses 6.317 

"d 

Watts Pounds Cycles per sec. Kilogausses j 96 2 

ME 

Watts Pounds Cycles per sec. | Kilolines per sq. in. 0.15 


d = specific gravity = 7.7 for ordinary electrical sheets = 7.5 for silicon stel. : 


Hysteresis Loss for Various Substances. — The hysteresis loss in iro ; 
and steel and other magnetic metals depends to so great extent upon their 
chemical composition, physical structure, heat treatment, etc.,. that average 
values have no significance. The following table is intended to give the range 
in the value of the hysteresis coefficient for iron and steel used in electrical 


machinery; figures for nickel and cobalt ate also included. 


VALUES OF HYSTERESIS COEFFICIENT 


n = ergs per cycle per cubic centimeter for B = 1 gauss 
w,-watts per pound at 60 cycles for B = 10,000 gausses 


Values of 1 Values of Wi 
Metal 
From To From To 
! ! 
Silicon steel, annealed sheets........... 0.0006 | 0.0015 0.55 1.36 
Ordinary electrical sheets, annealed....| 0.00095 | 0.004 0.84 3.5. 
Soft cast steel. ..... enn n 0.003 0.012 2.7 It 
Castiron......e en nme O.OII 0.016 10 14 
Forged steel........ enn 0.015 0.025 »| 13 22 
Hard cast steel....... |n 0.028 er 25 
Cobalt......s enn ten 0.012 | ..... II 
Nickel... n HH 0,013 0.040 12 35 


The extreme low values of ņ can seldom be uniformly realized in practice. 
One of tbe large manufacturing companies uses for design purposes the values 
g = 0.00145 for silicon steel and 7 = 0.0033 for ordinary electrical sheets, thest 


values allowing a considerable margin for variations in the quality of the steel. 
For close design the particular quality of steel to be used should be carefully 


tested (see Magnetic Testing) and the test results used. 


a ee a a a i 
ae 


In Fig. 7 are plotted hysteresis loss curves for various values of 9 assuming [ 


the B'-* law. 
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Eddy-Current Loss. — When an alternating magnetic field is established 
—— ina conducting material alternating currents are set up in it due to the alter- 


o! 


Kilogausses 


Watts per Ou. In. per Cycle 


Kilolines per Sq. In. 
Fig. 7. Hysteresis Loss 


6 on em.f. produced by the alternating field. Consider a sheet of iron, Fig. 8, 
ion toa uniformly distributed alternating field parallel to its faces. The 

, 25S Indicate the flux lines perpendicular to the page and the loops the 

i Induced currents, Let 

^  8= flux density, in gausses, 


* = thickness of plate, in centimeters, 


k = Specific resistance of Plate, in abohms per cm-cube, 


— 


dy ~ Tate of change of flux density with time, gausses per second. 

ce in ddpnlaneous power loss per cubic centimeter of the sheet, . 
nn Ness x is y mall . 

the width of the plate, a j (1 per cent or less) compared with 


x? GE 
$ =a — | — . 
12p V di 
| The average 


Power loss per cubic centimeter for a compl le of lati 
: plete cycle of variation 
J of the flux, in ergs per second, is 


` 


Fig. 8. 


2 
Pad dB? 
ike 3 X (root-mean-square value of 2) 


: 0 1 LÀ . 
coil. to the Counter e.m f. Induced by the varying field of the magnetizing 


age and therefore the flux density varies according to a 


6 Le, if B - B, sin (2 7 ft), where Bm is the maximum 
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value of the flux density, f the frequency, and / the time, then the average power | ARAM, 
loss due to eddy currents per cubic centimeter is 


Po = CO Pe? E 
e =m re - . i i, ' 
, ep cm | | 


If the voltage wave has a form-factor k, the loss for the sama Bm is greater than K 
[hM M: 
this by the factor (*.) ; see below. USC 


. The corresponding formula for the eddy-current loss per unit volunie ina (da 


| 
. wire ot cylinder of radius r, magnetized parallel to its axis, to a #niform flux & 
density over its cross section is Ll 
" (vr/ Bm)? ] 
4 P. enem e T 


4p | 
| 


Eddy-current Coefficient. — In practice the field in the sheets is, 
seldons perfectly uniform, and eddy currents flow from one sheet to thé other ^M 
unless they axe insulated from each other; consequently the eddy~curreat loss | 

in a core made up of à bunch of sheets is usually greater than that given by the ~~ 
above formula. The eddy-current loss in a laminated core is therefore usually 


expressed by the formula |. 
Pe = KV (f By, | 
or Pe = KW (xfB)?, 


oN 


the maximum flux density. The coefficient K, is determined from actual tests 
on a suitable sample (see Magnetic Testing). | 
The coef&cient K, (aside from its dependence upon the units in which the 
various quantities are measured) depends upon the specific resistance of ~N 
the iron, the wave shape of the induced voltage, the distribution of flux in the `x; 
sheets, the degree to which the sheets are insulated from each other, and upon t. 
the shape of the magnetic circuit in so far as this affects the distribution of fu...” 
The results of the tests by Lloyd and Fisher also indicate that K, depends upon ~ 
the value of B, or, in other words, that the eddy-current loss does not vary S 
directly as the square of the maximum flux density, alf other conditions being. 
the same. At high frequencies, above roo cycles per second, the los ao ^ 
increases less rapidly than the square of the frequency, due to the increase in 
the effective resistance of the sheets as the result.of an action similar to the skin ) 


where V and W are the volume and weight respectively of the core and B is | 


effect (q.v.) in a wire carrying a tapidly alternating current. 
When the loss Pe fs expressed in watts, V in cubic centimeters, J in cycles 


per second, x in centimeters and B in gausses, the coefficient K, may be repit | 
sented by the symbol e, and the formula for eddy-current loss becomes 


Pez eV (xfB)?. 

The eddy-current loss is frequently stated as the watts per pound at 1999 
gausses and 60 cycles. for a thickness of sheet corresponding to No. 29 on the : 
sheet-steel gage (* a.orgr inch = 6.0398 centimeter). Let w= eddy-current, 
loss in watts per pound at 10,000 gausses and 6o cycles for sheets 0.0141 inch 
thick. Then the corresponding value of e ie: 


Specific Gravity « d Specific Gravity = 7.3 Specific Gravity = 75 
é = 0.0000478 wid € = 0.000368 ws € = 0.000359 10 


"m 


sp 


M" 
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FORMULA FOR CALCULATING EDDY-CURRENT LOSS * 
P. = K, V (xfB)3 


Thick- 
Volume, V | ness of Frequency, | Mux density, B) Ky = 
&heets, x 


—— M M——— 


Cu. cm. Cm, Cycles per sec. Gausses € 

Cu. cm. Cm. C ycles per sec. Kilogausses O.1€ 

Cu. in, In. Cycles per sec. Kilogausses 10.58 € 

Cu, in. In. Cycles per sec. | Kilolines per 0.251€ 
sq. in. 


Thick- 
Power, D, Weight, W| ness of Frequency, f 
Sheets, x 


Flux Density,B| Ky = 


Ergs per sec, 


Cycles per sec, Gausses 


Watts Cycles pet &ec, Kilogausses 

Watts Cycles per sec. Kilogausses 

Watts In. Cycles per sec, | Kilolines per 
d = spetifit gravi 


ty 9 7,7 for otdinary electrical sheets = 7.5 for silicon-steel, 


enidy-cutrent Loss in Sheet Steel, — The eddy-current coefficient for 
NOUS Thakes of ordinary electrical sheets is subject to much the same varia 


i VALUES OF EDDY-CURRENT COEFFICIENT t 
tU? pet Bec, Per cu. cm. for r cycle per seo., thickness of 1 cm, and 


M = 
= watts per Ib. at 6o cycles, thickness of 0.0141 in., and B — 16,000 


Values of W, 


tU ee eae 


rmulas assume à sine-wave voltage; if the voltage has a form-factor k, 
Multiply the constant Ki by he y. | 
LII 
isher, Bul. Bu l Robihson, Trans, 4. I. E, E., rorr, Vol. 30, p. 741 and Lloyd 
given by Mr Robi ur 0 1909, Vol. 5, p. 483 The “ average” values are those 
* Sobinson for “ standard ” and “ alloyed iróh ” respectively. 
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Eddy-current-loss curves for ordinary electrical sheets are plotted in Fig. 9, 
and for silicon steel in Fig. 10, these being based on Robinson's values of ws and 
the formula given above, which assumes uniform distribution of flux in the sheds 
and a sine-wave variation with time. The numbers on the curves are the gage 
numbers of the sheets, viz., 


No. 29 gage = 0.0141 inch thick, 

No. 26 gage = 0.0188 inch thick, 

No. 24 gage = 0.0250 inch thick, 
See Gages, Sheet Metal. 


RELATION BETWEEN FLUX DENSITY AND IMPRESSED VOLT- 
AGE. — When an iron core is magnetized by a current in a coil surrounding 
it, the flux established is such that the counter e.m.f. set up in the coil is equal 
to the impressed e.m.f. less the drop in voltage due to the resistance of the 
coil. The counter e.m.f. may be measured by connecting a voltmeter to the 
terminals of a secondary coil wound on the same core, provided the flux leak- 
age between the primary and secondary coils is negligible (see Magnetic Test- 
ing). The counter e.m.f. per turn will be approximately equal to the impressed 
e.m.f. per turn provided the resistance of the primary winding is small. Let 


A = cross-section of core in square inches, 

E = effective value of counter e.m.f. per turn, in volts, 

f = frequency in cycles per second, 

h = form-factor of counter e.m.f. (4 = 1.11 for sine wave), 
B = maximum flux density in kilolines per square inch. 


Then 


Effect of Wave Form on Core-Loss. — Experiments by M. G. Lloyd 
(Bull. Bur. Sids., 1908, Vol. 1, p. 381) show that for a given maximum flux 
density in the core the hysteresis loss is practically independent of the wave 
form of the counter induced e.m.f. in the exciting coil, provided the voltage 
wave does not pass through zero more than twice per cycle. This cownter 
e.m.f. is numerically equal to the impressed e.m.f. if the resistance drop in the 
exciting coil due to the exciting current is negligible, as is the case in a properly 
designed transformer. However, the maximum value of the flux density estab- 
lished by a given impressed e.m.f. ís inversely proportional to the form factor 
of this e.m.f. (assuming negligible resistance drop). Put 


Ppr = hysteresis loss for sine-wave voltage, 

Pe = eddy-current loss for sine-wave voltage, 
Pp’ = hysteresis loss for voltage wave having a form factor k, 
Pe = eddy-current loss for voltage wave having a form factor k, 
_h = form factor of non-sinusoidal wave. 


Then for given maximum flux density 


r h M 
Pr = Ph, Pe = e3 Pe 
: I.1I ^ 


that is, the hysteresis loss is independent of the form factor and the eddy-current 
loss varies as the square of the form factor. 
For given effective value of voltage wave 


I.II 


1,6 
Pj = (=) Pr, P - Pe, 


n 
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that is, the hysteresis loss varies inversely as the 1.6 power of the form factor 
(approximately only, since the 1.6 “law” is only an approximation to the real 
facts) and the eddy-current loss is independent of the form factor. 

For a given effective value of the voltage wave the total core-loss is therefore 
less the higher the form factor, i.e. the more peaked the wave. 


EXCITING CURRENT ANGLE OF HYSTERETIC ADVANCE. — For 
a given wave shape of the impressed e.m.f., the wave shape of the exciting cur- 
rent (neglecting eddy currents) is determined by the shape of the hysteresis 
loop, since the exciting current is propor- 
tional to the magnetizing force H. Curve 
I in Fig. 11 shows the wave shape of the 
exciting current for a sine wave impressed 
emf. calculated from hysteresis loop in Fig. 
9 for à maximum flux density of 10,000. 
gausses. | 

The sine curve Jo is the fundamental of 
this wave (see Wave Analysis), and the curve 
i is the difference between I and Jo and con- 
sists chiefly of the third harmonic. 

The curve E is the sine wave of induced 


voltage. The flux curve would be a sine Fig. 11. D 
curve shifted 9o? to the leít (ahead of E). us 
The angle a by which the fundamental of the current wave leads the flut oP 
wave is called by Steinmetz the “ angle of hysteretic advance of phase.” u 


For flux densities below the knee of the B-H curve the effective value of the — | —: 
fundamental current wave Jo differs but slightly from the effective value ofthe  1-z 
actual current wave. = 

In the above discussion the effect of eddy currents is neglected. The efed `: 
of these is to increase the exciting current by a component of the same shape ~: 
as, and in phase with, the impressed e.m.f., thus causing an increase in the E 
effective value of the exciting current and an increase in the angle by which 
the exciting current leads the flux. 

Magnetizing and In-phase Components of Exciting Current. — Let 

P. = total core-loss, jh 
E= back e.m.f. induced in the exciting coil, l 
I = exciting current, 


Pe 

cos $ = EI 
Then J sin ¢ is called the magnetizing component of the exciting current and 
I cos o the in-phase (or energy) component. For magnetizations below the 


knee of the B-H curve 
$= 90- a, 


where a’ is the total angle of advance of the exciting current ahead of the flux 
due to both hysteresis and eddy-current losses. 


BIBLIOGRAPHY. — Steinmetz, C. P, Alternating Current Phenomend 
N.Y., 1908; Ewing, J. A., Magnetic Induction in Iron and Other Metals, London, 
1900; MacLaren, M., The Effect of Temperature upon the Hysteresis Loss in Irom 
and Steel, Trans. A.LE.E., 19t1, Vol. 30, p. 761; Lloyd, M. G., Dependence of 
Magnetic Hysteresis upon Wave Form, Bull. Bur. Stds., 1909, Vol. 5, P- 381; 
also Bibliography in article on Magnetic Testing. 
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MAGNETIC TESTING. — (See also Electricity and M agnetism, Principles 
of; Magnetic Properties of Iron and Other Metals.) The ordinary magnetic 
tests of iron and other substances are: (1) The determination of the normal 
B-H curves and hysteresis loop, and (2) The determination of the core-losses, 
Le. hysteresis and eddy-current losses. The following is a brief table of con- 
tents of this article: 


Determination of Normal B-A Curves and Hysteresis Loop......... p. 911 
Burrows’ Compensated Double Yoke Methüd. bc bd lera vel 91s 
Standard Induction Tests of A.SS.T.M....LLuuu. uu su lle LLL unn 917 
Permeameters for SoD:Testé, ie cscesu ueeve iar i eO Si els 918 

te-loss Measurements..........._. (Usi ur act Me Genet 920 
ÁS.T.M. Standard Core Loss Tests.................00..0.....0.., 922 
Separation of Hysteresis and Eddy Current Losses.................. 925 

uadit MENO RUE LU AM ULM 926 
Bibliography ...,... EMPRESA RUP 927 


DETERMINATION OF THE NORMAL B-H CURVES AND HYS- 
TERESIS LOOP. — Under certain conditions, noted below, the magnetizing 
orce H may be calculated in terms of the number of turns per unit length and 
the current. The flux density B may be measured in any one of three ways: 
1) By winding on the sample a secondary or “test” coil and connecting in se- 
Ties with it a ballistic galvanometer or equivalent device (e.g., a fluxmeter, g.v.) 


Parts of the sample or between the sample and a yoke. (4) In addition the per- 
meability of two samples may be compared by a device known as a perme- 
ability bridge, in which the detector is a magnetometer or compass. These four 
methods may be designated respectively as the ballistic, traction, bismuth spiral 
and bridge methods respectively. The first is best suited for precision measure- 
ments, the last three for rapid shop tests where great accuracy is not demanded. 


, Magnetic Circuit of Testing Apparatus. — The simplest form of circuit 
IS a Straight bar, which is placed inside a solenoid or helix, the flux returning 
through the air. With this type of circuit, however, unleas the bar and coil 
are very long, the demagnetizing action of the magnetic poles formed at the 
ends and along the sides of the bar render it impossible to calculate with accuracy 
; resu tant magnetizing force in the bar. If the sample is made in the form 
ot à closed iron ring, the mean magnetizing force over the cross-section of the 
metal may be calculated, but unless the radial thickness of the metal is small 
mpared with the radius of the ring, the magnetizing force will be appreciably 
teater near the inner edge than near the outer edge, and as the permeability 
Sa function of the magnetizing force, an appreciable error may be introduced. 
» the difficulty of Winding the coils on a ring makes its use objectionable. 


the f Bar and Yoke. — As a compromise, the sample is usually made in 
; aS à rod (or bunch of straight strips, in the case of sheet steel) which 
IS ütted into a massive yoke of low reluctance which completes the magnetic 
ae e magnetizing coi] is wound on the sample only. As a first approxi- 
tance ín case the joints between sample and yoke are well made, the reluc- 
it loner Joke and joints may be neglected, and the magnetizing force per 
the Eeth of the sample taken as the tota] magneto-motive force divided by 
" ength of the sample. Methods have been devised for correcting the 
€ct of the yoke and joints as des cribed below. 
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Demagnetizing the Sample. — After the sample has been mounted ready 
for test (inserted in the yoke, if a bar and yoke method is employed) the circuit 
is thoroughly demagnetized by an alternating magnetizing force, preferably of 
about 1 period per second, which is gradually reduced from an initial intensity 
which establishes an induction well beyond the point of maximum induction 
to be measured to a final value somewhat lower than the lowest induction to 
be measured. 


Ordinary Ballistic Method. — The connections are shown in Fig. 1. A 
ring sample is here shown, but this may be replaced by a straight sample 
or by a straight bar in a yoke, 

Fig. 2. The test coil on the 
sample, the ballistic galvanom- 
eter G, the secondary coil of 
the standard solenoid and a 
resistance f are all connected 
permanently in series. This 


Standard Solenoid 


CAMCRCRCNNAOCRACARUTATRCTACA NECARE 
Ave 


Double Pole 
Double Throw 
Bwitoh 


Fig. 1, Connections for Ballistic Method of Fig. 2. Bar and Yoke 
Measuring Permeability 


resistance is adjusted so that the galvanometer shows a suitable deflection 
when the current in the magnetizing coil of the test sample is reversed. The 
galvanometer is then calibrated (see Galvanometers), keeping this resistance un- 
changed. A double-pole double-throw switch is provided for connecting the 
battery circuit at will to the magnetizing coil on the test sample or to the pri- 
mary coil of the standard solenoid. The sample should be in place when the 
galvanometer is checked, as the hysteresis and eddy-current losses due to the 
variable current in the primary during the test have the same effect as an in- 
crease in the resistance of the galvanometer circuit. (See Burrows, C. W., Bull. 
Bur. Standards, 1909, Vol. 6, p. 31.) 


Precautions. — For a high degree of precision the sample should be 
placed with its axis perpendicular to the earth's field, the apparatus should be 
protected from mechanical vibration, and should be sufficiently remote from 
any strong magnets (such as the permanent magnets in ammeters and volt- 
meters) in order not to be affected by their magnetic fields. 


Calibration of Galvanometer. — Let 


N, = number of turns in primary of standard solenoid per centimeter iength 
(axial), 

n = total number of turns in secondary coil of standard solenoid, 

n = total number of turns in secondary coil on test sample, 

A; = mean cross-section, in square centimeters of primary coil of standard 
solenoid if secondary is on the outside; if the secondary is inside the 
primary A1 is the mean cross-section of the secondary, 

A = cross-section in square centimeters of the test sample, 

a = mean cross-section in square centimeters of the magnetizing coil on test 
sample if the test coil is on the outside; if the test coil is on the inside 
a is the mean cross-section of the test coil, 

I, - current established through primary of solenoid, 

D = deflection of galvanometcr when this current is reversed, 


Ut 
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B = flux density in test sample corresponding to a deflection D when the 
current through the magnetizing coil on the sample is reversed, 
H = magnetizing force in sample corresponding to the flux density B. 


The flux in matwells established by the current Z 1 through the primary of the 
solenoid is then o.4TN IA, and the number of linkages of this flux with the 
secondary of the standard solenoid, i.c., with the galvanometer circuit, is 
047"; 4... When the double-throw switch is thrown to connect the battery 
0 the magnetizing coil on the test sample, establishing in this coil a current J 
and a flux density B, the number of linkages between the flux in the test sample 


e and the galvanometer circuit will be B4 + Hn (a — A). If these two linkages 
: are equal, as they will be if the galvanometer shows the same detlection D when 


- The 


. The correction term 2 


. Of the flux density. 


iS reversed through the magnetizing coil on the test sample as when J; is 


. Teversed in the primary of the solenoid, then 


B= omn NA, I a—A 


= H. (1) 
nA 
Or, putting 
K= O.4mm NA, 
nA , 
which is a constant for a given solenoid and sample, then 
— A 
B-KI,-5 4 gg, (2) 


IL is usually negligible except for very low values 


ence, by sending various currents J, through the primary of the solenoid, 


A mo these Currents and noting the deflection D, a curve may be plotted 
Owing the relation between B (= KJ 1) and D. Then, when a given current 


ugh the magnetizing coil on the test sample and the deflection 
flux density corresponding to this current may be read directly 


canoralion curve holds only for a constant total resistance in the galva- 
e Galvanometers), If it is necessary to change this resistance 
must be obtained. the galvanometer a new calibration curve 


Calculation of Magnetizing Force, — Let 


N= hu e o * 
mber of magnetizing turns per centimeter of mean circumference (see 


Fig. 1). Tt a straight sample with or without a yoke is used, N is 


taken as the total number of magnetizing turns divided by the free 
length of the sample in inches. 


= current in magnetizing coil in amperes. 
n . € . e 
the Magnetizing force in gilberts per centimeter is 
H =0.4rN]. (3) 
This formul 


ring, ifa ring un ds the average magnetizing force over the section of the 
mate only, due d Cisused. Ifa Straight sample is used, the formula is approxi- 
De S the reluctance of the return circuit through the air or yoke. 

The "red a on of Normal B-H Curve by Ballistic Method. — 
force to e is demagnetized as described above, then the lowest magnetizing 
Sed Is ‘applied and reversed many times until the iron is brought to 


nnm. — 
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a cyclic magnetic state, that is, until the reversal of the magnetizing force “tin 
reverses the direction of magnetization without changing its magnitude. The {ali 
number of reversals required to establish a cyclic condition in soft steel ranges 
from about ro at high flux densities to several hundred at low flux densities. 
In general the harder the steel the fewer the number of -reversals required. 
The galvanometer deflection is then noted, and the corresponding value of B ! " 
taken from the calibration curve and H calculated from the formula given {:~. 
above. Asacheck, it is well to carry the iron through the demagnetizing process M 

again, reduce to a cyclic state, and redetermine the point. LI 

Higher points on the curve may be obtained in a similar manner, but itis 55: 
not necessary to demagnetize the sample between successive points unles cond 
it accidentally becomes magnetized above the point being determined. Som 

Determination of Hysteresis Loop by the Ballistic Method. —The E ni 
sample is first demagnetized and then the maximum magnetizing force (corte- a 
sponding to the tip of the loop) is applied and a cyclic condition established as ee 
described in the preceding paragraph. By suddenly inserting an additional s 
resistance in the magnetizing circuit, e.g., by moving the slider on the resistance od 
R so that less of this resistance is short-circuited, the magnetizing force is : Sh 
reduced to any desired value, and the change in flux density corresponding to “Sx 
this change in magnetizing force is determined by noting the galvanometer 
deflection. If the calibration curve of the galvanometer has been obtained by 
the method of reversals, as described above, the change in flux density is twice 
the value of B as read from the calibration curve, since the actual change in L 
flux corresponding to any ordinate of the calibration curve is twice this ds 
ordinate. i 

The next point on the hysteresis ‘loop is determined in the same manne, | 
first bringing the iron to a cyclic state under the maximum magnetizing force 
corresponding to the tip of the loop. Data with negative values of the mag- 
netizing force are obtained by reversing the currents in addition to making the 
adjustments already described. The points on the hysteresis curve may be 
taken in any order. : 

In this method of obtaining hysteresis data, the measured quantity is the 
change in induction when the magnetization is changed at one step from 4 
maximum to any other given point on the hysteresis loop. This method is 
comparatively free from the irregularities due to the slow creep that occurs 
when a magnetizing force is applied slowly or changed by small steps. It is 
also free from irregularities due to variations in the size of.step in the “step 
by-step” method, in which the magnetizing force is changed from one value —— 
to the next lower without restoring it each time to the maximum value. (Se | 
Burrows, Bull. Bur. Standards, 1909, Vol. 6, p. 1.) B 

Zero Ballistic Methods for Determining Flux Density. — By using 
an independent battery circuit to energize the primary of the standard solenoid 
and establishing the currents 7, and J at the same time and reversing them 
simultaneously, it is possible by having: the relative directions of these cur- 
rents right, so to adjust J, that for a given value of J the net discharge through 
the galvanometer is zero, and no deflection occurs. Under this condition B 
may be calculated directly from equation (x) or (2) above. 

Instead of using a standard solenoid with fixed coils, an adjustable mutual 
inductance, previously calibrated, may be used, and a constant current main 
tained through its primary, the adjustment being effected by moving the second: 
ary. Let 

M = mutual inductance of standard, in henries, 


I = current in amperes, in primary of mutual inductance, 
f = total number of turns in test coil on sample, 


( Magnetic Testing 915 


A « ctoss-section of sample ín square centimeters, 
B= flux density in sample for balance. 


5. Theo 


Lu 


MI 
M B 2160? ATE: = KM, 


of 10 I : : " 
(. where K, = ru a constant for a given test coil and sample and given current 
x n 


=> in the primary of the mutual inductance. 
The design of a standard mutual inductance suitable for this purpose is 
= described in detail by Burrows, Bull. Bur. Stds., 1909, Vol. 6, p. 31. 


l Burrows’ Compensated Double-Yoke Method. — This method, described 
~~ m detail in Vol. 6 of the Bulletins of the Bureau of Standards (Reprint No. 117), 
ce Js the standard method used by the Bureau of Standards and has also been 
:' adopted as the standard method of testing permeability by the American Society 
er Testing Materials, see Proc. Am. Soc. Test. Mat, 1912. The following de- 
:+ scription of the method is taken from Burrows’ paper. 

^5 Fig. 8 shows the relative positions of the magnetizing and test coils when 
- double yokes and double rods are used. The lower rod is the one under test. 
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The upper rod is an auxiliary rod of approximately the same magnetic properties 
ag the test specimen. T and A are the two main magnetizing coils, one wound 
^ over each rod. Over the four joints are wound four short coils J, each about 
> LY centimeters long. These are connected in series and used as a single coil. 
? band @ are the two test coils surrounding test and auxiliary specimen respec- 
Md j i$ the end test coil distributed with one-half over each end of the test 
rod. 


L] 
l 
j 
Fig. 3. Double Yoke and Bars | 
' 


B Test Samples. — When rods are to be tested these should preferably | 
of square cross-section, 3g by $6 inch (0.9525 cm.) and 3o cm. long. With 
rods of square cross-section it is possible to make a more perfect joint between 
the rods and yokes. Sheet steel is tested by making up two equal bundles of 
strips 3 centimeters wide by so centimeters in length, having a total weight of 
$ kilograms (Sand. Spec. of Am. Soc. Test. Mat.; June, 1912). Each bundle will 
be about 2.25 centimeters thick. One bundle takes the place of the test rod, 
the other takes the place of the auxiliary rod. 
Yokes. — The yokes are of soft iron, provided with suitable clamps for | 
holding the sample firmly and making a good magnetic joint. When sheet steel 
is being tested, the yokes may be made of short strips of the material 3 centi- 
füsters wide, the magnetic circuit in this case being a rectangle made up of strips, 
the joints at the four cornea being alternately butt and lap in successive layers, 
po Magnetizing Colis. — No. 18 A. W. G. double-cotton-covered copper 
wireisa convenient size. A coil made of ten layers of this wire will stand continue 
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ously a current of 1.7 amperes, corresponding to a magnetizing force of Ra 
171 gilberts per centimeter. For short periods twice this current may be safely 
employed, giving a magnetizing force of about 350 gilberts per centimeter. The |. 
length and diameter of the coils will depend upon the dimensions of the tet 7 sel fi 


sample (see above). If the coils are made of round cross-section the hollow cote lla 


A k me 


on which they are wound should have a shallow screw thread, 8 threads to the : 
centimeter, cut on the outside. The first layer is wound in this thread, and 
succeeding layers wound in the same direction between adjacent wires in the 
previous layer. The various layers are then connected in series. The mag- 
netizing force at the center of such a coil of ten layers, assuming perfect compen: 
sation for the rest of the magnetic circuit, is 


H=0.47 X8X 101 = 100.53 I, 


where I is the current in the coil. 


Test Coils. — The test coils are made of fine wire (enameled or sik 
covered) wound on thin cores of paper, cloth or slotted metal. Coils + and à 
are placed over the middle portions of the test rod and auxiliary rod, respectively. 
Over the two ends of the test rod are placed the two halves of a third test coil j. 


These three test coils have the same number of turns and are spread over’ ; 


considerable length of rod, so as to prevent any irregularities which may exist 
in the iron from exerting a preponderating influence. If the test coils are placed 
inside the magnetizing coils the correction for the flux between the rod and the 


coil will be small. 


Connections for Permeability Test. — Fig. 4 shows diagrammatically 
the full scheme of electric circuits both primary and secondary. The coils 


T, J, A, t,j and a are the same 
as those of the same letters in 
‘Fig. 3. The coils M and m are 
the primary and secondary of 
the variable mutual inductance 
(or standard solenoid) used to 
balance the e.m.f. induced in the 
test coil. 


Compensation. — Com- 
pensation is secured when the 
flux across every section of the 
iron circuit is the same, ie., 
when there is no leakage. This 
condition may be closely re- 
alized by adjusting the currents 
in the three magnetizing coils 
separately. 


The switches ST and SJ are reversed repeatedly, and the resistance RA and 
RJ adjusted until the three test coils, /, j and a, indicate the same change in 
flux when the magnetizing currents are simultaneously reversed, i.e., switches 
ST and SJ reversed simultaneously. With the key K on the point i-a, the 


T | 
E 


Fig.4. Connections for Burrows’ Method of 
Testing Permeability 


equality of flux in the test and auxiliary rods is secured first by adjusting RA 


until the galvanometer shows no deflection on reversing ST. Then with the 


key K on the point /-j the flux near the magnetic joints is adjusted to uniformity. 


Measurement of Induction. — To measure the induction, K is moved 
to the point t-m. A reversal of the magnetizing forces produces an impulsive 
electromotive force acting on the galvanometer, which may be measured as 8 
deflection or may be compensated for by reversing simultaneously a suitable 


current through a variable mutual inductance, or standard solenoid M. 
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Measurement of Magnetizing Force. — For accurate work the cur- 
rent should be measured by means of a potentiometer (see Potentiometers). If 
the shunt used for measuring the current has a resistance of 1.0053 ohms and 
the magnetizing coil T 80 turns per centimeter, then 

H = 100 V, 


where V is the fall of potential across this shunt. 


STANDARD INDUCTION TESTS OF THE A.S.T. M. (adopted June r, 
1912, by the American Society for Testing Materials.) 

The normal magnetic induction is the induction produced by a magnetizing 
force in a given piece of magnetic material which has been previously demagnet- 
ized and then subjected to many reversals of the given magnetizing force. 

Both the induction B and the magnetizing force H shall be expressed in terms 
of the C. G. S. electromagnetic unit (gauss). 


Sheet Metal. — The standard normal induction data for sheet material 
shall consist of the magnetizing forces corresponding to inductions of 2000, 
4000, 6000, 8000, 10,000, 12,000, 14,000, 16,000, 18,000, 20,000 guusses, or such 
as may be obtained without excecding a magnetizing force of 200 gausses. 

The following details are to be observed. 

The test material shall consist of 5 kilograms of the strips cut as indicated 
for the: standard core-loss test. 

The magnetic circuit shall be a rectangle having the test material for one pair 
of opposite sides, and the same or different material for the other pair, which 
may be shorter. The joints at each corner are alternately butt and lap, or may 
be clamped on the edges. 

The magneto-motive force is applied in two sections. The main magnetizing 
coils shall consist of two equal and uniformly-wound solenoids surrounding the 
test material, The compensating coils shall consist of four short coils, each 
de the same number of turns wound closely over the ends of the magnetizing 
coils. 

The test coil surrounds the middle portion of each bundle of test material. 
Four other test coils of half the number of turns are placed over the test material, 
approximately midway between the yokes and the center. (This arrangement 
is similar to Fig. 3 except that two additional test coils corresponding to j 
are used on the upper bundle.) The two center test coils are joined in serics 
and the four test coils are joined in series. The corresponding ballistic deflec- 
tions, due to these two test coils, are measures of the magnetic fluxes through 
the underlying portions of the magnetic circuit. By connecting the two test 
coils so that the induced electromotive forces oppose each other, and adjusting 
the current through the compensating magnetizing coils so that there is no re- 
sulting ballistic deflection, an approximate uniformity of flux is secured through 
the greater portion of the test material, and the induction may be measured 
ballistically in the regular manner. The magnetizing force when the flux is 
adjusted to uniformity is that calculated from the uniform winding of the main 
magnetizing solenoids. 

The cross-section of the magnetic circuit is determined as in the standard 
core-loss test. 


Rods. — The standard test for rods for use in electromagnets shall consist 
of the magnetizing forces corresponding to inductions of 2000, 4000, 6000, 8000, 


10,000, 12,000, 14,000, 16,000, 18,000, 20,000 gausses, or such as may be ob- 


tained without exceeding a magnetizing force of 200 gausses. 

The standard test for rods intended for permanent magnets shall consist in 
the Measurement of the magnetizing force, the residual induction and the 
Coercive force corresponding to a maximum induction of 14,000 gausses. 
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Standard tests shall be made by the Burrows compensated double-yoke 


method (described above, and also in Technical Paper No. 117 of the Bureau of 
Standards). 


Permeability Bridge. — A double-bar and yoke arrangement, such as shown 
in Fig. 3, may be used without compensating or test coils to obtain a fairly 
accurate measure of the permeability of a sample, provided the B-H curve of 
ene of the rods is known. A small magnetic needle ot compass placed in the 
air.space between the two rods is used as a detector of magnetic leakage from 
one rod to the other. The currents in the two magnetizing coils are adjusted 
until the needle shows no deflection when the currents in the two coils are 
reversed. The total flux in each rod will then be the same. The magnetizing 
forces in the two rods are then calculated from the currents in the magnetizing 
coils (equation 3 above) and the flux from the B-H curve of the standard sample. 


PERMEAMETERS FOR SHOP TESTS. — A great number of approxi- 
mate methods have been devised for the rapid testing of per- 
meability in shop work, where a high degree of precision ià 
not required. Some of these are briefly described below. 

Thompson Permeameter (Fig. 5).— In this instrument 
the flux density is measured in terms of the force required 
to separate a rod S from a yoke A, when the magnetic circuit 
formed by the rod and yoke is magnetized by a eurtent in 
the coil B. The handle E is turned until the sample is pulled 


away from the yoke and reading on the balance taken at the 
instant of break. 


Let l 


I = amperes in magnetizing coil, 
N = number of turns in magnetizing coil, 

] = “equivalent” length of magnetic circuit in inches = dis- Fig, 5 Thompson 
tance from a to D plus from 10 to 20 per cent to Permeameter 
allow for reluctance of yoke and joints, 

P = pull in pounds as read by balance, 
A = cross-section of rod 5 in square inches. 


Then the magnetizing force is 
Hu o.A"*NI 
ETT 
and the flux density is, within the accuracy of measurement by the instrument, 


B = 1320 Vi . 


There aré several errors in the instrument, however, notably the unavoidable 
air gap between the sample and the top of the yoke and the contact at D, which 
makes the instrument unsuitable for the accurate determination of the absolute 
values of the qualities of iron and steel. It is, however, extremely useful for 
the comparison of samples where exact absolute values are not required. More 
nearly absolute values can be obtained by properly calibrating the instrument 


by using a standard sample the permeability of which at various flux densities 
has been measured by a more accurate method. 


Du Bois Permeameter (Fig. 6). — Another form of traction permeameter 
is that devised by Du Bois. 


The tractive force is measured across a gap in a yoke which completes the 
magnetic circuit of which the sample or test piece forms part. In the 
P and P, &te massive soft-iron pole pieces in which the sample S is 
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Aisa yoke pivoted at E. B is the magnetizing coil. The resultant moment 
acting on the balance when a flux is established across the gaps G and G, is a 
function of the flux density in the sample (all samples are of the same cross- 
section). Consequently, the point on the scale at which the weight W must 
be placed for a balance is a measure of the flux density. The scale is calibrated 
to read directly in flux densities. Due to the reluctance of the yokes and air 
gaps a correction factor, furnished with the instrument, must be used to obtain 


the magnetizing force from the ordinary formula. 


Fig. 6. Du Bois Permeameter Fig. 7. Koepsel Permeameter 


Koepsel Permeameter (Fig. 7). — The magnetic circuit consists of the 
sample S and two heavy soft-iron pole pieces P and P,, with a gap and soft- 
iron core A (similar to the gap and core in the voltmeter). A small coil 4 is 
suspended in the gap and connected to an auxiliary current supply. The sample 
ig magnetized by current passing through the magnetizing coil C. The flux 
produced in the magnetic circuit causes the coil & to deflect an amount pro- 
portional to that flux, for a constant strength of auxiliary current. The de- 
flection is indicated by a pointer, attached to the coil 4, swinging over a scale 
that is calibrated to read directly in flux densities, The calibration of the 
instrument does not hold for wide variations in the permeability of the samples 
since the leakage depends upon this permeability. Also the magnetizing force 
can be calculated only approximately. These difficulties can be overcome 
in a measure by placing compensating coils on the yokes P and P, and sending 
sufficient current through these to compensate for the leakage, 


Esterline Permeameter. — This instrument is similar to the Koepsel 
apparatus except that the moving coil and core (4 and A in Fig. 7) are replaced 
by a small direct-current armature. The apparatus then becomes a small 
separately-excited dynamo. The armature is driven by an auxiliary motor 
at a constant speed. The voltage across the armature is then directly pro- 
portional to the total flux cutting 
thearmature conductors. Leak- 
age is avoided by the use of com- 


The current in these compensat- 


y 7 


ing coils is adjusted until a small SN 
VAN [/ 
compass placed near the mag- S RA YY a A 


NS 
SN 


netic circuit of the apparatus 
shows no deflection when the 
magnetizing and compensating 
currents are simultaneously re- .. : ; i 
remo Tie apart ie de Dt Deli Hole Fg. Drysdale Ferme 
scribed in detail in Proc. Am. Soc.  neameter 
Test. Mat., 1906, Vol. 6, p. 340. 

Drysdale Permeameter (Fig. 9). — This device fs particularly useful in 
determining the permeability of large generator frame castings or other large 
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masses of metal without the preparation of samples. A hole is drilled in the 
casting at any point desired with a special drill that will leave a hole with a 
core in the center similar to that shown at C in Fig. 8. 

A magnetizing coil A and a test coil B are wound on a soft-iron plug and 
inserted into this hole as shown. The terminals of both these coils are brought 


out through small holes in the plug. Measurements are made by the ordinary 


ballistic method. 


Bismuth Spiral. — Bismuth has the property of changing in electrical re- 
sistance when put in a magnetic feld. The per cent increase in resistance in 
bismuth when in a magnetic field is nearly proportional to the magnetic density 
of the field. For measuring permeability, a flat spiral of bismuth wire non- 
inductively wound is fastened between two plates of mica, the terminals of 
the coil being brought out through a long insulated handle. 
` The sample is made in two pieces and held in a yoke such as shown in Fig. 2. 
'The two rods are inserted through the holes in the ends of the yoke and are 
pushed in until only a small air gap is left between their opposing ends. The 
bismuth spiral is inserted in this gap. The resistance of the spiral is measured 
with a Wheatstone's bridge and the flux density determined from a curve fur- 
nished with the spiral giving the variation in resistance with varying density. 


'The calculated value of the magnetizing force must be corrected for the reluc- 
tance of the yoke and air gap. 


CORE-LOSS MEASUREMENTS. — A great number of methods have 
been suggested for determining the core-loss in a sample of iron or steel when 
subjected to an alternating field. 'These methods may be classified as: (1) 
hysteresis loop method; (2) wattmeter method; (3) mechanical torque methods. 
Of these the wattmeter method, when a properly constructed magnetic circuit 
is employed, gives the most reliable results. 'The hysteresis loop method is 
tedious and gives no knowledge of the eddy-current loss. 'The mechanical 
torque methods necessitate an air gap in the magnetic circuit with a resulting 
induction in the specimen which is far from uniform; these latter methods, 


however, are frequently used where high degree of accuracy may be sacrificed 
to speed in testing, e.g., in com- 


parative shop tests. 


Hysteresis Loss from Hys- 
teresis Loop.— The hysteresis 
loop may be determined by any 
of the methods described above. 
'The loop is plotted on cross-sec- 
tion paper and integrated. Plot 
the magnetizing force, in gilberts 
per centimeter, to a scale of h gil- 
berts per centimeter equal to 1 
inch and the flux density to a 
scale of b gausses equal to 1 inch. 
Then if A is the area of the loop 
in square inches, the hysteresis 
loss, in ergs per cycle per cubic 
centimeter of iron, is 


"m Fig. 10. Connections for Core-loss Tests 


Principle of Wattmeter Method of Determining Core-Loss. — Fig. 10 
is a complete diagram of connections. "The principle of this method is as follows: 
The sample to be tested is inserted in a magnetizing coil of a known number of 
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turns, under* which is wound a secondary coil having either the same number 
of turns or a multiple thereof. The primary coil is connected in series with a 
source of alternating e.m.f. (which can be adjusted without changing its wave 
form) and the current coil of a wattmeter. The potential coil of the wattmeter 
is connected to the secondary coil on the test sample. A voltmeter is also 
connected across this secondary coil. 

Let 


N,= number of primary turns, 
N32 number of secondary turns, 
A = cross-section of sample in square centimeters, 
f = frequency in cycles per second, 
h = form factor of secondary voltage, 
B= maximum flux density in sample, assumed constant throughout its 
s length, 
V = reading of voltmeter, 
P = reading of wattmeter, 
R=r4 ate 
Rit R 
sistance of the voltmeter and Rz the resistance of the potential coil 
of wattmeter. 
The resistance R should be sufficiently large so that the heat developed (V?/R) 
in the secondary circuit is small compared to the core-loss, and the resistance r 
of the secondary coil should also be small compared with R. Then if the in- 
struments are calibrated to read correctly and P and V are read simultaneously, 
the total core-loss is, assuming r negligible compared with R, 


, where r is the resistance of the secondary coil, R, the re- 


and the maximum flux density is 
18 V 


= AhfANa 


Test Specimen with Single Coil. — The core-loss test can also be 
made with a single coil (the magnetizing coil) on the sample with the voltmeter 
and potential circuit of the wattmeter connected to the terminals of this coil. 
In this case, however, the voltage read by the voltmeter must be corrected for 
the resistance drop in the magnetizing coil, and the wattmeter reading for the 
rI? loss in this coil. The two-coil method also has the advantage that the 
wattmeter reading can be made any multiple of the actual loss by using a proper 
ratio of N2/N,, thus enabling one to measure small losses with greater accuracy. 


Control of Impressed E.M.F. — The e.m.f. impressed across the ter- 
minals of the magnetizing coil should have a sine wave form for all values of 
the maximum flux density at which tests are to be made. To secure this con- 
dition it is necessary that the e.m.f. of the generator supplying the current have 
8 sine wave form, and that the resistance and reactance of both the generator 
and the circuit between the generator and the test sample be as small as possible, 
as the magnetizing current, having a distorted wave form due to hysteresis 
(see Magnetic Properties of Iron), will introduce a voltage drop having a non-sine 
form, thus distorting the impressed voltage wave. 

The impressed voltage should therefore be controlled through the field of a 
generator having a large capacity compared to the power taken by the test 
sample, or instead of varying the field a transformer with suitable taps may be 
used, provided the resistance and leakage reactance of the transformer are small. 


* The two windings may also be “ sandwiched.” 
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In either case, the generator should give a sine wave at all field excitations 
within the range used. If this condition cannot be realized the hysteresis and 
eddy-current losses should be separated by measuring the total loss at two 
frequencies and the total loss then corrected for form factor (see below), 

Form of Specimen for Wattmeter Test. — The specimen may have oné 
of three forms: (1) It may be in the form of straight strips, the flux lines retum- 
ing through the air; (2) straight strips may be used with a yoke; and (3) the 
specimen may be arranged to form a closed magnetic circuit in itself, 

The first form gives a distribution of flux which is far from uniform. It is 
possible, however, by determining the flux distribution in the sample by m.ans 
of an exploring coil to correct the observed losses for this flux variation (see 
Robinson, L. T., Trans. AI.E.E., 1911r, Vol. 30, p. 741). 

‘The second form gives a more uniform flux, but it is necessary to distinguish 
between the energy supplied to the specimen and that supplied to the yoke. 
This can only be done satisfactorily by knowing the constants of the yoke, and 
only then by having the distribution of flux uniform, a condition difficult to 


Secure. 


Consequently, for accurate measurements the third form is the most reliable, 
although for factory use the first or second may prove more convenient where 
accuracy can be sacrificed for other considerations. The material used should 
be cut in a form such that only a small part of it is contiguous to a cut edge 
since all methods of cutting have a hardening effect upon the material bordeting 
upon the cut. This means that the strip, whether straight or in ring form, 
should not be too narrow. This condition may be dispensed with if all specimens 
are annealed under definite conditions after cutting to size, and prior to testing. 

Two general forms of magnetic circuit are available. The material may be 
stamped into rings (as in the Esterline apparatus), or the circuit may be built 
up from straight strips as in the Epstein apparatus. Leakage is most effectually 
avoided by using rings. With this form of specimen, however, the flux density 
will not be uniform unless rings of very great diameter are employed, and in 
the latter case there is a very great waste of material. The non-uniformity 
of flux existing in rings of small diameter, even when uniformly wound, and 
the errors resulting therefrom, are discussed by Loyd, M. G., Bil. Bur. Sids., 
1909, Vol. 5, p. 435. The use of rings is thus restricted to cases where the 
matetial is annealed after stamping, and the radial width of the ring should be 
very small in comparison to its diameter. When rings are employed, the 
labor of winding each specimen separately with a magnetizing coll may be 


obviated by the use of the apparatus of Esterline (see p. 925) or Müllinget 
(E. T. Z., r901, Vol. 22, 5. 379). 


‘Epstein Method. — This method has been adopted as the standard in 
Germany and by the American Society for Testing Materials in this countty. 
It is used for commercial testing by both the General Ele@ric and Westing- 
house Companies. The method is clearly described in the standard spedfica- 
tions for making core-loss tests given in the following paragraph. 


A.S.T.M, Standard Core-loss Tests, (Adopted June x, 1912 by the 
American Society for Testing Materials.) 

The power consumption in electrical sheet steel when subjected to an alter- 
nating magnetization is known as the core-loss. The standard core-loss is the 
total power in watts consumed in each kilogram of material at a temperature 
of 25? C., when subjected to a harmonically-varying induction having & mat- 
imum of 10,000 gausses and a frequency of 6o cycles per second, when measured 
as specified below. It is represented by the symbol Wioye, 


The ageing coefficient is the percentage change in the standard core-loss after 
continued heating at 100° C, for 600 hours. 
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The standard core-loss shall be measured under the following conditions: 

The magnetic circuit consists of 10 kilograms (22 pounds) of the test material, 
cut with a sharp shear into strips so centimeters (191116 inches) long and 3 centi- 
meters (1346 inches) wide, half parallel and half at right angles to the direction 
of rolling, made up into four equal bundles, two containing material parallel 
and two containing material at right angles to the direction of rolling, and finally 
built ipto the four sides of a square with butt joints and opposite sides consisting 
of material cut in the same manner. No insulation other than the natural 
scale of the material (except in the case of scale-free material) shall be used 
between laminations, but the corner joints shall be separated by tough paper 
0,01 centimeter (0.004 inch) thick.* 

The magnetizing winding shall consist of four solenoids surrounding the 
four sides of the magnetic circuit and joined in series. A secondary coil shall 
be used for energizing the voltmeter and the potential coil of the wattmeter. 

These solenoids shall be wound on a form of any non-magnetic non-conducting 
material of the following dimensions: 


Inside cross-section. .......... sees 4 by 4 cm. 
Thickness of wall .,..........seeeeeeee EN not over 0.3 cm. 
Winding length. . ............ esee 42 cm. 


The primary winding on each solenoid shall consist of 150 turns of copper wire 
uniformly wound over the 42-centimeter length. The total resistance of the 
magnetizing winding shall be between o.3 and o.5 ohm. The secondary wind- 
ing of 150 turns of copper wire on each solenoid.shall be similarly wound beneath 
the primary winding. Its resistance shall not exceed r ohm. 

A voltmeter and the voltage coil of a wattmeter shall be connected in parallel 
to the terminals of the secondary winding of the apparatus. "The current coil 
of the wattmeter shall be connected in series with the primary winding. 

À sine-wave electromotive force shall be applied to the primary winding and 
adjusted until the voltage of the secondary circuit is given by the equation, 


| E 4{/NhBM 
in which 7 AID 108 /' 
k= form factor of primary emf. = 1.11 for sine wave, 


N = number of secondary turns = 600, 
J= number of cycles per second = 60, 


B = maximum induction == 10,000, 
M = total mass in grams » 10,000, 
| length of strips in centimeters = 9o, 
D = specific gravity = 7.5 for high-resistance steel 


= 7.7 for low-resistance steel, 
E = 106.6 volts for high-resistance steel for sine voltage 
= 303.8 volts for low-resistance steel for sine voltage. 


* The purpose of this paper is to prevent the exposed end of the laminations being 
forced into the spaces between those in the adjacent side of the other part of the 
sample and to prevent the formation of eddy currents at the corners which may not 
be confined to the thickness of the laminations if the paper is not used. The certainty 
of the measurements is thereby impreved by a small but definite amount over the 
results which are obtained without the paper in the joints. This improvement is of 
course accomplished at the expense of some increase of leakage flux at the corners and 
consequently greater departure from absolute uniformity of flux distribution along the 
length of the sample, also the conditions imposed upon wattmeter are more severe as 
the general power factor is lower. The flux distribution over a section of the sample 
is more uniform with the paper. The net result is a definite gain in accuracy. — — 

| (L. T. Robinson.) 
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A specific gravity of 7.5 is assumed for all steels having a resistance of ovet 
2 ohms per metergram, and 7.7 for all steels having a resistance of less than 
2 ohms per metergram. "These steels are designated as high- and low-resistance 
steels, respectively. 

The wattmeter gives the power consumed in the iron and the secondary 
circuit. The loss in the secondary circuit is given in terms of the total resistance 
and voltage. Subtracting this correction term from the total power gives the 
net power consumed in the steel as hysteresis and eddy-current loss. Dividing 
this value by ten gives the core-loss in watts per kilogram. 

The Procedure. — x. Cut from the test material a number of strips 3 by 
go centimeters, half parallel and half at right angles to the direction of rolling. 

2. Place on the balance a pile of strips weighing 2.5 kilograms. Add a second 
pile of the same kind, bringing the weight up to 5 kilograms. In each case the 
weight is taken to the nearest strip. Add in succession two piles of 2.5 kilograms 
each, of the other kind of strips, bringing the weight up to 7.5 kilograms and 
Io kilograms respectively. 


3. Secure each bundle by string or tape (not wire) and insert in the apparatus 
as indicated. 

4. Apply the alternating voltage to the primary coil and tap the joints to- 
gether until the current has a minimum value, as shown by an ammeter in series. 
Then clamp the corners firmly by some suitable device.. . 

s. Shunt the ammeter and adjust the primary current until the voltmeter 
indicates the proper value. This adjustment may be made by an auto-trans- 
former by varying the field of the alternator, or by both, but not by the insertion 


of resistance or inductance in the primary circuit. Simultaneously the frequency 
must be adjusted to 60 cycles. 


6. Read the wattmeter. Á 


7. Calculations. Subtract from the wattmeter reading the instrument 


losses, which will be constant for any set of instruments and voltage, and divide 
by 10. The result is the standard core-loss. 


Bureau of Standards’ Method. — (Bull. Bur. Sids., 1909, Vol. 5, 9. 453: 
Trans. A.I.E.E., 1909, Vol. 28, p. 439.) This is a modification of the Epstein 
method. It differs from the latter in the use of a smaller test specimen, from 1.5 
to 2 kilograms (about 4 pounds) of strips 25.4 by 5 centimeters (1o by 2 inches), 
and in the use of a different form of joint between the four bundles of strips. 
In other respects it is essentially the same as the Epstein method. 

Fig. 11 shows the arrangement of the joint. At the corners of the square, 
short pieces of test material are bent at right angles and interleaved between 
the strips of adjacent bundles, as shown in the figure. There are as many of 
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Fig. 12. Esterline Apparatus 


Fig. 11. Detail of Joint Used 
by N. B.S. 


these corner pieces as there are test pieces, and they are graduated in length so 
as to give a uniform lap of about 2 millimeters. A special clamp is tightened 
over these laps, so as to give a good magnetic joint. The object of these corner 
pieces is to reduce the leakage and' thereby obtain a more nearly uniform flux 
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throughout the sample. The loss in these corner picces is small and can be 
calculated to a sufficient degree of accuracy and allowed for. 


Esterline Apparatus For Testing Iron Rings (Fig. 12). — This 
apparatus is designed for testing rings made up of punchings from sheet steel. 
It is essentially a solenoid made in the form of a doughnut, but divided into 
two halves. The sample is inserted by lifting off the top half; the top half is 
then replaced and the teeth formed by the projecting ends of each upper half- 
turn Bt into little sockets formed at the ends of the corresponding lower half- 
turn. (Esterline, J. W., Proc. Am. Soc. Test. Mat., 1906, Vol. 6, p. 320.) 


Ewing Hysteresis Tester. — Strips 55 by 3 inches are cut from the sheets to 
be tested and a bundle of about 7 is used in each test.  Thissample is rotated ata 


. relatively low speed (to avoid eddy currents) between the poles of a permanent 


magnet, the magnet being pivoted at the center of rotation and carrying a 


B pointer that deflects over a scale, the deflection depending on the hysteresis 


loss in the sample. Two standard samples of known hysteresis properties are 
furnished with the instrument, so that the scale may be calibrated from time to 
time. 

The Blondel Hysteresis Tester. — This apparatus is similar in principle to 
the Ewing hysteresis tester, but the magnet is revolved instead of the sample. 


= The samples are made in the form of rings which are mounted on a pivoted 


spindle between the poles of a U-shaped permanent magnet. When the magnet 
is revolved the sample tends to follow it but is restrained by a spiral spring, 
and therefore it turns only through an angle such that the torque due to the 
hysteresis loss is balanced by the opposing torque of the spring. 


The Holden-Esterline Core-loss Tester. — This instrument is similar 
to the Blondel hysteresis tester previously described but an electromagnet is 
substituted for the permanent magnet and this magnet is driven by a motor at 
the required frequency. The spring is arranged with a torsion head and pointer 
that is set to zero when the instrument is not in use. 

The angle of torsion necessary to bring the sample back to its zero position 
when the instrument is operating is read on a scale calibrated directly in watts 
loss. The speed of rotation being high the eddy-current losses are appreciable, 
and therefore the instrument reads the combined loss due to hysteresis and 
eddy currents at the frequency corresponding to the speed of rotation. 


SEPARATION OF HYSTERESIS AND EDDY-CURRENT LOSSES. 
— The total loss is measured by the wattmeter method at two frequencies, 
say f, and fo, but at the same effective voltages. Let 


P, = total loss at frequency fı 
P3 « total loss at frequency fz, 
h, = form factor at frequency fı 
ha form factor at frequency fa, 
E, = effective value of induced e.m.f. at frequency fi, 
F, = effective value of induced e.m.f. at frequency fz 
Kpr = hysteresis loss at x cycle per second and sine wave e.m.f. of r 
volt, 
Ke = eddy-current loss at x cycle per second and e.m.f. of 1 volt. 


Then for a given iron core (see article of Magnetic Properties of Iron) 


ark, M 
n-(: ^ j fAKa A (4EOSKe, 
1 


i 1.6 
P= (5) SiKnt+ (hE) Ke, 
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whence, by measuring all the other quantities, Ka, and Ke may be calculated 
from these two equations. This method of separation, however, assumes 16 
as the hysteresis coefficient, which is an approximation, 

However, if a sine wave e.m.f. of the same effective value is used at both 
frequencies, the separation can be made without any other assumption than that 
the hysteresis loss varies directly as the frequency and the eddy-curre 


the square of the frequency, both of which conditions are in accord with fact : 
When the frequency is less than 100 cycles per second and ordinary thickness 


of sheets are used. 


In particular, if fe is taken as one-half of fı as well as E, = E», both in effective am 


value and wave form, then 


Eddy-current loss at frequency f, =f2K. E? = 2 (Pi~aPs), 
Hysteresis loss at frequency fi = fıKn Ert = 4 Po- Pi, 


and these relations are independent of the law of variation of the hysteresis loz 
with maximum flux density. 


IRON-LOSS VOLTMETER. — As pointed out in the article on Magnetic 
Properties of Iron, the core-loss depends upon the form of the impressed volt- 


age wave. The dotted curves A, B and C in Fig. 13 show the variation in 
core-loss with form factor when the 


eddy-current loss is 14 per cent, 20 
per cent and 3o per cent of the total 
loss. The loss corresponding to a 
sine-wave voltage (form factor 1.11) 
is taken as 100 per cent. 

In making commercial tests on 
transformers it is frequently incon- 
venient to obtain a sine-wave volt- 
age, and it is also equally incon- 
venient to obtain the form factor 
of the actual voltage available and 
the relative value of the eddy-cur- 
rent loss. Yet, for comparative 
purposes, the core-loss should be 
referred to a standard sine-wave 
form. The iron-loss voltmeter, de- 
vised by L. W. Chubb (Trans. 
A I.E.E., 1909, Vol. 28, p. 417) is 
an instrument designed to read, 
when connected to a circuit in which 


the voltage has any wave form whatever, the value of the sine-wave voltage which 
would produce the same total loss as produced by the actual voltage. The 
meter is calibrated for one frequency anly, usually 60 cycles per second. When 
sucb an instrument is connected across the transformer and the voltage adjusted 
until the instrument reads the rated voltage of the transformer, the core-oss 
read by a wattmeter connected in the usual manner will be the core-loss corte- 
sponding to a sine-wave voltage having an effective value equal to the voltage 
read by the iron-loss voltmeter, irrespective of what the reading of an ordinary 
voltmeter connected across the line. may he. 

Chubb's iron-loss voltmeter is essentially an ordinary wattmeter, the current 
coil of which is connected in series with a winding on a small laminated iron 
core, these two elements in series being connected directly across the line. The 
potential circuit of the wattmeter is also connected across the line to the same 
two terminals as the first or series circuit. The meter therefore has but tw? 
terminals. The deflection of the moving element of such a meter, when œt- 


Per Cent Loss 


hes 


um 
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nected across the supply mains, is proportional to the total power absorbed by 
the circuits and the iron core. Neglecting the small resistance loss in the series 
circuit, it is possible, by adjusting the resistance in the potential circuit and the 
number of turns on the iron ring, to make the equivalent eddy-current loss in 
the instrument (including the resistance loss in the potential circuit as an 
eddy-current loss, since it depends on the effective value of the voltage in the 
same way as the eddy-current loss in the sample) any desired proportion of the 
total loss, These adjustments are so maae that at about 0.6 full-scale detlection 
the equivalent eddy-current loss on a pure sinc-wave voltage at 60 cycles is 


.. 20 per cent'of the total, this being the average proportion of the hysteresis loss 


to total loss in commercial 60-cycle transformers. 

The instrument is then calibrated to read directly in volts by connecting it 
in parallel with an ordinary alternating-current voltmeter on a pure sine-wave 
voltage of the required frequency. 

The voltage to be used for a core-loss test on any circuit, irrespective of wave 
form, is then read by means of this instrument instead of by an ordinary volt- 
meter. If the transformer under test has the same per cent eddy-current loss 
as the equivalent eddy-current loss {n the iron-loss voltmeter, then the reading 
of an ordinary wattmeter connected to measure the core loss of the transformer 
in the ordinary way will be the loss on a sinc-wave voltage having an effective 
value equal to the reading of the iron-loss voltmeter. If the percentage hystere- 
sis loss is different from that of the iron-loss voltmeter, a slight error will be 
introduced. Curves D and F in Fig. 13 show the error when the eddy-current 
loss in the transformer is 14 pet cent and 3o per cent respectively, instead of 
20 per cent. 

The voltage may be regulated through a considerable range by the use of 
a resistance or inductance, thus dispensing with the usual multi-tap transformer 
or field regulation of generator. The frequency need only approximate the 
normal values; the final core loss determined at the voltage indicated by the 
iron-loss voltmeter will be the same as would be obtained on a sine wave of 
normal frequency and voltage. 

Adjustment of Form Factor. — Chubb also gives a method of obtaining 
a form factor of 1.11 from a wave of any shape. This is shown in Fig. 14. T 
is the transformer under test, 
W an ordinary wattmeter, V, 
the iron-loss volt-meter, V2 an 
ordinary a-c. voltmeter, R a 
variable resistance, L a vari- 
able inductance, C an alumi- 
num electrolytic condenser 
having a critical voltage less 
than that impressed across it. 
By varying Land R the read- 
ings of V; and V may be made to agree; under these conditions the form 
factor of the voltage across the transformer is 1.11. The wave however will 
not in general be a sine wave. 


BIBLIOGRAPHY. — Gray, A., Absolute Measurements of Electricity and 
Magnetism, London, 1893; Edgecumbe, K., Industrial Measuring Instruments, 
London, 1908; Gerard, Eric, Measures Electrique, Paris, 1908; Karapetoff, V., 
Experimental Electrical Engineering, N. Y., 1908. Also the references in the text. 

(H. PENDER AND H. R. RANKEN.) 
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MAXIMA AND MINIMA. — (See also Derivatives; Series, Mathematics) 


Let y be any function of a variable x, then y will be a maximum or minimum 


—=0 (1) 


dx? 
of x, then the corresponding value of y is a minimum; if this second derivative 
is negative, the corresponding value of y is a maximum. 


a3: 059 , : ox OPS 7 
provided = is not zero. If the second derivative d» is positive for this value 


d?y , . : , 
In case = is also zero for the value of x which satisfies (1), the corresponding 
d 


value of y is not a maximum or minimum unless = is also zero and m is not 
aly 


d’y e e, s ` d*y . e,e . . 
zero. When E is a minimum if ja? positive and a maximum if Tais 


dèy . -- : 
negative. In case = is also zero, similar relations must hold for the fifth and 


sixth derivatives, etc. 
Example. — Find the maximum and minimum values of 


y= 248 -~-QOx?+ 12%- 3, 
d 
then js 18a 120, 
ae 12X — 18, 


whence y is maximum or minimum for x?— 3 x+ 2 * o, that is, for = 2, of 

d?y , - dty . f 
x21. Forx=2, di is positive; for x = 1, A is negative; hence the mazi- 
mum value of y is 2 and occurs for x = rz, while the minimum value of y is 1 and 


occurs for x = 2. 
[W. A. DeL Max] 


k 


^. k 
- 


1 
1 


Jae 


OU 


rc cre rm ay EE UP 


Mechanics, Principles of 929 , 
5" 


MECHANICS, PRINCIPLES OF. — (See also Structures, Simple; Un? 
and Conversion Factors.) In this article are given the definitions of the mor 
commonly-used mechanical quantities together with a statement of the qu; 
titative laws in accord with which displacements and motion of matter 
cluding deformations) take place. The interrelations of the various uni. 
employed for measuring any particular quantity are given in the article on 
Units and Conversion Factors. 


DEFINITIONS. — The various terms relating to the displacement and mo- 
tion of matter and to forces producing these displacements and motions are 


the following: 

Scalar and Vector Quantities. — A mechanical quantity which is not 
directed in space, e.g., mass, energy, etc., is called a scalar quantity. A me- 
chanical quantity which has a space direction as well as magnitude, e.g., velocity, 
force, etc., is called a vector quantity. A scalar quantity may be positive or 
negative, that is, has two “senses,” but to specify a vector quantity like force 
it is necessary to specify not only its magnitude but its direction with respect 
to one or more fixed lines of reference or axes. Scalar quantities may be treated 
as ordinary algebraic quantities, and added and subtracted in the usual way. 
Vector quantities must be added and subtracted vectorially, as described in the 


article on Vectors. 

Linear Displacement (/). — When a particle P moves from a point A to 
any other point B, the distance, measured along a straight line, from A to B 
is called the linear displacement of the point P* Any unit of length may be ! 
used as a unit of displacement; see Units and Conversion Factors. 


Angular Displacement (0).— Let a particle P move from a point A to 
some other point B, and let OX be any arbitrarily-chosen line, or axis. Draw 
planes through A and OX and through B and OX. ‘Then the angle between 
the planes AOX and BOX is called the angular displacement of P about OX. * 
Angular displacement may be measured in degrees, radians or turns; see Angles 

t 


‘and Units and Conversion Factors. 


Linear Velocity (v) and Speed (s). — The linear velocity or speed of a 
particle P is the rate of increase with time of the linear displacement of P, i.e. 


di di , 
3 (1) j 
| 


?7 dt Or =u 


where di is the linear displacement in time dt. 
Any unit of length per any unit of time may be used as a unit of velocity or | 


speed; see Units and Conversion Factors. 

Angular Velocity or Speed (w). — The angular velocity or speed of a par- 
ticle about a given axis X is the rate of increase with time of its angular dis- 
placement about this axis, i.e, 

G) = P (2) 
where dð is the angular displacement in time dt. Any unit of angle per any 
unit of time may be used as a unit of angular speed; see Units and Conver- 
sion Fadors. 


* The positions of 4 and B (and of OX also in the case of angular displacement) 
must be referred to some system of codrdinates; when the system of .coórdinates 
moves, the displacement as above defined is the displacement relgtive to this system of 


coürdinates. 


wem 


o 
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. Linear Acceleration (a). — The linear acceleration of a particle P is the 


y^ increase with time of the linear velocity of P, i.e., 


e" G = -= m —y | (3) 


aere dv is the increase of linear velocity in time dt. Any umit of velocity 
per any unit of time may be used as a unit of acceleration, e.g., centimeters 


per second per second, miles per hour per hour, etc.; see Units and Conversion 
Factors. 


Acceleration Due to Gravity (g). Gravitational Acceleration Con- 
stant (go). — At any given place on the earth a body falling freely in a vacuum 
has a constant linear acceleration, independent of its size, shape or material. 
This acceleration is called the acceleration due to gravity (g), and the particular 
value of this acceleration at 45 degrees latitude and sea level is called the gravi- 
tational acceleration constant (go). The value of go as adopted by intema- 
tional agreement * is 

£o = 980.665 cm. per sec. per sec. 
go = 32.1739 Ít. per sec. per sec. 


The value of g for any other location varies but slightly from this value, being 
at sea level approximately 0.3 per cent greater at the equator, 0.3 per cent 
less at the poles, and decreasing at the rate of about o.or per cent per 1000 
feet increase in elevation. See Landoli-Bóürnstein's Tables. 


Angular Acceleration (a). — The angular acceleration of a particle P about 
an axis X is the rate of increase with time of the angular velocity of P about 
Xie, 

get ues (4) 
o dt dP 


where dw is the increase in angular velocity in time d£, Any unit of angular 
velocity per any unit of time may be used as a unit of acceleration, e.g., degrees 


per second per second, turns per second per second, etc.; see Units ond Con- 
version Factors. 


Mass or Weight.* — Two bodies are said to have equal masses or weights} 
irrespective of their volume, shape or chemical composition, if, when they 
are suspended simultaneously in a vacuum, one from each end of an equal- 
armed balance, there is no tipping of the beam of the balance from its original 
position. This criterion for the equality of two masses holds only in case 
the bodies and the balance are neither electrically charged nor magnetized, 
both bodies are supported at the same distance from the earth, and the equi- 
librium of the balance is not affected by the presence of any other bodies (ex- 
cept the earth) in the vicinity. This is an entirely arbitrary definition, but 
mass as thus defined is found to be a fundamental property of a body irrespec- 
tive of its shape, physical state or relation to other bodies. The units of 


mass or weight and their interrelations are given in the article on Units and 
Conversion Factors. 


Density (5) and Specific Gravity. — The density of a uniform substance 
is defined as the mass of the substance per unit volume. When the substance 


* Troisième Conf. Gen. des Poids et Mes., 1901, p. 66: See Note 5, p. 3 of this book. 

f The term weight is also used for the force exerted by the earth on a portion of matter; 
in this sense weight is not independent of the relation of the given portion of matter to 
other bodies, and the term mass is therefore preferable when referring to quantity ol 
matter, since it has not acquired a double meaning. However, engineers almost invariably 


use the word weight instead of mass for quantity of matter. See the article on Unilt 
and Conversion Factors for a further discussion of this point. 
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is not uniform, its density at any point is defined as the mass of an infinites- 
imally small volume taken about the point divided by this volume; i.e., 
calling de the volume and dm the mass of this volume, the density is 


=: (5) 


In the c.g.s. system the standard unit of density is the gram per cubic cen- 
timeter, but any other unit of mass per any unit of volume may be used in 
either the metric or English system; see Units and Conversion Factors. For 
values of the density of various materials see article on Weights of Materials, 

The specific gravity of a substance is defined as the ratio of the weight of 
a given volume of that substance to the weight of an equal volume of water 
or air. Water is used as the standard of reference for solids and liquids, and 
air at o? C. and 760 mm. mercury pressure as the standard of reference for gases. 
Strictly, the temperature of the water also should be specified, but this is not 
always done. The variation in the weight of a given volume of water with 
temperature is slight and for many purposes negligible. When 4? C. is taken 
as the standard water temperature the specific gravity of a substance is nu- 
merically equal to its density in grams per cubic centimeter to within 25 parts 
in 1,000,000, a difference which is very much less than the degree of precision 
of ordinary measurements of density. 

Surface and Lineal Densities. — Density as defined above is the 
volume density of a body. It is sometimes convenient to use factors which 
tepresent the mass or weight of a substance (or other physical quantity) per 
unit of surface or per unit of length, e.g., the weight per square foot of a plate 
or the weight per foot of a wire. 

Center of Mass, Center of Gravity, or Center of Inertia. — A body of 
mass M which has any size or shape may be considered as made up of a num- 
ber of small particles of masses m, fno, mz, etc., such that m+ m+ sms 4- «om 
M. These particles may be considered as small as desired, that is, each 
particle may be considered so small that it occupies but a point in space. 
Choose any three mutually perpendicular planes fixed with respect to one ' 
another, and represent by x, yı and zı the perpendicular distances of the par- 
ticle m from these planes respectively, and by xs, ys and zz the perpendicular 
distances of the particle ms from these three planes respectively, and so on 
for the other particles. Then the point whose distances from these three planes 
are respectively 
2e mat mx: + mxs t >e 

M 

myi + my t myst 
A N © 
msi + mat mat’ 

VA  ————————————— 
M 
is defined as the center of mass, or center of gravity, or center of inertia, of 
the body. The name center of gravity arises from the fact that the vertical 
forces acting on all the various particles of a body, due to the pull of the earth, 
may be considered equivalent to a single force, equal to the sum of these in- 
dividual forces, applied to the body at this point. The center of mass of a 
perfectly rigid body is a fixed point with respect to every point in the body; 
it may, however, lie either within or without the body. 
Equations (6) may also be written in terms of the calculus, thus: 


ôx do y d» dz dv 
Xn WM Y M LÀ Z= M (6a) 


X 


Y 


b 
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where dv represents an elementary volume of the body at any point, x, y and 
z the distances of this point from the three planes of reference, 6 the density 


of the body at this point, and M the total mass of the body. When the den- 
sity is uniform throughout, 


x dv y dv z do 
Sey Jy Jr 
where V is the total volume of the body. 


Centroid or Center of Gravity of a Plane Section. — This is defined 
as the point whose coórdinates in the plane of the section are 


referred to any two fixed mutually perpendicular lines in this plane, A being 
the total area of the section and dA any elementary area of the section. Phys- 
ically, the center of gravity of a plane section may be defined as the center 
of gravity of a thin plate having the same shape as that of the section and of 


uniform thickness and specific gravity. See article on Structures, Simple, fot 
the position of center of gravity for various plane sections. 


Center of Gravity of Cylinders and Prisms. — The center of gravity 
of a cylinder or prism with parallel end surfaces and of any shaped cross-section, 
solid or hollow, is the centroid of that cross-section of the cylinder or prism 


which is halfway between the two ends, provided the cylinder has a uniform 
density throughout. 


Moment of Inertia (7). — Consider any axis of reference X and any particle 
of mass m at a distance r from this axis; then the product mr? is called the 
moment of inertia of the particle m about the axis X. The moment of inertia 
of an extended body or system of bodies about any axis is 


T= mary? + more? + mrt... (7) 


the summation including products mr? for all the particles of the body or sys 
tem of bodies, r being the distance of the particle from the axis. This may 
also be written in the notation of the calculus as 


I= fr dm, (7a) 


where dm represents the mass of any particle and r is the distance from the axis. 
In case the body has a uniform density 5 throughout this may also be written 


I-6 f^ dw, — (7b) 


where dv represents an elementary volume of the body. 


Units of Moment of Inertia of Bodies. — The moment of inertia 
of a body is of the nature of, or has the “dimensions” of, (length)? x (mass). 
When the mass is expressed in pounds and the distance r in feet then the 
moment of inertia may be said to be expressed in (foot)?-pounds, and 
similarly for any other units of mass and length. In applying the formulas 


below the same set of units must be used throughout. See Units ond Conwr- 
sion Factors. 


Moment of Inertia of a Plane Section. — The moment of inertia da 
plane section about any axis is defined by the relation 


I= f ?? dA, (1) 


axis is defined by the relation m 
I= Mp? or p= V1. 
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where dA represents any elementary area of this scction and r the distance 
of this elementary area from the axis. When the axis is chosen perpendicular 
to the plane of the section through its center of gravity the moment of inertia 
about this axis is called the “polar” moment of inertia. Physically, the mo- 
ment of inertia of a plane section about any axis may be defined as the moment 
of inertia about this same axis of a thin plate having the same shape as that 


of the section and having unit mass per unit of area. 
The unit of moment of inertia of a planc surface has the season of length 


to the fourth power. 

Let X and Y be two mutually perpendicular axes in the plane of the section 
passing through ils center of gravity and Ict Z be the axis through the center 
of gravity perpendicular to this plane and therefore also perpendicular to X 
and Y; let Jz and Jy be the moments of inertia of the plane section about X 
and Y respectively, and J, be the polar moment of inertia of the section. Then 


I;-Iz4 y. (7d) 


Values of Jz and Jy for various plane figures are given in the article on S/ruc- 
tures, Simple. 

Let X be any axis in the plane of a section, Xo an axis through the center of 
gravity of the section parallel to X, x the distance between the two parallel 
axes X and Xo, Jo the moment of inertia of the section about Xo, and A the 
area of the section, Then the moment of inertia of the section about X is 


Iz=Io+x7A. (7e) 


Principal Axes and Principal Moments of a Plane Section. — For 
every plane surface there are two rectangular axes passing through its center 
of gravity and lying in the surface, such that about one of these axes the mo- 
ment of inertia is less, and about the other greater, than that about any other 
axis in the given surface. These two axes are called the principal axes and 
the moments the principal moments of inertia. If the plane figure has an axis 
of symmetry, this axis is one of the principal axes; e.g., a rectangle has two 
axes of symmetry, one parallel to each side, hence each of these axes is a prin- 
cipal axis. In the case of a circle any axis may be considered a principal axis. 
The principal axes for various sections are given in the article on S/ructures, 


Simple. 
Moment of Inertia of Cylinders and Prisms. — Let the cylinder or 
prism be of any cross-section whatever, solid or hollow; let its density be ô, 
constant throughout; let the length of its own axis between the parallel end 
surfaces be /; and let J, be the moment of inertia of the cross-section of the 
cylinder or prism about any axis X parallel to the length 7; then the moment 


of inertia of the entire cylinder or prism about this axis X is 
I c= Ol. &- (7f) 


The density ô must be referred to a volume unit based upon the same unit of 
length as that in which the dimensions of the cylinder or prism are expressed. 
For example, if 7, is expressed in centimeters-to-the-fourth-power, 6 must be 
expressed in mass per cubic centimeter, and / must be expressed in centi- 
meters; if ô is in grams per cubic centimeter, then the moment of inertia is 


in (centimeter)t-grams. 


Radius of Gyration (p). — The radius of gyration of a body about any 


(8) 


8^7 ^ 


————— — —— 
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where M is the mass of the body and J its moment of inertia about the given 


f : ; itir 
axis. When the body has a uniform density throughout the radius of gyra- hum 
tion may also be written Ig 


Tiik by 

2 z 
Es f run (8a) Semm 
p V ? Spa 


In 

T Rane | 
where V is the volume of the body. Radius of gyration is of the same nature — ij 
as length and is therefore expressed in the same units as length. un 


Radius of Gyration of Plane Section. — The radius of gyration of à 


a plane section about any axis is defined by the relation : t 
Mu 
ir 

2 ML 
p= Sr oe (8b) vg i 
Áo và 


` 


where A is the total area of the section, dA an elementary area of this section i 
and r the distance of dA from the axis. Values of pz and py for various sec- x. à 
tions are given in the article on Siructures, Simple. nes 

From formula (7d) it follows that if pz and py represent the radii of gyra — «. 
tion of a plane section about two mutually perpendicular axes passing through E 
the center of gravity of the section, then the radius of gyration pz of this sec- | .. G 
tion about an axis through its center of gravity perpendicular to the plane of p” 
the section is iy 


pz = V p22 + py. « BA p 


. . d 
For example, for a circular section pz — py = 7 where d is the diameter of the 
section. Hence the polar radius of gyration about a perpendicular axis through E 
the center of the circle is pz = Et 3 : 


From formula (7e) it also follows that if po is the radius of gyration about 
any axis Xo, then the radius of gyration about a parallel axis X at a distance — . 
x from Xo is lí 


pz V pott xt. (ad) 


Radius of Gyration of Cylinders and Prisms. — The radius of gyre- 
tion of a cylinder or prism about any axis X parallel to its own axis is the same |: 
as the radius of gyration about the axis X of any plane section of the cylinder 
or prism, provided the end surfaces are parallel and the density is uniform 


throughout. This relation holds for a prism or cylinder of any shape of cross — | 
section, whether solid or hollow. 


Linear Momentum (mv). — When the center of mass of a body of mass m 
is moving with a linear velocity v with respect to any point P, the product — | 
mo is called the linear momentum of the body with respect to this point. Unis | 
of linear momentum are of the same nature or dimensions as the units of power; 
see Units and Conversion Factors. 

Experience shows that in any system of bodies composed of two bodies or 
groups of bodies 4 and B, any change in the linear momentum of the first 
body or group of bodies A with respect to the center of mass of the system 
is accompanied by an equal and opposite change in the linear momentum of 
the second body or group of bodies B with respect to the center of mass of the 


system, and vice versa. This fact of experience is known as the Principle 
of the Conservation of Linear Momentum. 


raat 
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Angular Momentum (7o). — When a body has a moment of inertia J 
about any axis X and is rotating about this axis with an angular velocity 
w with respect to any point P, the product Jw is called the angular momen- 
tum of the body about this axis with respect to the given point. Units of 
angular momentum are of the same nature or dimensions as those of linear 
momentum and of power; sce Units and Conversion Factors. 

Experience shows that in any system of bodies composed of two bodies or 
gtoups of bodies A and B, any change in the angular momentum of the first 
body or group of bodies A about any axis .X is accompanied by an equal and 
opposite change in the angular momentum of the second body or group of 
bodies B about this same axis, and vice versa. This fact of experience is known 
as the Principle of the Conservation of Angular Momentum. 

Force (/). — In general terms a force is that which produces or tends to 
produce a change in the state of rest or motion of a body, or “a force is pull 
ora push." The nature of force is not thoroughly understood, but the effects 
of a force, e.g., change in motion, the extension or compression of a spring, etc., 
are readily measured. From the principle of the conservation of linear mo- 
mentum stated above it follows that any change in the motion of a body or 
portion of a body 4 is always accompanied by a change in the motion of some 
other body or portion of the same or of some other body B. Hence the body A4 
is said to exert a force on the body B, and vice versa. 

In a system composed of but two bodies A and B, uninfluenced by the pres- 
ence of any other bodies, the measure of the force produced on the body A 
by the body B may be taken as the rate of change with time of the lincar momen- 
tum of A with respect to the center of mass of the system formed by A and 
B. . The measure of the force produced on B by A is similarly defined. From 
the principle of the conservation of linear momentum it, then follows that 
the force produced on A by B is equal and opposite to the force produced on 
B by A, or “action and reaction are equal and opposite.” 

Stated in a formula the above definition is that the mutual force between 
any two bodies 4 and B whose motion is uninfluenced by any other forces is 


J= ma = ~ma, (9) 


where m and ma are the masses of A and B respectively, and a and as are the 
accelerations of the centers of mass of A and B respectively with respect to 
the center of mass of the system formed by A and B together. 

Force of Gravitation. — For example, consider the case of a mass 
m at any point above the earth. The earth exerts a force on m and m exerts 
an equal and opposite force on the earth, and if there are no other forces acting 
m will move toward the joint center of mass of the earth and the body m, 
and similarly the earth will move toward this same point. However, as the 
earth has a mass many times that of any body at or near its surface, the cen- 
ter of mass of the system formed by m and the earth is practically that of the 
earth itself, and the motion of the earth with respect to this point is inappre- 
ciable. Hence the force exerted by the earth on the mass m is, within the 
limits of error of observation, 
f= mg, (ga) 
where g is the acceleration of the center of mass of m with respect to the center 
of the earth, or with respect to any point fixed with respect to the surface of 
the earth in the vertical line through the center of mass of m. 

Units of Force. — The rational unit of force is that force which will 
give unit linear acceleration to unit mass; this unit of force is called the “ab- 
solute" unit of force. When the mass is expressed in grams and the accel- 
eration in centimeters per second per second, the corresponding absolute unit 


^- 
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of force is called the *dyne;" when the mass is expressed in pounds and the 
acceleration in feet per second per second, the corresponding absolute unit 
of force is called the **poundal." 

The relation expressed by equation (ga), however, suggests another unit 
of force which for many purposes is very convenient, and in fact is the unit 
ordinarily used by engineers. This unit, called the "gravitational" unit of 
force, is the force exerted by the earth on unit mass; since the value of this 
force in terms of the absolute unit varies with latitude and elevation, it is also 
necessary to specify a definite place of-measurement of this unit force, or bet- 
ter a definite value of the acceleration g, which shall be used in evaluating this 
force in terms of the absolute unit. The value of g adopted by international 
agreement is g = 980.665 cm. per sec. per sec. = 32.1739 ft. per sec. per sec, 
which (see Note 5 at top of p. 3 of this book) is equal to the acceleration 
due to gravity at 45 degrees latitude and sea-level; see also above under Accelero- 
tion. Unfortunately the gravitational units of force are given the same names 
as the units of mass to which they refer; for example a force of 1 pound is the 
pull exerted by the earth on a mass of 1 pound at 45 degrees latitude and sea- 
level. This double use of names often leads to confusion unless one keeps clearly 
in mind the definitions of unit mass and unit force. See Units and Conversion 
Factors. 


When the force acting on a body is expressed in absolute units, the relation 
between force, mass and linear acceleration is 


f=ma absolute units. (9b) 


When the force is expressed in gravitational units, the relation between force, 
mass and linear acceleration is 


™ . " e 
f= a gravitational units, (oc) 


where go stands for the numerical factor 32.1739 when f is in pounds, min 


pounds and a in feet per second per second; similarly when f is expressed in 


grams, m in grams and a in centimeters per second per second go stands for 
980.665. 


Measurements of Force. — One seldom has to deal with a simple 
system of but two bodies, and consequently the above definitions of the measure 
of a force can seldom be applied to an actual measurement. The value of these 
definitions is that they fix the unit of force. Forces are measured by balanc- 
ing the pull of an unknown force against a known force (e.g., gravity or the 
reacting force of a spring), the principles involved being dedueed from the 
fundamental principle of the conservation of linear and angular momentum 


when applied to bodies in equilibrium; see the section on Conditions for Equi- 
librium below. 


Weight and Force. — The word weight, as already noted, is used to 
designate both mass and force. A weight of ro pounds, say, as ordinarily 
used in reference to “how much" of a substance, means that the piece of matter 
in question has a mass of 10 pounds. A weight of ro pounds used in reference 
to the pull produced by the earth on a piece of matter means that this pull 
is a force of ro pounds. From the above definitions it follows that, neglecting 
the slight variation with latitude and elevation, the numerical values of weight 
used in the two senses are equal, provided mass is expressed in absolute units 
‘and force in gravitational units, i.e., a mass of ro pounds also weighs 1o pounds 
but weighs 321.739 poundals; see above under Units of Force. 

Point of Application and Line of Action of a Force. — Any parti 

or point of a body which is acted upon directly by some external force (¢8+ 
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a string attached to the body at this point) is said to be the point of application 
of this external force. A line drawn through this point in the direction of 
the force is called the line of action of the force. In general, whenever a solid 
body is acted upon by any number of external forces applied at various points 
the motion produced is the same as that which could be produced by not more 
than two single external forces. When the points of application of these two 
resultant forces coincide, then the actual motion produced is the same as that 
which would be produced by a single force acting at that point. 

Impulse of a Force. — The impulse of a force is defined as the time 
integral of the force, i.e., if a force f is applied for a time £, then the impulse is 


i "-- P : 
Í fdt, account being taken of both the variation of the magnitude and direc- 
0 


tion of the force during the given time interval. The total change in the 
linear momentum of a body in any time ¢is equal to the impulse of the result- 
ant force acting on it during this time. The conception of the impulse of 
à Íorce is useful in dealing with suddenly applied forces which continue but a 


short time. 

Concurrent and Coplanar Forces. — When the lines of action of all 
the external farces acting on a body meet in a point these forces are said to 
form a concurrent system of forces. When all the external forces acting on 
à body lie in the same plane they are said to form a coplanar system of forces. 


Pressure (p). — The perpendicular component of the force per unit area 


exerted on any surface is called the pressure on that surface. Let df be the 
perpendicular or normal component of the force acting on an area dA, then 


the pressure at dA is 

= p . (10) 
The term pressure is sometimes used as a synonym for force and what is here 
defined as pressure is called the “intensity of pressure." The rational unit 
of pressure is force per unit area, e.g., dynes per sq. cm. or pounds per sq. 
in, but a number of other arbitrary units are employed, such as, one inch of 
water column, one millimeter of mercury column, one atmosphere, etc. A 
dyne per square inch is also a barie. A standard atmosphere is the pressure 
that will support a column of mercury 76 centimeters — 29.9212 inches high at 
o° C. at a place where g = 980.665 centimeters per second per second; using 
Thiesen and Scheel's determination of the density of mercury at o? C. as 
13.59545 grams per cubic centimeter (Zeitsch. f. Insirkde., 1898, Vol. 18, p. 
138) a standard atmosphere is equivalent to 14.6964 pounds per square inch. 
See Units and Conversion Factors. 

Absolute Pressure. — The atmosphere exerts a pressure (ranging from 
about 29 to 30 inches of mercury, depending upon the weather conditions and 
elevation) upon every surface with which it is in contact. The total pressure 
on a surface including that applied by any artificial means and that of the 
atmosphere is called the absolute pressure on the surface. 

Torque or Moment of a Force (T). — Consider any axis X and any force 
acting at a point P at a perpendicular distance r from this axis; let f be the 
component of this force perpendicular to the plane through X and P. Then 
the product . 

T =rf (11) 
is called the moment of the force, or the torque due to this force, about the 
axis X. The distance r is called the ''lever arm” or simply the ‘‘arm”’ of the 
force about this axis. Both absolute and gravitational units of torque are 
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used, the units being of the same nature or dimensions as the units of energy 
(see below), but the two words in the compound names of the energy units 
are usually reversed. For example the foot-pound is an energy unit but the 
corresponding unit of torque is called the pound-foot. The conversion fac- 
tors, however, are identical; see Units and Converston Factors. Torque is 
also frequtntly expressed as "torque at unit radius," e.g.,.& torque of so-many 
pounds at r foot radius is a common expression; a more exact expression 
for the measure of torque would be “force at unit radius.” 

Torques about the same axis can be added algebraically, and torques about 
several axes meeting in a point can be added vectorially. 


Couples. — Two equal and opposite parallel forces which are not con- 
current (i.e., do not act along the same line) are said to form a couple, and the 
strength of the couple is defined as the product of either force by the perpen- 
dicular distance between their lines of action. The torque produced by à 


couple about any axis perpendicular to the plane of the two forces is equal 
to the strength of the couple. 


Torque and Angular Acceleration. — The relation between torque, 


moment of inertia and angular acceleration is the same as that between force, 
mass and linear acceleration, i.e., 


T = Ia, absolute units, NO 


where T is the torque in absolute units, J the moment of inertia and a the 


angular acceleration, all about the same axis. When the torque is expressed 
in gravitational units the relation is 


I 
T= 2, gravitational units, (123) 


where go is a number numerically equal to 32.1739 when T is expressed in 
pound-feet, J in (foot)?-pounds and « in radians per second per second; sim- 
ilarly for the centimeter-gram-second units go = 980.665. 


Work and Energy. — When the point at which a force is applied to a body 
A moves* with respect to the agent producing the force, in such a manner 
that the force has a component in the direction of the displacement of its ap- 
plication point, the force is said to do work; the body B exerting the fore 
on A is also said to do mechanical work on the body A. As a measure of the 
mechanical work dW done by the force f, when its point of application moves 
a distance di with respect to the body producing the force, is taken the product 
of the displacement di by the component of the force f in the direction of this 
displacement, i.e., 
dW = (f cos 0) di, (13) 


where @ is the angle between the direction of the force and the direction ol 
the displacement. For a finite displacement the mechanical work done is 


y- f, "+ (cos 8) di. (zas) 


When mechanical work is done on a body a change in the state of motion 
or in some other condition of the body is always produced. Like changes 
can also be produced by other means. For example, when two bodies art 
rubbed together rapidly, mechanical work is done on them by the agent 
which produces the force which moves one over the other against the opposing 


force due to friction. As a result, the temperature of the bodies is raised. The 


* Either as a result of the motion of the body A asa whole ot in consequence of the 
motion of that part of A to which the force is applied. 
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temperature of the two bodies may also be raised by placing them near or in 
contact with a hotter body, without there being any appreciable amount of 
mechanical work done. In general, any change produced in a body or system 
of bodies by any means whatever, which change can also be produced directly 
by doing mechanical work on that body or system, or indirectly by doing me- 
chanical work on some other body or system, is said to be due to a transfer 
of “energy” to that body or system; or work * is said to be done on that body 
or system, irrespective of the means whereby the change is produced. 

As a measure of the gain in energy corresponding to any change in a body 
or system of bodies is taken the amount of mechanical work which would have 
to be done by a mechanical force to produce this change and no other. For 
example, water can be heated by stirring it rapidly with a paddle driven by 
some external force; the total mechanical work done by this force can b. 
expressed in terms of the value of the force, the number of revolutions of the 
paddle and the diameter of the pulley attached to the paddle, and the mass 
of the water and the resultant temperature rise can be measured. By making 
proper corrections for the work done against the various frictional forces other 
than the opposing force due to the stirring of the water itself and for the loss 
of energy by radiation, the amount of work required to raise the temperature 
of a pound of water, say, one degree Fahrenheit can be determined. By this 
means a very convenjent secondary unit of energy can be expressed in terms 
of the unit of mechanical work, and the secondary unit can be used for express- 
ing the amount of energy involved in various heat effects. See Heat and Thermal 
Properties. 

Whenever a change takes place in a body or system of bodies which is the 
reverse of the change which can be produced in it by doing work on it, the body 
or system is said to Jose energy, or energy is said to be transferred from it, or 
it is said fo do work. As a measure of the amount of energy lost by the body 
or system when a given change takes place in it is taken the amount of work 
which would have to be done on it to restore it to its original condition. 


Units of Work and Energy. — The fundamental unit of mechanical 
work in the c.g.s. system is the work done by a force of 1 dyne when its point 
of application is displaced (with respect to the agent producing the force) a dis- 
tance of 1 centimeter in the direction of the force; this unit is called the “erg.” 
The “joule” is equal to 107 ergs, by definition. The fundamental unit of 
mechanical work in the English gravitational system is the foot-pound, which 
is the work done by a force of 1 pound when its point of application is dis- 
placed a distance of r foot in the direction of the force; or r foot-pound is 
the work required to raise a mass of 1 pound a distance of x foot at a place 
where the acceleration due to gravity is 980.665 cm. per sec. per sec. or 32.1739 
ft. per sec. per sec. Energy is expressed in the same units as mechanical 
work and in addition various heat units, such as the British thermal unit, 
the large and small calories, etc., are used; see Heat and Thermal Properties. 
For the relations among the various units see Units and Conversion Factors. 


Principle of the Conservation of Energy. — Experience indicates 
that the amount of energy, as above defined, which can be transferred from 
a body or system of bodies to which no energy is added, is limited; i.e., the 
energy "possessed by" or “associated with" any. body or system of bodies 
is finite in amount. As a rule, only a relatively small portion of the energy 


* The word “work” is used by some writers to signify mechanical work only, but the 
term is a very convenient one to use in referring to the transfer of energy by other means 
as well, i.e., any change resulting in a transfer of energy to a body may be said to result 
from the doing of "work" on the body, whether the change is produced by mechanical, 


electrical or other means. 
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associated with a body or system can be transferred to another body or system. 
Experience also justifies the assumption that whenever one body or system 
of bodies gains energy, some other body or system loses an exactly equal amount 
of energy. In every instance where this assumption can be tested directly 
it is found to hold, and every deduction from it has been found to be in accord 
with experimental fact. Hence this assumption is accepted as a fundamental 
principle of nature. 


Kinetic Energy. — Work is required to set a body in motion, for while 
its motion is changing it is accelerating and therefore a force must be exerted 
upon it. From the definitions of acceleration, force and work given above 
it follows immediately that the work required to change the linear velocity 
of a body from vo to vı is 


I 
Wi= zm (n2 — v?) absolute units, 
I m e e s 
or Wt- 2n (n? — vo?) gravitational units, 


where m is the mass of the body and go is the gravitational constant. Sim- 
jlarly, the work required to change the angular velocity of a rigid body about 
a given axis from wo to wi is 


; | 
pe I (cx? — wo?) absolute units, 


i7 
or © W= 2 (an? — wo?) gravitational units, 


where Z is the moment of inertia of the body about this axis and go the grav- 
itational constant. The expression 


I 
— mv? or ID. (14) 
2 2 go 

is called the “kinetic energy of translation” of the body, and the expression 
I 
- Io or we w? (143) 
2 2 go 


is called the “kinetic energy of rotation” of the body, both referred to the 
point with respect to which the velocities are measured. 


Total Kinetic Energy of a System of Bodies. — The total kinetic 
energy of a moving system of bodies is equal to (1) the kinetic energy of the 
entire system moving with a velocity equal to the velocity of the center of mass 
of the system plus (2) the sum of the kinetic energies, rotational and trans- 
Jational, of each constituent body of the system due to the relative motion 
of this constituent body with respect to the center of mass of the whole system. 
For example, the total kinetic energy of a railway car is 


W==Mo+=ZIut absolute units, (ub) 
1M I 

W = -—v?+ — Z Iw? gravitational units, (14¢) 
2 £o 2 go 


where M is the entire mass of the car with full equipment, J the moment of 
inertia, w the angular velocity of any rotating part and the summation sif! 
Z indicates the sum of the products Iw? for all the rotating parts. See also 
Railways, Energy Requirements for. 
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Potential Energy. — The energy possessed by a body in virtue of its posi- 
tion with respect to the earth is usually called potential energy. More gen- 
erally the term potential energy is used to designate any form of energy other 
than kinetic energy. In absolute units the increase in the potential cnergy of 
a body when it is raised a vertical distance A is mg4; in gravitational units 
the increase in potential energy is mh. , 

Power. — By power is meant the time rate of doing work or the time rate 
of change of energy. Let dW be the work done in time dé, then the power is 


P-—— (15) 


The power produced by a force f or a torque T can also be expressed as 
P fv or P = To, (15a) 


where vis the linear velocity of the point of application of the force and w is the 
angular velocity of the point of application of the torque. The rational unit 
of power is the unit of work done or of energy transferred per unit time, such 
as I erg per second, t joule per second, 1 foot-pound per second, 1 British thermal 
unit per second, and the like. 1 joule per second is called the watt, which 
is also equal to the power corresponding to 1 ampere and a potential differ- 
ence of 1 volt (see Units, Practical Electrical). The horse-power (English and 
American) is defined * as the power corresponding to 550 foot-pounds per 
second or 33,000 foot-pounds per minute. The metric horse-power, also called 
cheval-vapeur, force de cheval, Pfcrde-kraft, is defined as 75 kilogram-mcters 
per second. The boiler horse-power is defined in the article on Boilers, Steam. 
The interrelations of the various units of power are given in the article on Units 


ond Conversion Factors. 


CONDITIONS FOR EQUILIBRIUM. — A body or system of bodies 
is said to be in equilibrium with respect to any external body (e.g., the earth) 
when (1) there is no change in the motion of the center of mass of the system 
with respect to this external body and (2) when there is no change in the total 
angular momentum of the body or system about any axis fixed with respect 
to this external body. These two conditions require (1) that the resultant 
of all the external forces f acting on the body or system be zero and (2) that 
the resultant of all the moments of these external forces, or torques, about 
any axis acting on the body or system be zero. These two conditions are most 
conveniently expressed by choosing three mutually perpendicular axes fixed 
with reference to the body of reference (e.g., the earth) and resolving all the 
forces into components Fz, Fy and Fs parallel to these three axes and calculat- 
ing the moments or torques Tz, Ty and Tz of each of these forces about these 
three axes; then, using the symbol Z to indicate the algebraic summation 


of the individual x, y or s components, 


ZF,-0 ZT,-0 
ZFy-0 ZTy2o (16) 
ZF,-0 ZIs.-0 


* The Bureau of Standards recommends the adoption of 746 watts as the definition of 
a borse-power, The older definition given above makes a horse-power 745.701 watts, 
using the standard value of £y given above, namely, 980.665 cm. per sec. per sec. and 
the legal values of the foot and the pound (see Units and Conversion Factors). As this 
older definition is the one generally employed by all classes of engineers, it seems pref- 
erable to the author to retain it. See Circular No. 34 of the Bureau of Standards and 
discussions in the various technical journals during 1912 and 1913. 

tie., forces any one of which would, if acting alone, produce a motion of the body og 
aystem or of some part of it with respect to the reference body. 
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These two sets of conditions constitute the basis of the entire subject af statics. 
Certain elementary applications are given in the article on Structures, Simple. 


Stability. — When a body or system of bodies is in equilibrium and the 
state is such that when the body or system is displaced slightly it retums 
of itself to its original condition, the equilibrium is said to be stable; if when 
displaced slightly the body or system moves farther from its original condition, 
the equilibrium is said to be unstable; if when displaced slightly it remains 
in that condition, the equilibrium is said to be stable. The condition for sta- 
bility may be expressed in a number of ways, viz.: (1) when the potential 
energy of the system with respect to the body of reference (e.g., the earth) 
is a minimum the equilibrium is stable; (2) when the forces acting are all grav- 
itational the equilibrium is stable when the center of mass is in the lowest pos 
sible position; or (3) when the body or system rests on a number of points, 
the equilibrium is stable only when the resultant of all the forces acting on the 
body including its own weight, but excluding the supporting forces, cuts the 
smallest polygon which can be drawn including all the points of support. 


MOTION OF A PARTICLE. — By a particle of matter is meant a pot- 
tion of matter so small that it may be considered as occupying but a point in 
space. Let m be the mass of the particle, v its linear velocity at any instant vith 
respect to any arbitrarily chosen set of axes of reference, dy the increase in its 
velocity in time dé (including both change in direction as well as in magnitude), 
and let F be the resultant of all the external forces, in, absolute units,* acting 


on the particle; Then the motion of the particle is completely specified by the 


equation 
F=m z, 

where dv is taken to include the change in direction as well as the magnitude of 
the velocity. To take into account the variation of the direction of v as well 
as the variation in its magnitude, the resultant force F and the velocities may 
be resolved into components along the three axes, in which case this equation 
breaks up into the three equations 

dos dv 


WE. p cas tl dus 
Fy=m dt Fy- mes Fem 


Since the velocity along any axis is equal to the time rate of displacement along 


] dx > d ds 
that axis, Ux = dr Vy = P and vz = ài" whence these equations may also be 


written 
d?x F 2 diy a Fy 


—— == — 


a, d ad Fs. (17) 
d! m dio m dà m 

Hence when the forces can be expressed in terms of the coórdinates of the point 
which the particle occupies at each instant, the displacements and yid 
can be determined by solving these equations, Note that “2, a and am 
the accelerations 27, ay and az along the three axes. 


Rectilinear Motion. — The simplest case is that of a particle acted upon 
by a force F which remains constant in direction. One of the axes, BY 


* When F is expressed in gravitational units replace m by TE, where s de the grevi: 
tional constant, $ 


Mechanics, Principles of 943 
X axis, may be taken parallel to the line of action of the force, in which case 


equations (17) reduce to the single equation 
dix B F 
dit a m (17a) 
and there is no acceleration along either of the other axes; i.c., the particle 
moves along tbe line of action of the force, If the force is also constant in 


magnitude, Z = a, a constant. In this case the solution of (17a) is (see Egua- 
kons): 
1 
— xam ~a (L— lo)? + » (t~ bo), 
x — Xe zal 1o)? 4- 9o ( 7 (17b) 
? — v = a (t — lo), 


where ( — fs represents any interval of time, x — xe the displacement of the 
particle during this interval and v— vo the change in velocity of the particle 
during this interval. The displacement x — xo may also be written 


v? — vo? 
22 (17€) 


X — Xoz 


Curvilinear Motion; Motion in a Circle. — Consider the special case 
of a particle moving in a circle of radius r with a constant tangential or 
peripheral velocity v. Choose the Z axis perpendicular to the plane of the 
circle. Let 0 be the angle (measured counter-clockwise) which a line drawn 
from the center of the circle to the particle makes at any instant with tbe X axis, 
then (9o — 9) is the angle which this line makes with the Y axis at this instant. 


At any instant, then, 
T; — 7sinÜ and — vy-vcosÓ0 


and fhese components ate not Constant since Ó changes with time. "The cor- 
responding accelerations along the two axes are 


pare a and ay -osin $ 


di 


both of which components are toward the center of the circle. But A is the 
angular velocity of the particle about the Z axis, and this is equal to the periph- 
eral velocity divided by the radius, or E = Whence 

2 E 


v 
z= — ~ cos and Gy = — — sin 
z f V s , 


and therefore the resuitant acceleration has the numerical value 
2 
um Vez ay T (17d) 


and is foward the center of the cirde. Mence to cause a particle to rotate 
* è vi * . . * e 
19 3 circle a force equal to ~~ must be applied to it in the direction toward 


the center, and the particle in turn pulls away from the center with an equal 
and opposite force which produces a tension outward along the radius in what- 
over [e.g., a string) holds the particle to the center. The tendency of the par- 
ticle to pull outward from the center fs-called the centrifugal force, and its value 
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v? L4 s Í e J n 
is — the equal inward pull required to make the particle move in the 


circular orbit is called the centripetal force. 


Simple Harmonic Motion. — (See also Wave Analysis.) By simple har- 
monic motion is meant a motion such that the acceleration of the moving 
particle or point at each instant is proportional to, but in the opposite direc- 
tion from, the displacement. Such motion may be either rectilinear or a rotation 
about a fixed axis. Rectilinear simple harmonic motion may also be defined, 
see Fig. 1, as the motion of the projection P on a given diameter YY’, of a 
point Q which moves with a constant angular velocity w around a circle of 
radius A. The motion of the bob of a simple pendulum, the position of the 
end of a piston rod, etc., are examples of simple rectilinear harmonic motion 
(very nearly). : 

Referring to the circle diagram in Fig. 1, Po represents the projection of 
the moving point Q at time ¢=o. The angle made by OQ at any instant with 


Y 
[os 


Fig. 1. Harmonic Motion 


OX is then (wt+6). The linear velocity of Q is Aw, and the component of 
this velocity at any instant along OY, i.e., the velocity of P, is 


v= = = Aw cos (wi+@). (18) 
Whence the displacement y of P from O is, by integration, 
y= Asin (ct +0), (18a) 
and the acceleration along OY is, by differentiation, 
d?y : 
T S wA sin (ot --0), - (18b) 


whence a = — w*y, which agrees with the first definition of harmonic motion. 

Period and Frequency. — The period of any kind of an oscillation is 
defined as the time (usually in seconds) taken for the oscillating point to pass 
through a complete cycle of values back again to the starting point. The fre- 
quency is the number of complete cycles per unit time (usually per second). 
In the case of a harmonic oscillation the period is 


Qo 


and the frequency is 
$us (18d) 
2T 


we 
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Amplitude. — The “sine curves" to the right of the circle diagram show 
the variation with time of the displacement and the velocity (along OF) of the 
projected point P. Displacement and velocity are plotted along the Y axis and 
wt, which is proportional to time, is plotted along the X axis. These curves 
bear a definite relation to each other and to the “origin” of time, i.e., to the 
point O. The maximum ordinate of each curve is called the “amplitude” of 
the curve. The amplitude of the displacement curve is 4, the radius of the 
circle; the amplitude of the velocity curve is w4. 

Phase. — The distance expressed in angular measure, from the origin to 
the point at which the curve first crosses the X axis in the rising direction is 
called the “phase angle" of the curve. The phase angle is taken positive 
when it is measured to the Jeft from the origin, and negative when measured 
to the right. * The phase angle of the displacement curve is 0, and the phase 


. T 
angle of the velocity curve in the above case is 1 0. 


Difference in Phase. — The difference in the phase angles of two 
sine curves of the same frequency is called the “difference in phase" between 
the two curves; the difference in phase between the displacement curve and 


A : QT . 
the velocity curve in the above case is z radians or go degrees. The curve 


which has the larger (algebraically) phase angle is said to "lead" the other 
curve, and the one with smaller (algebraically) phase angle is said to ''lag be- 
hind" the other one. In the above example the velocity curve leads the dis- 
placement curve. Note that the curve to the left is the leading curve. 


"ROTATION OF A SOLID BODY. — When a solid body moves in such 
a manner that one straight line through the body remains fixed with re- 
spect to any given set of axes of reference, its motion is called simple rotation 
with respect to these axes. For such motion the external forces must be 
equivalent to two equal and opposite forces which have a moment only 
about the axis of rotation. Let T be the value of this moment or torque, 
I the moment of inertia of the body about this axis and dw the increase in 
the angular velocity about this axis in time d£ (the same for each point of the 


body), then the motion is completely specified by the equation 
T=lI a (for T in absolute units) 


or T= dom (for T in gravitational units). 


go dt 
For constant torque and therefore constant angular acceleration, i.e., for 


do TE" ; 
y = 27 constant, the change in angular velocity in the interval of time 


(19) 


(ts —h) is 
2-01 = a (h ~h), (19a) 
and the angle turned through in the interval (4 — 4) is 
its Giannis (19b 
— = F ws + o1 1 2a I9 ) 


THREE-DIMENSIONAL MOTION. — The motion of a solid body may 
in the most general case be expressed in terms of a translation of its center and 


. & rotation of the body around an axis through its center of mass. The motion 


* The opposite convention is used by some writers, in which case the equation for 
the sine curve is y =A sin (w—0). 
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of the center of mass produced by any number of external forces ts the same 
as would be produced by a single force, equal to the vector sum of the actual 
forces, acting on a single particle occupying the position of the center of mas 
in the actual body aud having a mass equal to the entire mass of this body. 
The rotation can be determined by considering the center of mass as fixed 
and the actual forces then applied. ‘That is, the translation of the center of 
mass and the rotation about the axis through it can be considered independ- 
ently of each other; the actual motion is then the resultant of these two 
types of motion. See American Civil Engineers’ Pocket Book for a bref treat- 
: ment of this subject. 


BIBLIOGRAPHY. — Slocum, S. E., Theory and Practice of Mechanics, 
N. Y., 1913; Johnston & Fuller, Applied Mechanics, N. Y., 1915; Church, 
I. P., Mechanics of Engineering, N. Y., 1909; Hancock, E. L., Applied Me 
chanics for Engineers, N. Y., 1910; Maurer, E. R., Technical Mechanics, N. Yn 
1906; American Civil Engineers! Pocket Book, N. Y., 1913. 
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MENSURATION. — (See also Angles; Equations; Trigonometry.) The 
term mensuration is used in this article to include the relations between the 
areas and volumes of geometric figures and their linear dimensions. 


Triangle. — 
Area = ¥ (base) x (perpendicular height) 


= Vs (s — a) (s — b) (s — c), 


where a, band c are the lengthsof the three sides respectively, and s = Y4(a +b +c). 


Trapezoid. — 
b 
Area = (=) d, 


where a and b are the lengths of the parallel sides respectively, and d their 
distance apart. 


Parallelogram. — 


Area = (base) x (perpendicular height). 
Parabola. — 


Area = 34 (area of circumscribing triangle). 


Cycloid. — 
Area = 347 x (altitude)?, 


the altitude being the diameter of the rolling circle. 
Circle, — 
Circumference = 27f = d, 
Area «ri = K 
where r is the radius and d the diameter. 
2 

Area of segment = = (0 — sing), 

where 8 is the angle in radians (see Angles) subtended by the arc of the segment. 


If # is the height of the segment, measured along the radius perpendicular to 
the chord, 


Area of segment = 73M — A (r — n), 


A=W (or—n) and M = ass (4). 


where 


r 
Ellipse. — 


Area = rab, 

where a and b are the principal semi-axes. 

Prism with Parallel Sides and Parallel Ends. — 

Volume = (area of end) x (Perpendicular Distance between Ends). 
Right Circular Cylinder. — 
| Volume = * d, 
Where d is the diameter, and z the length. l 
Total surface of right cylinder = xd (+ 14 d). 
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Right Circular Cone. — 
Volume = 4 (area of base) x (height), 
= 44 (volume of circumscribing cylinder), 
where x is the radius of base and k the height of the cone. 


Area of curved surface of a right circular cone = qr vV an. 
Right Pyramid. — 
Volume = 14 (area of base) x (height), 
Volume of frustum of pyramid =% (height) (A + at VaA), 
where A and a are the areas of the ends respectively. | 
Sphere. — 


f — radius, 
Area of surface = 477? 
= % (total area of circumscribing cylinder). 
Area of the surface of a zone of a sphere = area of zone of the same height 
_ as this zone projected on to a cylinder. 
Volume = 4577? | 


= % (volume of circumscribing cylinder). 


Volume of a frustum of a sphere = mr? (k F h) E (k3 = B5), where & is the 


distance of its outer face from center and k the distance of its inner face from 
the center, the negative signs in the brackets to be used if both faces are on the 
same side of the center and the positive signs if on opposite sides of the center. 
Ellipsoid. — 
Volume = 4% x abe, 


where a, b and ¢ are the three principal semi-axes respectively. 
Paraboloid. — 


Volume of a paraboloid of revolution equals one half that of the circum- 
scribing cylinder. 


[W. A. Der Maz] 
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MOTOR-CONVERTERS. — (See also Converters, Synchronous; Motors, 
Induction; Standardisation Rules.) A motor-converter is a combination of an 
induction motor and synchronous converter, with the secondary of the motor 
and the armature of the converter mounted upon the same shaft and connected 
together electrically without slip rings. The induction motor receives all the 
&-c. power, transforms a part of it into mechanical power delivered to the shaft, 
and also acts as a transformer delivering the rest of the power in electrical form 
at a lower frequency from its secondary to the armature of the converter. It 
operates like two induction motors in “‘ concatenation ” or “cascade.” The 
object is to obtain the steadiness of a 30-cycle converter on a 60-cycle circuit. 

The speed of a motor converter depends upon the supply frequency and varies 
inversely as the sum of the number of poles in both machines. Thus if a com- 
bination of a 6-pole motor and 6-pole converter be operated from a 60-cycle 
circuit the speed of the armature will be 600 r.p.m. The primary of the in- 
duction motor will operate at 60 cycles but the secondary will supply the arma- 
ture of the converter with 30 cycles. Thus the converter may be built with 
the good design constants of a 30-cycle machine. 

This combination is larger than a converter but smaller than a motor-gener- 
ator set and its efficiency is lower than that of a converter. It is used somewhat 
in Europe but not much in the United States. 


BIBLIOGRAPHY. — Arnold, E., Wechselstromtechnik, Vol. IV, Berlin, 1913; 
Thompson, S. P., Dynamo Electric Machinery, Vol. I1, London, 1905; Steinmetz, 
C. P., Electrical Engineering, N. Y., 1909; Numerous papers in the Electrical 
World, N. Y. 

(W. I. SticgTER.] 
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MOTOR-GENERATORS. — (See also Conterlers, Synchronous; Generators; 
Motors; Siandardization Rules.) A motor-generator set is a combination of a 
motor and a generator having separate fields and armatures but mounted on 
the same shaft with common base and bearings. Combinations of various types 
oí motors and generators are used; some of the more important combinations 
and their applications are described below. 


Direct-current Motor Driving Direct-current Generator. — These sets 
are used when it is desired to convert low-voltage direct current into high volt- 
age direct current, or vice versa; they are used in preference to a dynamotor 
(q.v.) when good regulation is desired in the secondary circuit. 


Direct-current Motor Driving Alternating-current Generator. — These 
sets are used for converting direct into alternating current. See also the sec- 
tion on Inverted Synchronous Converters in the article on Converters, Synchronous. 


Induction Motor Driving Direct-current Generator. — The induction 
motor may be wound for potentials as high as 13,000 volts and the transfor- 
mation from alternating current at this voltage to direct current may be made 
without the use of transformers. Since the induction motor has a decreasing 
speed with increasing load the direct-current generator must be compounded 
to give good regulation; with proper compounding excellent regulation may 
be obtained. The induction-motor-generator set is sometimes used in prefer- 
ence to a synchronous converter when the service requires specially good regu- 
lation. However, the efficiency of such a set (about 85 per cent at rated load) 
is less than that of a synchronous converter, even if no transformers are re 
quired by the motor-generator set. 'The motor-generator set also occupies 
from 50 per cent to 80 per cent more floor space, weighs from 3o per cent to 
go per cent more, and costs from 25 per cent to so per cent more than a syn- 


chronous converter, in spite of the fact that they are designed to operate at 
the highest practicable speeds. 


Costs and Speeds of Induction-motor-generator Sets. — Very 
roughly the prices and suitable speeds of induction-motor-generator sets are as 
follows: 


Cost per kw. 


$23 
16 
12.5 


Synchronous Motor Driving Direct-current Generator. — This om- 
bination is preferable in many instances to the preceding, because it operates 
at constant speed and because the field of the synchronous motor may be ad- 
justed to make use of line compounding or to compensate for low power factot 
in other apparatus on the circuit (see Motors, Synchronous). Provision must be 
made for the direct-current excitation for the synchronous motor. If the 
direct-current generator is wound for too high a potential a special exciter 
must be provided. Since there is no load on the set at starting the synchro- 
nous motor may be started in the usual manner. 

Induction Motor Driving Alternating-current Generator. — An induction 
motor direct-connected to an alternating-current generator is frequently used 
to supply alternating current for special purposes at a frequency different from 
that of the main power station. Thus in power stations such a motor generatot 


id 
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set would be used to transform the 2s-cycle power of the main generators to 
6o-cycle power for lighting circuits. ‘This combination has the disadvantage 
of decreasing speed, and therefore decreasing frequency, with increasing load. 
In order that two such sets shall operate in parallel and divide the load properly 
the resistance of the secondary of both motors must be carefully chosen so that 
the motors have the same slip at full load. Other types of frequency changers 
are described below. 


Synchronous Motor Driving Synchronous Generator; Frequency 
Changers. — The constant speed characteristic of a synchronous motor makes 
it particularly suited as the driving motor of a frequency changer. The gener- 
ator of the set may be either an ordinary (i.e., synchronous) alternating-current 
generator or & reversed induction motor; the latter type is described in the 
Dext section. 

In order that a synchronous-motor-synchronous-generator set may operate 
properly in parallel with other synchronous apparatus on the two systems to 
which the motor and generator are respectively connected, the number of poles 
of both motor and generator and the speed must be carefully chosen. ‘Thus, to 
change from 25 to 6o cycles per second, the highest speed which allows an exact 
transformation of frequency is 300 rev. per min., and this requires 1o poles on 
the 25-cycle machine and 24 poles on the 6o-cycle machine. In order to build 
less expensive sets, it is frequently the custom to use a speed of 750 rev. per 
min. with a 4-pole machine on the 25-cycle circuit and a 10-pole machine which 
Will give 62.5 cydes for the other circuit. All the other machines on the latter 
circuit must then also operate at 62.5 cycles. Other combinations of poles 
and speeds for various combinations of frequency can be readily calculated by 
means of the usual relation between poles, speed and frequency; see Gener- 
ators, Allernating-Current. Each motor-generator set must be provided with 
direct current for its field excitation, either from a direct-connected exciter or 
from a special exciter circuit. 


Division of Load on Frequency Changers. — The parallel operation 
of sets of this character involves certain complicated considerations. In the 
first place the division of the load depends not only upon the voltage regula- 
tion of tbe two machines constituting a set, but upon the mechanical position 
of the armature on the shaft. Two machines built apparently the same may 
not divide the load equally because of inaccuracy in the placing of the key- 
way, etc. To avoid this trouble it is customary to mount one of the stationary 
members of one of the machines movable in a cradle so that the angular phase 
position of this member (usually the armature) with respect to the rotating 
member (usually the field) may be adjusted. The two sets to be operated in 
parallel are loaded, and the stationary armature of one machine is rotated 
in the cradle until the load between the two machines divides properly. "This 
adjustment may also be used for testing, when it is desired to load the two 
machines one on the other without an external load by adjusting this “ phase- 
angle" so that one machine operates as a generator when the other operates as 
@ motor. 


Syachronizing Frequency Changers. — The synchronizing of such 
machines is difficult, and several very complicated conditions must be satisfied. 
The theory is quite involved and is discussed at length in a paper by J. B. 
Taylor on Parallel Operation, Trans. A.L.E.E., Vol. 25, p. x13. The essential 
requirement is that it is necessary to synchronize not only the motor with its 
supply circuit but the generator with the secondary circuit. 'Thus when the 
motor has been synchronized properly it may be found that the generator in- 
stead of being in phase is 180 degrees out of phase with the secondary circuit, 
To bring the generator into phase it is necessary to cause it to “slip” one or 
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more poles; this can be done by reversing the field of the motor one or more 
times, depending upon the number of poles on the generator and motor. The 
necessity of more than one reversal is due to the fact that with a large number 
of poles on both motor and generator there are only a few combinations in which 
the poles of the motor and the generator of one set match up with the poles of 
motor and generator of another set. 

In practice this difficulty is overcome by the use of a special synchronism 
indicator (see Synchronizers) having two hands appearing on the same dial. 
One hand shows the phase relation of each member of the set with its proper 
circuit. It is necessary to synchronize the set when both hands are not only 
stationary but point to the zero position. If only the motor were synchro- 
nized it would be found that both hands were stationary, but the motor hand 
would point to zero and the generator hand to some other position. 


Induction-type Frequency Changers. — When the stator of an induction 
motor is excited from a supply circuit having a frequency of fı cycles per second 
and the rotor of this motor is driven by another motor in the opposite direc- 
tion to that in which it would rotate due to the currents in its stator winding, 
the frequency of the current induced in the rotor winding is 


fan TEN, fs 


where No = synchronous speed of the motor and N = actual speed at which its 
rotor is driven. This combination of two motors (the driven motor really acts 
also as a generator) may therefore be used as a frequency changer. 
Neglecting the losses in the driven motor, the electrical input into its stator 
is, 
A 
hi X (output of set at frequency fs) 


and the mechanical output of the driving motor is 


$ x * X (output of set at frequency fi). | 


While this combination is less expensive than the usual motor-generator set, 
it has the disadvantage of poor regulation, as every change in the potential of 


the supply circuit is transmitted to the receiving circuit; it is therefore but 
seldom used. 


SPECIFICATION FOR MOTOR-GENERATORS.* — The following 
memoranda are intended to assist in writing specifications. See also articles on 
Specifications; Motors; and Generators. 

General description and use of machine. Motor: see specifications in 
articles on Motors. Generator: see specifications in articles on Generators. 
Whether or not motor and generator are to be on common bed-plate. Exciter 
for generator field. Limiting over-all dimensions. 


BIBLIOGRAPHY. — Taylor, J. B., Parallel Operation of Synchronous 
Motor-Generator Sets, Trans. A.X.E.E., Vol. 25, p. 113; Lincoln, P. M., Molor- 
Generators vs. Synchronous Converters, Trans. A.LE.E., Vol. 26, p. 303; Allen 
E. W., Rotary Converters vs. Motor-Generators, Elec. World, Nov. 14, 1908; Wein- 
green, J., Electric Power Plant Engineering, N. Y., 1910. 


| [W. I. SLICHTER. 
* By W. A. Del Mar, 
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MOTORS, ALTERNATIN G-CURRENT COMMUTATOR. — (See 
also Motors, Direct-current; Motors, Polyphase-induction; Motors, Single-phase 
Induction; Standardization Rules.) There are several different types of alter- 
nating-current commutator motors designed to operate on single-phase circuits, 
but they differ chiefly in the electrical connections employed. They may be di- 
vided into two general classes, series motors and repulsion motors. While these 
motors differ in their connections and in slight details in their characteristics, 
they all have the general characteristics of the d-c. series motor, that is, increas- 
ing torque with decreasing speed and a high efficiency over a considerable range 
of speed. Alternating-current commutator motors with shunt motor character- 
istics are also used to a limited extent abroad. 


GENERAL CHARACTERISTICS. — The torque of any a-c. commutator 
motor is constant in direction, but pulsating in value, and its average value 
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Fig. 1. Characteristic Curves of r Motor of the Single-phase Locomotives 
ofthe N.Y.. N. H. &H. R. R. (St. Ry. Jour., Apr. 1906.) 
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is proportional to the product of the effective value of the flux and the effective 
Value of the armature current. The direction of the torque may be changed 
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by changing the direction of the current in the field with respect to the atm- 
ature, or vice versa. The power factor increases with increase of the speed 
and therefore decreases with increase of load. The efficiency, while not as good 
as that of a d-c. motor of the same rating is, however, fairly high. The motors 
have in addition to the losses common to d-c. motors a core-loss in the field, 
increased core-loss in the armature, increased commutation loss and increased 
RJ? loss in special windings. In Fig. 1 are given the characteristic curves 


of the a-c. compensated series motors used on the single-phase locomotives of 
the New York, New Haven & Hartford Railroad. 


APPLICATIONS. — The most general application of a-c. commutator 
motors in large sizes is in railway and hoisting work; see Ratlways, Electric, 
and Hoists, Electric. The same principles of operation are made use of in the 
devices for starting single-phase induction motors (see Motors, Single-phase 
Induction), the motor being brought up to speed as an a-c. commutator motor 


and then by a change of connections made to operate as a single-phase in- 
duction motor. 


DESIGN. — The salient features in the design of the various types of a. 
commutator motors are described briefly below. 


Straight A-C. Series Motor. — Since the torque of an ordinary d-c. series 
motor does not change in direction when the current through both the field 
and the armature reverses simultaneously, any d-c. series motor will develop 
a uni-directional torque when connected across a-c. mains. However, when an 
ordinary d-c. series motor is thus used the power factor of the load taken by 
it is very low, there is a large eddy-current loss in the field structure, and vio- 
lent sparking occurs at the commutator. To make a series motor practicable 
for a-c. service, the field structure must be laminated in order to avoid eddy 
currents and the field coils must have only a few turns to avoid too great self- 
inductance, and the consequent low power factor. The greater tendency to 
spark in the case of the a-c. series motor is due to the alternating field flux 
which interlinks the coils short-circuited by the brushes, thus inducing in these 
coils a relatively large e.m.f. not present when the motor is operating on a d-c. 
circuit. This difficulty can be avoided to a certain extent by designing the 
motor for a small field flux and with but a few turns in series in each armature 
coil. In general, therefore, single-phase commutator motors are built for low 
voltages, such as 200, with one turn per coil, multiple-wound armatures and 
with the armature ampere turns per pole about four times the field ampete 
turns per pole. The effect of the armature ampere turns can be neutralized by 
a “compensating” winding described below. The field flux is practically limited 
to that value which will give 4 volts per turn in the short-circuited arma- 


ture coil, as this is about the limit that may be commutated with carbon 
brushes. ° 


Resistance Leads. — As an additional means of preventing sparking, 
high-resistance leads are frequently used between the commutator segments 
and the armature coils. These leads are made of a high-resistance metal strip 
bent back and forth several times, and imbedded in the armature slots along 
with the armature conductors proper. On account of the dissipation of heat 
in these leads a lower current density must be used in the armature conductors 
proper than is used in the case of d-c. motors. The arrangement of the leads 
is such that the main or useful current passes through two high-resistance leads 
in multiple as it enters the armature, while the undesirable short-circuited cut 
rent passes through two high-resistance leads in series. It should be noted, 


however, that at any instant there is current only in those leads connected to 
coils which are being short-circuited at this instant, 
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Compensating Winding. — To obviate the high armature reaction in 
an a-c. series motor and at the same time to improve the power factor, a “com- 
pensating” winding is usually employed. This consists of a distributed wind- 
ing imbedded in slots in the pole faces and con- 
nected usually in series (Fig. 2) with the main 
field winding and armature in such a manner 
that the current through it sets up a magncto- 
motive force which practically neutralizes the 
effect of the armature ampere turns. When the 
compensating winding is connected in series with 
the field and armature, as shown in Fig. 2 
the motor is said to be “‘conductively compen- 
sated.” An “inductively compensated " motor 
has this winding short-circuited upon itself and the current in it is induced from 
the armature by transformer action. Inductive compensation is not operative on 
d-c. circuits, but is as satisfactory as conductive compensation for a-c. operation. 


Compensating 


Exciting 


Fig. 2. Compensated Series 
Motor 


Ihomson Repulsion Motor. — This motor has a stationary structure or 
field with a completely distributed winding, which may be wound for any 
Voltage, In this is placed a low-voltage armature designed with all the refine- 
ments necessary for single-phase commutator work. The brushes bearing on 
this commutator are short-circuited upon themselves and are so placed that 
the line connecting the positive and negative brushes makes an angle @ with 
the neutral axis of the field. The field turns 
lying within the angle (00 — æ) induce a cur- 
rent in the armature winding by transformer 
action and the field turns lying within the angle 
& constitute the “exciting” turns and set up 
the necessary flux to produce the driving force. 
The arrangement is equivalent to the circuits 
shown in Fig. 3, although actually there is but 
a single field winding. This motor then acts ex- 
actly like the combination of a transformer and a 
series motor in one structure. It may be reversed by changing the position of 
the brushes or by shifting the points of connection of the external circuit to the 
field or stator winding. This motor operates particularly well near synchro- 
nous speed as then it has practically a rotating magnetic field and no excessive 
commutation difficulties, but at starting and at low speeds the commutation 
is not as good as that of the compensated series type. 


Winter-Eichberg Repulsion Motor. — In this motor the short-circuited 
brushes B; are set in the neutral axis of the field due to the stator winding, and 
an extra set of brushes is set halfway between 
the main brushes, see Fig 4. Through the 
latter set of brushes B is sent either the entire T Inducing 
main current or a certain portion of it; in the 
latter case a transformer T connected as shown 
1s required. The main component of the arma- 
ture current is induced from the stator winding 
by transformer action; the cgmponent entering 
the rotor through the brushes B; serves as the 
exciting current, setting up the necessa flux .. ‘ í 
to produce the driving Ge In um Fig. 4. Winter Eichberg-Latour 
then, the rotor serves both as the armature PUE 
and the field of the motor, the stator winding acting merely as the primary 
of a transformer of which the rotor winding is the secondary. By means of a 
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Exciting 


Fig. 3. Thomson Repulsion 
Motor 
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series transformer or compensator with taps the ratio of exciting current to 
main current may be changed at will and thus the speed and torque of the 
motor regulated. This is the principal advantage of this type of motor. 
Series Repulsion Motor. — Since the repulsion motor has better operating 
characteristics at a speed near synchronism than the series motor it is better to 
run with repulsion motor connections. On the other hand, the series motor has 
better operating characteristics during starting conditions. These facts have 
lead to the development of the “‘series repulsion” motor by one of the manu- 
facturing companies. In the control of this motor a compensator with numerous 
taps is used and the connections so arranged that during starting the armature 
receives a very large current while the field is excited below the normal value. 
This gives a considerable torque with little trouble from commutation. As 
the motor speeds up, the connections are gradually changed until at full speed 


the motor operates practically as a repulsion motor with the good commuta- 
ting characteristics of that motor. 


DIMENSIONS, WEIGHT AND COSTS. — Due to the low flux den- 
sities used and the special windings required an a-c. commutator motor weighs 
from 50 per cent to roo per cent more, occupies from 25 per cent to 50 per cent 


more space, and costs from 50 per cent to 100 per cent more than a 600-volt 
d-c. motor of the same rating; see Motors, Direct-current. 


BIBLIOGRAPHY. — Arnold, E., Wechselstromtechnik, Vol. V, part 2, Berlin, 
1912; Creedy, F., Single-Phase Commutator Motors, N. Y., 1913; Fynn, V. À, 
The Classification of A. C. Motors, London; McAllister, A. S., Alternating Cur- 
rent Motors, N. Y., 1909; Steinmetz, C. P., Elements of Electrical Engineering, 
N. Y., 1909; Alternating Current Phenomena, N. Y., 1908; Crocker & Arendt, 
Electric Motors, N. Y., 1910; Hobart, H. M., Electric Motors, London, 1910; 


Lamme, B. G., New Haven Motors, Trans. A.L.E.E., Jan., 1908; Numerous 
papers, in Trans. A.J.E.E., from1go2 to date. 


[W. I. Suicgrex.] 
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MOTORS, DIRECT-CURRENT. — (See also Alternating Currents ; 
Electricity and Magnetism, Principles of; Generators, Direct-current; Motors, In- 
dusiria] Applications of; Standardization Rules.) A motor is a dynamo-electric 
machine for converting electrical power into mechanical power; that is, it per- 
forms the converse function of a generator. Direct-current generators and 
motors are always interchangeable in function, although a machine which is 
designed specifically for a motor would probably not make a first-class generator 
and vice versa. Motors of less than 5 horse-power are usually bipolar; larger 


machines are multipolar. 
The following is a brief outline of the contents of this article: 
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CLASSIFICATION. — There are four types of direct-current motors, dif- 
ferentiated by their characteristics and the connection of the exciting windings 


or circuits. 

Shunt Motor (Fig. 1). — This motor has only one exciting winding, which 
is connected across the armature terminals and is thus in parallel or in shunt 
with the armature. The field winding consists of a large number of turns 
of fine wire on each pole, and usually the windings on all the poles are connected 
in series in one circuit. The current in the field depends upon the line voltage 
and upon the resistance of the field winding. The resistance of the field winding 
is purposely made high so that the field current will be between 1 per cent and 
5 per cent of the full-load current of the motor. The characteristic of the shunt 
motor ig a fairly constant speed for all reasonable values of load. 


zu cec 
Fig. 2. Series Motor 


Fig. 1. Shunt Motor 


Series Motor (Fig. 2). — This motor has only one exciting winding, which is 
Connected in series with the armature so that all the current flows through the 
field as well as the armature. The field winding consists of a few turns of 
thick wire on each pole and the windings on all poles are connected in series. 
The current in the field depends upon the load and is thus large with heavy 
load and small with light load. The resistance of the field winding is purposely 
made low so that the loss of voltage and power in that circuit will be small. The 
characteristics of a series motor are a speed varying with every change in load, 
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high speed at light load and low speed at heavy load. The efficiency is high 
throughout a wide range of speed. The speed will be dangerously high at no 
load; thus a series motor must always be connected rigidly to its load. Since 
the torque is high at low speeds this motor is particularly adapted to work 
requiring frequent starting. 

Compound (or Cumulative) Motor. — This motor has both a series wind- 
ing and a shunt winding on each pole, wound and connected so that the 
two windings assist each other in the production of magnetism. It is a com- 
bination of a shunt and a series motor designed to give the good starting 
qualities of the series motor and-to avoid the danger of excessive speed at 
light loads. See also Motors, Industrial A pplications of. 


Differential Motor. — This motor has a shunt and a series winding connected 
so that they oppose each other in the production of magnetism. The motor 
therefore has poor starting qualities, increases in speed with increase in load 


but has no tendency to run at a dangerously high speed. The applications of 
this motor are very limited. | 


Inclosed vs. Open Type. — These terms refer to the mechanical housing 
of the motor. The open type has all its parts freely exposed to the air and is 
therefore well ventilated. It is intended to be used indoors and in protected 
places. The inclosed type is intended to be used in exposed locations where 
there is a liability of dampness or dirt. Special means must be provided to ar- 
culate the air inside the machine, but even then an inclosed motor is larger 
and more expensive than an open motor of the same capacity. 

The relative capacities in output of open, semi-inclosed, and totally inclosed 
motors are shown by the accompanying data on one of a line of typical commer- 
cial motors. In general an inclosed motor weighs about r5 per cent more than 
an open motor of the same capacity in spite of the fact that it is allowed to oper- 
ate at 15? C. higher temperature by commercial convention. 


Weight in lb. 
Temp. rise, | for 700 r.p. m. 
°C. and given 
temp. rise 
Open 40 97 
Semi-inclosed 40 xs 
Totally inclosed 55 X100 


METHODS OF RATING. — Motors are rated on the basis of either their 
continuous or their intermittent capacity. 

The continuous rating of a motoris at present (1914) commonly taken as 
that output in horse-power (or kilowatts) which it will give continuously vith 
a maximum rise in temperature measured by thermometer above the surround- 
ing air at 25? C. not exceeding 40° C. on the field and armature and not exceed- 


ing 55° C. on the commutator; see, however, the Standardisation Rules of the 
A.LE.E. 


The intermittent rating is at present (1914) commonly taken as that output 
which the motor will give for one hour (starting at room temperature) with 4 
maximum rise in temperature by thermometer, above the surrounding air at 
25° C., not exceeding 90° C. on the commutator and not exceeding 65°C. on 
any other part; see, however, the article Standardization Rules of the A.I.E.E. 
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VOLTAGE AND CURRENT. — Usual values of voltage for direct-current 


motors are: 


110-125 for small motors on lighting circuits. 
220-250 for motors in factories, shops, etc.; on power mains or on the 


outside mains of a three-wire system. 
$00-600 for general railway work. 
1200 for special railway installations. 
The current required for any motor is found by the relation 
Output in h.p. X 746 
Efficiency X Voltage 
Usual values for the efficiencies of motors of various sizes are given below. 


APPLICATIONS OF MOTORS. — This subject is treated in detail in a 
separate article on Motors, Industrial Applications of (q.v.). The chief appli- 
cations of continuous-current motors are the following: 

Shunt Motor. — Driving shafting, machine tools, blowers, reciprocating 
pumps; motor generators. 

Series Motors. ~ Railway and all other transportation work; hoists; cranes. 

Compound Motor. — Elevators, hoists and machinery that must be started 
often. 

Differential Motor. — Very special applications of small units for peculiar 
speed conditions. 

PRINCIPLES. — The principles upon which a direct-current motor oper- 
ates are the same as those upon which a direct-current generator operates (sce 
Generators, Direct-current). These principles are briefly as follows: 

Force Acting on Conductor. — A conductor of length / carrying a current J 
and placed in a magnetic ficld having a flux density B is acted upon by a force 
which is proportional to BH, which force is in a direction at right angles to the 
direction of the magnetic flux and at right angles to the length of the conductor. 

This in practical form gives the relation 

T poZI . 
852 m X 108 


Current = 


T = torque of an armature in pounds at one-foot radius. 
p = number of poles. 

m= number of armature paths between brushes. 

¢ = flux per pole in armature (lines). 

Z = number of active conductors or coil sides on armature. 
I = current taken by the armature from line. 

This torque is exerted whenever a current flows and is independent of the 
speed. The core-loss and friction absorb some of the torque so that the torque 
at the pulley is slightly less than the value given by the formula. 

Counter E.M.F. in Conductor. — A conductor of length ? moving with a 
velocity V in a magnetic field of density B has induced in it an electromotive 
force E proportional to BIV. In practice as soon as the armature starts to move 
& counter e.m.f. is induced in its conductors which has the value 


poZn 
m x 108 : 


where 5 = revolutions per second. 
Thus as soon as the armature moves, this counter e.m.f. tends to stop the 


zi of current and the impressed e.m.f. must be increased to maintain the flow 
ot current. 
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The relation between current and counter e.m.f, is given by the equation 


ET 
= E+IR, “Ee the spe 
where E; = impressed e.m.f., ability fa 
E = counter or generated e.m f., "Sd the 
R= resistance of armature circuit. to incre 
In practice R is made as small as possible. so that £ and E; are as nearly equal ii ha 
as possible. . Sth 
ins 

Reversing Rotation.— From a consideration of the equation for the torque ts " 

it is evident that torque is proportional to the product $7, i.e., to the product — mq, 
of the flux in the armature by the current. Ifthedirection of the current through — &gi, : 


the armature is reversed, that is, if J becomes negative, the product becomes — 
negative and the torque is in the opposite direction. If the direction of the flux Sun 
is changed (the armature current being unchanged) the direction of torque is Wla 
reversed. But if both $ and I are reversed the torque is not reversed. From au 
this follows the rule for reversing the direction of rotation of any direct-cur- ; 
rent motor; viz., change the direction of flow of current in either the field or |, lig, 
armature winding but not in both. TH. 


. eg 
Speed Control. — From the equation for counter e.m.f. it follows that the <z à » 
speed is proportional to E/$. That is, the speed varies directly as the counter ia 


b. 
e.m.f. and inversely as the flux. Thus to reduce the speed, decrease the counter BT 
e.m.f. by decreasing the e.m.f. impressed on the armature or increase the lux — .. tyl 
by increasing the field current. To increase the speed perform the converse. oul 
To decrease the e.m.f. impressed on the armature a resistance may be inserted |. ht 
between the source of potential and the armature terminals. This is the cus | 5 
tomary manner of controlling the speed during the stating of motors. (Se — 77 
also section below on Starting of D-C. Motors.) Eh. 


SHUNT MOTOR. — Since the flux in the armature of a shunt motors Sty 
practically independent of load, UR) 
the characteristics of the motor | ~ ui 
are: approximately constant 
speed for all reasonable varia- 
tions of load, torque directly 
proportional to the armature 
current irrespective of speed, 
efficiency high throughout a 
wide range of load but for only a 
small range of speed see Fig. 3. 


Design of Shunt Motor. — 
The method of design and calcu- 
lation of shunt motors is the 
same as for direct-current gener- 
ators (see Generators, Direci-cur- 
rent) except for the minor details 
noted below. 

'The armature reaction of a 
motor is in the opposite direc- 


: H.P.Output 

no p to that of a ponera tor in Fig. 3. Speed, Torque and Efficiency Charactet- 
ning in the same direction, and istics of a Shunt Motor 

thus the field is distorted in the 


opposite direction. Hence, if the brushes are to be moved to assist commu- 


tation they must be moved in a direction opposite to the direction of rotation 
of the armature. 


m 
- nt 


the per cent efficiency is 
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The effect of armature reaction is to weaken the field. This causes a tendency 
to increase the speed and also causes bad commutation. 

The stability factor of a motor must be greater than that of a generator 
because when tbe motor drops in speed as the load comes on, the field must be 
weakened to increase the speed. Hence the field is liable to be operated at an 
excitation less than normal. 

Testing of Shunt Motors. — (See also Standardization Rules of the A.I.E.E.) 
The tests on shunt motors may be divided into two classes: (a) Commercial, to 
determine the qualities and serviceability of particular motors; and (b) Special, 
to determine the general characteristics and actions of a type of motor. Com- 
mercial tests are the following: 

Resistance measurements. 

Stray power test, including core-loss and friction. 

Input-output test for heating, efficiency and commutation. 

Insulation test. 

Resistance Measurements are made with the machine cold and later 
after the heat run. The resistances of the armature winding and field winding 
are measured, and the brush-contact resistance may be measured but is usually 
calculated (see Generators, Direct-current). For any value of current the re- 
sistance losses (RI?) are calculated from the measured hot resistances. 

“Stray Power" Test. — The term “stray power” is applied to the 
lumped sum of the core-loss and the loss due to friction, bearings and windage. 
The stray power of a d-c. machine can be determined approximately by impress- 
ing normal voltage on the field and letting the machine run as a motor without 
load, varying the voltage impressed on the armature from about ro per cent 
above normal to about 1o per cent below normal. The speed, armature voltage 
and armature current for eacli adjustment are observed. Then the stray power 
for any induced voltage is equal to the armature input less the corresponding 
RI’, where R is the armature resistance and Z the armature current. The 
value of stray power for any given load on the motor is then equal to the measured 
value corresponding to the same counter e.m.f. E, where E is calculated from 
the impressed voltage E; by the relation E =E; — RI, I being the armature cur- 
rent for this load and R the armature resistance as before. 

If it is desired to determine the stray power more accurately by taking into 
account the effect of armature reaction, the field current may be adjusted so 
that the speed on the above run is the same as the load speed. This gives a 
flux of the same average value as when the machine is under load. 

Calculation of Efficiency from Losses. — Let P = total output in 
kilowatts; Rg= resistance of armature, including brushes; Za{= armature 
current; I= field current; Ej;- impressed voltage; S = stray power. Then 


E 100 P 100 P 
E,latIs) | Po EJfMIgRa S 
Input-output Test with Prony Brake. — The input-output test may 
be made either by means of a prony or band brake on a pulley, or by using a 
d-c. generator as a load. If the brake test is made the output is 


Watts = ala 
7.04 


, 


Where P = net pull in pounds, Z = lever arm or radius in feet, N = revolutions 
per minute. 


Input-output Test with Generator as Load. — With large motors it 
is desirable to use a. generator as a load in making an input-output test. In 


——— 
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this case it is necessary to know the resistance of the generator armature circuit. 
It is also desirable to have the generator separately excited and to maintain a 
constant excitation throughout the entire test. Vui 

The input of the motor and the output of the generator, together with the |. 
speeds of both machines, are observed. A “counterstarque” test must abo — | 59 
be made to determine the belt friction loss and the core-loss and friction of the Es re 
generator. ‘This is performed by making two tests as follows: | PRG 

(a) The motor input is observed when driving the unloaded generator at =). 
normal speed first through the regular leather belt and second through a light ` a 
cotton helt. The difference in input to the motor in the first and second ass, 
gives the belt-friction loss. As this loss is comparatively small, it may fre — .' at 
quently be neglected. 

(6) A regular stray power test (see above) is made on the generator when en- 
tirely disconnected from the motor. This gives the core-loss and friction of 
the load machine (generator). 

Then for any load during the load run the output of the motor under test is 

Pi = P24 RI? +S +F, 


where Pı output in watts of motor, machine r. 
P2= output in watts of generator, machine 2. 
RoI? = loss in armature winding of generator. 


S = stray power of generator for speed and induced voltage at observed 
load. 


F = belt-friction loss. 


The ratio of this motor output to the electrical input as observed gives the 
efficiency of the motor. 


Heat Run. — From the input-output test it is also possible to determine 
the speed regulation, commutation features and heating. The heat run may 
also be made by “bucking” two machines as described in the article on Genera- 
tors, Direct-current. Small motors will reach a constant temperature in à 
short time and the heat run need only last 5 or 6 hours for a 1oo-h.p. motor. 
A thermometer is usually placed on the machine in a safe and accessible pat —— :.: 
and read every half hour until it indicates no further rise in temperature. ` | 


Insulation Test. — The margin of safety on a rro- or 220-volt motot | '* 
is usually so great that it is not necessary to make an insulation test. Ifthe |^ 
motor has been exposed to dampness it may be desirable to make the test after 


the motor has been thoroughly dried out. The method is indicated in the |* 
Standardization Rules of the A.I.E.E. (q.v.) | 


Special Tests. — As a special test there may be obtained a saturation i 
curve of the machine and possibly the distribution of potential around the | - 
commutator. These are of particular interest in an adjustable speed motor. 

In some of these motors with commutating poles there may exist some very high 


voltages between bars which are not evident except in the bar-to-bar potential 
test. 


SERIES MOTOR. — Since the flux in the serles motor is produced by the 
load current, the flux increases with the current. The torque is proportional 
to the product $7 and therefore increases more rapidly than the current. Thus 


four times full-load torque can be obtained with from two to three times full- 
load current. 


The characteristics of the series motor are: increase of torque faster than in- 


crease of current, variation in speed inversely as the load, and high efficiency 
throughout a wide range of speed as well as load, see Fig. 4. 
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Design of Series Motors. — In general the method of calculation is the 
The 


same as for a direct-current generator (sce Generators, Direct-current). 
special considerations are: 


A series motor is usually de- 
signed to have a large output 
and low speed at the one-hour ` 
rating. At any lesser output the 
speed will be higher, so the pe- 
ripheral velocity must be quite 
moderate at the rated load and 
speed. 

Since the speed is very near- 
ly inversely proportional to the 
flux the speed curve depends 
on the shape of the saturation 
curve, to which very careful 
attention is paid in designing. Ss 
By exactly fixing the flux for Wa 
two extreme values of current 
the speed for these two values of 
current is fixed. Amperes Input 

The relations between the Fig. 4. Speed, Torque and Efficiency Character- 
speed and current of a series mo- istics of a Series Motor 
tor are shown by the formulas: 


E; = E+IR, 
262n 
m m 108 i 
" m(E; — IR) X 10% 
IA 
where 
Ej = impressed voltage, 
E = counter e.m.f. induced in armature, 
R= total resistance of armature and field, 
I = current taken by motor, 
$ = number of poles, 
m= number of parallel paths between positive and negative brush sets, 
Z = total number of conductors on armature, 
# = speed of armature in revolutions per second, 
¢ = total flux per pole in maxwells. 


Since the current in the field of a series motor is the same as that in the arma- 
ture; the ratio of the turns in each is the same as the ratio of ampere-turns or 
m.m.f's. Thus if the magnetomotive force per pole of the field is to be 1.5 times 
that of the armature the number of turns will be 1.5 times the number of turns 
In series in the armature. 

_ Since a series motor is usually an inclosed motor with a one-hour rating its 
rise in temperature and rating are a direct function of the watts lost and the 
ability of the mass of the motor to store up this heat energy. In a one-hour run 
the amount of energy radiated is only about 1o per cent of the amount stored 
in the mass, For a rise in temperature of 75? C. in one hour there should be 
about 0.4 pound of material for each watt of loss. This assumes reasonable 
provision in the construction of the motor for the transfer of the heat from the 


armature to the field and frame. 
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` considerably increased the weight efficiency of these motors. 
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Much attention has been directed recently to the ventilation of these motors 
by drawing air from outside the motor by means of fan blades on the armature 
and by circulation of the air inside the motor through definite paths. This has 


In railway motors, which are the most general application of the series motor, 
commutating poles are very generally used, as this construction makes it possible 


to obtain a much greater momentary output from a motor of a given size (see 
below). . 


Testing of Series Motors. — (See also Standardization Rules of the A I.E.E) [^t Tg 
To determine properly the speed and torque characteristics of a series motor — ^5 
an “input-output” test must be made, which involves subjecting the motor to PR 
actual load and overload conditions. 'This may be accomplished by running 
the motor with a prony brake as a load or with a direct-connected generator as; ::« 
a load (see section above on Testing of Shunt Motors). | 

Railway Motor Test. — When two similar motors are available the | ^* 
method used by the manufacturers 
of railway motors is most desir- 
able. The two motors are direct 
connected, or geared to each other, 
and the electrical connections 
made asin Fig. 5. The test is run 
through by keeping constant rated 
voltage on the motor and regu- Mu Su | 
lating the load on the motor by Fig. 5. Railway Motor Load Test eu 
changing the load on the generator. | ` 


As the two machines are operating under almost exactly the same conditions, 
their efficiencies are very nearly the same. Thus 


F Fal 
Eff = ——3 
ciency of se | 


Efficiency of each motor = V = . x 


'The speed and torque curves should be made for both directions of rotation 
of the armature as an incorrect brush setting will give results differing with the 
direction of rotation. The direction of rotation is changed by reversing the 
connections of either the field or the armature of the motor. 


Commutation is observed during the speed and torque test. | 
The heat run is made with the same arrangement as the speed-torque tet. | | 


In making the heat run the motor 

must start cold or at room temper- a 

ature. The covers of the inspection 

openings of railway motors are cus- 1000 R Tr" 

tomarily left open during the heat 3 600 RPM. 
Nan 
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Av. A 

Acti li 


Losses and Efficiency of 3 
Amperes, Field. 
Tig. 6. Core-loss Curves of Series Motot 


Series Motors. — For a more accu- E 
rate determination of the efficiency 
and losses the following special tests 
are made: 

1. Resistance of armature, brushes 
and field. These tests are similar to 
those for a shunt motor, see above. 


2. Core-losstest. On account of the variable speed and variable field of 8 
series motor this test consists in repeating the usual core-loss test as described | 
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above for a generator at several different speeds. The field strength is varied 


an step by step throughout the maximum range for each speed. Fig. 6 shows the 
dn curves for these different runs and the dotted line connects the points on the 
^7" different curves that apply to the normal spced curve of the motor. 

" Insulation Tests. — See Generators, Direct-current, and Standardization 
i Rules of the AI.E.E. l 


ize STARTING OF DIRECT-CURRENT MOTORS. — A starting box, 
Fig. 8, or rheostat is always employed in starting direct-current motors in 

^4. order to reduce the voltage impressed on the motor when it is not running at 

<a high enough speed to generate the proper counter e.m.f. 

oe Let E; = line voltage, 

Eu E= counter e.m.f. (approximately proportional to speed), 


ax I = current, 
f = resistance of armature circuit, 
T2 R= resistance of starting box or rheostat. 
Then 
| Ta Ei- E, 
E ) r+R 
At the first instant the motor armature is stationary and E = o; thus Z = 2 


»' and the value of R is determined by the desired value of J. As the motor accel- 
Sy erates, E increases. If R remained constant J would decrease to such a small 
4z Value that there would not be sufficient torque to accelerate the load. The 
.* Current, and therefore the torque, can be brought back to their original values 
r by changing R to such a value Ri, that 
: ; E; — E 

r+ 


Fig. 7 shows the sudden rise in current when the resistance is changed and the 
gradual decrease in current as the speed increases. ‘The number of steps neces- 
sary depends upon the ratio of the maximum allowable instantaneous value 
of the current to the final constant value, upon the value of the armature resist- 
ance and upon the inertia of the load. 
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l Fig. 7. Motor Current During Fig. 8. Starting Box Connections for 
y Starting Shunt Motor 


r 


E Starting Box.—(See also article on Rheostats). A starting box usually contains 
the following features, as indicated in Fig. 8: (a) a means of opening and closing © 
_ the circuit supplying all the current to the motor including the field current; 
JA (b) a set of resistance steps in series with the motor armature and a means of 
short-circuiting this resistance step by step; (c) a magnet coil connected across 
ò the motor terminals to open the circuit if the impressed voltage fails or falls 
below a specified value (low-voltage release); (d) a magnet coil carrying the 
« main current to actuate a spring and open the circuit if the current exceeds a 
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specified value (overload release). The usual connections of a starting box te 
the line and motor are shown in Fig. 8. 


SPEED CONTROL. — There are three methods of varying and controlling 
the speed of d-c. motors, namely, potential, rheostatic and field systems. 

Potential Control or Multi-voltage System. — By means of several gener- 
ators and several wires various definite voltages are made available, such as 
240, 186, 120, etc. By connecting the motor to the 240-volt circuit full speed 
is obtained; by connecting to the 180-volt circuit 34 speed is obtained, etc. 
The shunt field circuit is left connected at all times to a circuit of the propet 
voltage. A shunt motor with normal field excitation will be stable, that is, it 
will operate constantly, at the fractional speed. The efficiency will be good at 
the fractional speeds. A series motor controlled in this manner will be wn- 


stable, but for a given torque the speed will be roughly proportional to the 
voltage. 


Rheostatic Control. — A rheostat in series with the armature will reduce the 
voltage impressed on the armature by an amount proportional to the current, 
and thereby reduce the speed. The speed is unstable with this arrangement, 
changing with every change of load, and the efficiency is poor. - 

Field Control. — By increasing the resistance in series with the field of a 
shunt motor the speed is increased due to the weakening of the field. If the 
motor has commutating poles to assure good commutation the speed may be 
varied in a ratio of 1 to 2, and even 1 to 3 in small sizes, The shunt motor is 
stable with this method of control and the efficiency is good. Iri a series motor 
the field may be shunted by a resistance to increase the speed but the motor is 
not stable and this practice is not to be recommended. 


USE OF COMMUTATING POLES (INTERPOLES) IN VARIABLE- 

- SPEED MOTORS. — In motors intended to be operated over a large varia- 
tion in speed, obtained by changing the field strength, and in motors which are 
to be subjected to heavy overloads, it is necessary to use commutating poles 
in order to obtain good commutation. In a motor without commutating poles 


the field strength must always be a certain percentage greater than the armature — 
strength to prevent a shifting of the feld flux and of the neutral point. Thus 4 


| R 
Fig. 9. Flux Distribution without Fig. 10. Flux Distribution with 
Commutating Poles Commutating Poles 


. $f, in Fig. 9, F represents the distribution of field flux when existing alone and 
A represents & strong armature flux existing alone, then R shows the distr 
bution of the resultant flux when both field and armature are excited. 

It will be noticed that the neutral point has been shifted from XX at no load 
in a direction against rotation to YY at the load considered. The brushe 
would have to be shifted from X X at no load to a point ZZ beyond YY at lod 


toe 
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in order that they shall commutate a coil in a flux which is producing a voltage 
helpful to commutation. 

Resultant Flux with Commutating Poles. — If, however, commutat- 
ing poles are placed between the main poles and excited with the armature 
current they will maintain at the geometrical neutral a tlux of the direction and 
value necessary to give good commutation. In Fig. 10, F and £ represent the 
field and armature flux separately as before and C the commutating pole tlux 
that would exist at full load. When at full load these tluxes are combined there 
exists the resultant flux shown at R. 

It will be noticed that there remains at the neutral point a small tlux of the 
proper polarity and magnitude to provide an c.m.f. to reverse the current and 
give good commutation and it is not necessary to move the brushes. 

The commutating pole must be of the same polarity as the pole towards which 
the brush would have to be moved if there were no commutating poles. In 
fact the principle of commutating poles is nothing more than bringing to the 
brush a part of the pole instead of moving the brush to the pole. ‘Thus the 
polarity of the commutating pole is different during motor action from that 
during generator action, If the windings on the commutating poles are con- 
nected in series with the armature the conditions will be correct for either motor 


or generator action. 


INSTALLATION AND ERECTION. — In the installation and erection 
of a direct-current motor there are certain features which must receive careful 


attention in order that the machine shall operate properly and not deteriorate 


with undue rapidity. Although this procedure varies with different motors 


according to their mechanical construction the following brief memorandum of 


points to be looked after will be found useful: 
I. Base bolted down. 
2. Bearings clean and filled with oil. 
3. Bearings lined up. 
4. Magnet frame bolted to base. 
5. Field coils secured in place. 
6. Field coils tested for open circuit, wrong connection and polarity. 
7. Armature in place. 
8. Air gap adjusted by shimming. 
9. Measure resistance of armature and field. 
10. Measure insulation resistance. 
Ir. Brushes properly fitted and spaced and pressure adjusted to about 1.5 to 
2 pounds per brush. 
12, Commutator smooth and true. 
X3, Substantial connections of field circuit. 
14. l'ield adjusted for correct direction of rotation. 
The motor must be protected from moisture during shipment and if by accident 
it becomes damp it must be dried out before it is subjected to a voltage. 
OPERATION. — In the operation of a direct-current motor several factors 
should be considered. 
PIS — All motors should be frequently inspected and the following points 
noted; 
I. Bearings filled with proper amount of oil. 
2. Brushes securely held in proper position. 


3. Brushes fit properly. 
4. Commutator smooth: Danger of “high mica" or the insulation between 


commutator bars projecting above the bars. 
5. Air gap true. 
6. Commutator not worn in grooves. 
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Troubles.—In the following paragraphs is given a concise list of the 
troubles that may be experienced in operating continuous-current motors and 
their causes as given by Crocker and Wheeler in Management of Electrical 
Machinery. 

ri. Sparking at the Commulator. — Causes: Armature carrying overload. 
Brushes improgerly spaced. Brushes not at proper position. Rough comm- 
tator. Poor brush contact. Internal short or open circuit. Field too weak. 
Unequal strength of poles. Vibration. 


2. Heating of Commutator and Brushes. — Sparking. Bearing trouble. Bad 
connections. Brush friction too great. 


3. Heating of Armature. — Overload. Internal short circuit, moisture ot 
ground. Reversed coil. Excessive eddy currents. 
4. Heating of Field. — Internal short circuit. 
s. Heating of Bearings. — Bearings dry or dirty. Shaft out of true. Bear- 
ings out of line. Thrust due to belt. Unbalanced magnetic pull. 


6. Noise. — Armature not balanced. Brushes dry or not set at proper angle. 
Armature strikes. 


4. Speed Too Low. — Wrong voltage. Overload. Armature strikes. Bear- 
ing too tight. 


8. Speed Too High. — Wrong voltage. Field too weak. 
9. Motor Stops or Fails to Start. — Overload, open circuit, wrong connection. 


SPECIFICATIONS FOR D-C. MOTORS FOR INDUSTRIAL USE*- 
(See next section for Specifications for Railway Motors.) The following mem- 


oranda are intended to assist in writing specifications. See also article on 
Specifications., 


Principal Characteristics and Conditions of Service. — Use to which 


motor is to be put, kind of load and method of drive. Voltage. Rating, 
horse-power. Speed. 


ls 

Style and Description; Details of Construction. — Whether to be open, — br 
semi-inclosed or inclosed. Whether to be series, shunt or compound wound; — 7 
if shunt wound, whether shunt field rheostat is to be supplied; if compound 
wound, state whether cumulaüve or differential. Requirements regarding . 
pulley or length of shaft. Whether rails are required. Whether starting > 
rheostat is to be supplied, and if so, its general characteristics. À 


Performance and Tests.— (See Standardization Rules of the A I.E.E.). Tew : 1 
perature rises upon which ratings are to be based. Details of overload. Ef- 
ciency at 25, 50, 75, 100, and 125 per cent load; whether rheostat losses are to 
be included in calculating efficiencies. Starting torque with full-load current, 
pound-feet. High-potential tests of insulation. Requirements regarding effect 
of moisture upon insulation. Regulation; the supply voltage being constant, 
and the field rheostat fixed, a variation of load from zero to. . . per cent 
of full-rated load shall cause a variation of speed not greater than . . . pe! 
cent. The shunt field rheostat to give speed variation of . . . per cent in steps 


not greater than . . . percent and not less than . . . steps, and to carry the 
current for any speed continuously without undue heating. 


SPECIFICATIONS FOR SERIES RAILWAY MOTORS. — The fol 


lowing memoranda are intended to assist in writing specifications. See slo , 
article on Specifications. 


Principal Characteristics and Conditions of Service. — General state 
ment of the service, giving type ot cars, whether current is direct or alternating, 
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or both, etc. The motor shall be designed for normal operation at . . . volts 
and shall operate safety at . . . volts. 


Style and Description; Details of Construction. — The frame shall be 
designed so as to allow the easy removal of armature and field coils. It shall 
be provided with openings at both ends, and both above and below the shaft, 
which will enable the inside of the motor to be readily inspected and cleaned. 
Bearings shall be designed so that lubricant cannot enter the frame, and shall 
be so located that they may be easily emptied and cleaned. The diameter of 
the driving axle on which the motor is to be mounted shall be . . . inches. 
Whether motor is to be of interpole type. Whether natural or forced venti- 
lation. 


Brushes and Brush Holder. — The brush holders shall be readily 


. removable through the hand holes. The springs holding the brushes against 


commutator shall not be relied on to carry current. The brushes shall be 
staggered or provided with adjustment parallel to the armature shaft so as to 
prevent the formation of ridges on the commutator. 

Clearances.—The minimum distance between motor frame and back of 
wheel flanges shall be . . . inches, the minimum distance between bottom of 
motor and top of rail when tires are new shall be . . . inches. 

Gears and Gear Case (if any).— Single or double reduction; what gcar 
wheels shall be mounted on; material of whecl and pinion; description of 
teeth, whether cut or cast, and width of face of wheel or pinion; gear case, 
material, how suspended, oil-tightness. 

Suspension of Motors.—General description and requirements, location 
of lugs on motor frames. 

Data to be Furnished by Bidder. — The armature will be bound with 
ee bands. Material and dimensions of the bands. Dimensions of openings 
inthe frame. The brush holders will be adjustable so as to allow . . . inch wear 


with uniform pressure on the brushes, after the diameter ef the commutator has 
been reduced by .. . inches. The current density in the carbon brushes will 


. Not exceed . . . amperes per square inch at normal rated load. The gear ratio 
willbe... 


Performance and Tests. — (See also Specifications in article on Locomotives, 
Electric.) Either the nominal rating and the continuous ratings at !4, 34 and 
full voltage should be specified, or the following data supplied. 


Line Voltage o errado dae tate asesnccents Sew i ed bie sees 
Number of motors per Car... 22. sisse nnt 
Weight of loaded car, exclusive of motors and control equipment. 
Diameter of driving wheels. ................seleeeeeeeeeeese. 
Schedule speca oou e Wadnab save D RUIT Baud pen M 
Distance between stops. ...... ccce RI 
Duration of stops. .............. e. E PEPPER RERO 
Acceleration miles per hr. per sec........ see nnn 
Retardation, miles per hr. per sec............ esses eese. 


The engineer should also give a diagram of grades and curves. 


Motor Characteristics. — The bidder shall submit diagrams showing 
speed, tractive effort, efficiency, RI? losses, core losses, and any other informa- 
tion bearing on the performance of the motor. Requirements regarding the 
effect of moisture upon insulation. 
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Tests. — The motor shall be tested at the Manüfactuter's works in the 
presence of the Engineer’s inspector. (Iti the cast of new motor developmetits 
it is good practice tó make the tests under séfvice conditions; but for standard 
motors a stand test at the factory is sufficient.) A complete series of tst 
shall be rhade upon the first motor manufactured under this specification. These 
tests shall confirm all the statements made by the bidder in relation to operdtlig 
chatacteristics, Should the motor fail to comply with any of these statements, 
the defects shall be corrected and any changes in construction or design which 
may bé necessaty to accomplish this shall be madé at the contractor's expense. 
The first motor shall be submitted to a flashing test to determine the sustepti- 
bility of the motor to flash-over on opening the maximum specified line voltage 
across the motor when running at maximum speed. After the acceptance of 
the first equipment, any other motors to be supplied under this spectfication 
shall bé submitted to an approved stand test. The insulation of the armature 
windings, comimutátor and field windings, shall be subjected to stated alter- 
nating voltages (see Stianddrdization Rules of the A.I.E.E.) for a petiod of ott 


minute. 


PERFORMANCE, WRIGHT AND COST. — Usual valües of the ef- 


ciency and losses, and also values of the weight, speed and cost of shunt and 


series motors are given in the following tables. 


PERFORMANCE OF SHUNT MOTORS 


uu field PR, Friction, Core-loss, 
3 
per cent per cent per cent 
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PERFORMANCE OF SERIES MOTORS 
Commutating Pole Railway Type 


Field PR, | Friction, | Core-loss, ao 


cent er cent er cent 
per P t p per cent 


Full-load 
efficiency, 
per cent 


* H.P. for 75? C. rise in one hour. 
f Friction includes loss in gearing. 


WEIGHT, SPEED AND COST OF SERIES MOTORS 
Commutating Pole Railway Type 
Lb., Cost, 


pop weight dollars 
ise per h.p. t per h.p. 


57 
53 
44 
37 
33 


E: H.P. for 75? C. rise in one hour. 
t Weight includes cast-steel frame and gear pinion and gear case, 


Vol. I, Theory, 


BIBLIOGRAPHY. — Arnold, E., Gleichstrommaschine, 
Berlin, 1906, Vol. II, Practice, Berlin, 1907; Hobart, H. M., Electric Motors, 
N. Y., 1910; Crocker and Arendt, Electric Motors, N. Y., 1910; Crocker and 
Wheeler, Management of Electrical Machinery, N. Y., 1908; Sheldon, S., > 

cric Machinery, N. Y., 1910; Thompson, S. P., Dysamo-electric 
Machinery, Vol. I, 1904; Raymond, E. M., Motor Troubles, N. Y., 1908. 
[W. I. SricmrE?.] 
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MOTORS, INDUSTRIAL APPLICATIONS OF.—(See also Bearings; 
Belts and Belting; Blowers and Compressors; Chains and Chain Drive; Conveyors; 
Couplings, Direct; Cranes; Dredges, Electrically-Operated; Elevators, Electric; 
Fans; Flywheels for Load Equalization; Gears and Gearing; Hoists, Electric; 
Machine Tools, Electrical Operation of; Motors, A-C. Commutator, Direct-Currenl, 
Polyphase Induction, Single-Phase Induction, Synchronous; Pumps and Pump- 
ing Engines; Printing Presses; Ropes and Rope Drive; Shafting; Shovels, 
Electrical Operation of; Steel Mills, Electric Drive of; Telpherage; Unloaders, 
Coal and Ore; Valves.) The application of the electric motor for driving in- 
dustrial machinery, either individually or in groups, was at first thought to be 
of value merely in the saving of power through the elimination of the losses due 
to friction in line shaftings or other forms of mechanical transmissions. A still 


higher economy has, however, been found to lie in the remarkable effect that it 
has in increasing the output of the production. 


ADVANTAGES OF ELECTRIC DRIVE. — The more important advan- 
tages of electric drive are the following: 


Location of Machines. — The various machines can be placed in almost any 
desired position and the use of portable tools is readily made possible, as, for 
example, when a portable drill and slotter are brought to a heavy casting, the 


slotter being applied to the outside of the piece at the same time the inside is 
being drilled. 7 


Head Room. — A clear head room is obtained by the elimination of belt- 
ing. This gives better illumination and: ventilation and permits overhead 
cranes to be used freely, which is of greatest importance in any factory as it 
greatly facilitates the handling of the material, resulting in a considerable saving 
in time and labor, and thus increasing the output. 

The constant source of dripping oil from overhead bearings and shafting is 


eliminated, and the danger which alwayseaccompanies the use of belts is over- 
come. E 


* Centralized Power. — Power-can most readily be distributed from a central 
supply station to the different buildings, and changes or additions to the system 
can always be made without difficulty. 


* 


Reliability. — The electric system offers greater reliability than belt drive. 
A breakdown is usually confined to a single machine, but with belting and 3 


shafting a breakdown will generally cause a shutdown of a considerable portion 
of the equipment. 


Study of Machine Performance. — Meters of either the recording or indi- 
cating type can be installed easily where desired and the performance of evety 
individual machine ascertained. This is a very important point in all indus- 
trial undertakings, as it is then possible to maintain all the machinery in the best 
operating condition. Any excess power taken is at once readily detected and 


the defect can be promptly corrected. An accurate record can also be kept of 
the cost of power for the different operations. 


GROUP VERSUS INDIVIDUAL DRIVE. — There are two general 
systems of drive, namely, group and individual, and there is still a diversity ol 
opinion as to the relative advantages of the two. The group drive is toa certain 
extent an outgrowth of the older system of line shafting. When such a system 
is to be changed to an electric drive, the most obvious and simple way of making 
the change is to split the shafting up into such sections as would be most con- 
venient, and drive each of these by means of a comparatively large motor. On 
the other hand, it may frequently happen that it is necessary to operate only 
one machine of the entire group for a considerable time, as in overtime work, 
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and to do this it would then be necessary to keep the motor and the line shaft- 
ing of the whole group running. Since the efficiency of the motor at this light 
load would be small, and the friction losses of the entire drive would have to be 
supplied, it is evident that such a method of operation would result in a waste 
of power and be most inefficient. Modern installations, therefore, indicate a 
tendency toward the use of both the group and individual drive. 

Influence of Character of Load. — It is generally agrecd that all large tools 
or other machinery should be equipped with individual motors, especially if 
their service is of an intermittent nature. With the group drive there are two 
distinct loads, the variable of the machines and the friction of the line shafting 
and belting. The lower the machine load factor, the greater becomes the per- 
centage of friction load and the more inefficient the group transmission. 


Influence of Speed. — Wide ranges of control and the possible variations 
of speed are reasons which in many cases are sufficient in themselves for the 
selection of an individual drive. With group drive the methods of speed control 
for the individual machines are obviously more limited. It is then generally 
accomplished by shifting of belts on cone pulleys or by change of gears. Both 
of these methods, however, take a considerably longer time than the simple 
manipulation of the controller with the individual electric drive. 

With individual motor drive it is possible to obtain very fine speed gradua- 
tions, this benefit, of course, only being derived with a variable speed motor. 
Another advantage is the fact that it is possible to speed up a machine with a 
proportional increase in power. This may be necessary whenever a change is 


made from carbon to high-speed steel. 

Influence of Relative Cost. — The increased cost of installation is one of 
the principal factors that prevent the general installation of individual drives, 
With this drive the total horse-power rating of the motors installed in the plant 
will be considerably greater than with group drive, but the maximum power 
demand of the plant is approximately the same in either case. If power is 
purchased the price should be based on the actual maximum power demand and 
not, as sometimes is required, on the total connected horse-power capacity of 
the motors. This latter method would obviously give a lower basic rate for the 
group drive, although the higher efficiency of the individual drive would con- 
siderably reduce the actual power consumed. 

The question of whether or not group or individual drive is to be installed is 
thus a financial one and each case must be properly analyzed. Individual drive 
necessarily means a larger investment, but in nearly all cases a much greater 
percentage income will be realized than if line-shaft drive were employed. 


GENERAL CONSIDERATIONS IN THE SELECTION OF 
MOTORS. — The conditions of capacity and efficiency are both of importance 
in any motor installation and .should therefore be given careful consideration, 
The installation of a motor having too large a capacity should in general be 
avoided, unless an increase in the load is to be expected in the near future, be- 
cause the efficiency of a motor is usually a maximum at its normal rated out- 
put, decreasing above and below this point. With alternating-current motors 
the effect of the power factor must furthermore be considered. This decreases 
rapidly below normal load, and on account of its bad effect on the regulation 
of the system it should be kept as high as possible, which can only be done by 
operating the motors as nearly fully loaded as possible. Ordinarily, however, 
it is possible to so group tbe machinery that the motors may be operated near 
their rated output at all times. Too small a motor is naturally also very un- 
desirable, as it would then in all probability be subject to overloads, which may 
result in overheating and a burn-out of the motor, causing a shutdown, not . 
only of the motor itself, but also of the machinery which it drives., The op- 
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erating conditions of the plant may furthermore be such, as for example in 
steel mills, that the failure of a single motor may necessitate the shutting down 
of the entire mill. 

The selection of suitable motors requires not only complete information on 
the power required to drive each group of machines or each machine individu- 
ally but also a thorough knowledge of the motor design and its inherent char- 
acteristics to meet the requirements of the load. Some machines will require 
motors with very heavy starting torque, although running under light load 
when up to speed, while for others the requirements may be just the opposite. 
With a variable speed motor the torque-speed characteristics should agree as 
nearly as possible with the load which the motor is to drive, and the charac 
teristics of adjustable-speed motors as influenced by different systems of control 


should also be carefully investigated. See also section below on Data Required 
to Determine Type and Size of Motor. 


Influence of Motor Efficiency,— A motor of high efficiency is obviously 
desirable, and it is generally an easy matter to estimate the saving incurred by 
the installation of a motor of high efficiency as compared to a less efficient one. 
When a motor is operated for a considerable part of the time on light load, this 
fact must be given due consideration in the comparison on account of the 
variation in the motor efficiency for different loads. 


Influence of Torque and Speed. — In order to obtain the most satisfactory 
results from motor drive it is essential that the type as well as the size of the 
motor be properly adapted to the work contemplated. This is especially im- 
portant in the case of individual drive, where a wrong selection of the proper 
motor would be more serious than in group drive. 'The size of the motor may 
he ample to operate the machine under normal load but it may not be able to 
develop a sufficient starting torque, or it may draw a too excessive starting cur- 
rent from the line. For example, to start and accelerate the bridge of a crane 
requires a motor capable of developing a high starting torque, but after the 
bridge is accelerated comparatively little power is required to keep it in motion. 

The condition of maximum torque must also be given due consideration. A 
motor driving a heavy punch may, in spite of the flywheel, develop insufficient 
torque to keep up the speed. As a rule, however, where the motor is large eno 
for starting and normal operation, but not large enough for the maximum over- 
load required for perhaps only a second or two, the addition of a suitable fly- 
wheel will sometimes cut down the maximum torque required. In other cases 
it may be necessary to install a motor larger than necessary for the average 
work. 

The proper speed regulation is also of importance and a motor must be selected 
which is best meeting these requirements. The size of the motor is also in- 
fluenced by the cycle of operation, i.e., whether the load is continuous or in- 
termittent. Careful consideration should be- given to this point, and, as 
previously mentioned, motors will undoubtedly soon be rated to conform to the 


particular service for which they may be required. See also section below on 
Classification of Motors According to Speed. 


Alternating Versus Direct Current. — The choice of alternating or direct 
current depends largely on local conditions and on the service requirements. 
With all other conditions the same, the alternating-current system offers many 
advantages when the distances over which the power must be transmitted ate 
large. A higher transmission voltage may be selected which will diminish the 
amount of copper needed in the line conductors. The conditions may be sud 
that high-voltage motors can be used, but in other instances step-down trant 
formers may haye to be provided and the expense of these as well as othet 
auxiliary apparatus connected therewith must then be considered. It is genet 
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ally conceded that the alternating-current system is more reliable than the 
direct current. This is mostly due to the absence of commutator trouble and 
to the rugged design of the induction motor. 

There is no reason for installing direct-current motors except where a variable 
speed service is requited, and in small plants where such a service is predomi- 
nating the direct-current system would naturally be the one to install, If the 
variable-speed feature is only required intermittently, the phase-wound {n- 
As a rule, a considerable part of 
industrial machinery will require a constant-speed service, for which the alter- 
nating-current motor is admirably adapted, and should direct current be required 
it can be obtained by installing a motor-generator set. 

Asa rule it may be said that the alternating-current system should be selected 
if possible. ‘This would furthermore permit of throwing over to a central-station 
service, in case it should be found that power could be more economically pur- 
chased from the central station than generated on the premises. 


CHARACTERISTICS OF MOTORS AFFECTING THEIR APPLI- 
CATIONS. — (See also the separate arlicles on Motors.) Motors are divided 
into two classes — direct-current and alternating-current, according to the sys- 
tem from which they are operated. The direct-current motors are further sub- 
divided into three types, namely, series, shunt and compound motors. 

There are also three gencral types of alternating-current motors, namely, 
induction, synchronous and commutator motors. 

Series Motor. — This motor is used when a powerful starting torque and 
rápid acceleration are required, without an excessive instantaneous demand of 
energy. The torque is practically independent of the voltage and at low flux 
densities varies directly as the square of the current, but as the magnetization 
approaches saturation it becomes more nearly proportional to the first power 
of the curtent. The maximum torque exists at low speed, this being the most 
valuable feature of the series motor. Dangerously high speeds may be attained 
by the armature with very light loads, and series motors should for this reason 


be either geared or direct connected to the load. 

Speed Control of Series Motor. — The speed of a series motor on 
coiistant potential varies automatically with the load, increasing as the load 
decreases, "The speed may, however, be adjusted if some means of varying the 
impressed Voltage is provided. As the work required of a series motor is vety 
often intermittent in character, the insertion of resistance in the armature 
circuit to reduce the speed is permissible from an economic standpoint in such 
Cases, In others, such as railway work, where two or four motors are used, 
reduced voltage is most readily and economically obtained by connecting the 


motors in series or in series-parallel. 

Shuat Motor. — This motor has good starting characteristics and a practi- 
cally constant speed, varying only slightly with load changes. The speed can, 
however, be adjusted, either by changing the e.m.f. impressed on the armature, 
or by changing the field flux. 

Speed Adjustment by Atmatute-voltagé Control, i.e., by changing 
the emf. impressed on the armature, does not change the full-load torque 
Which the motor is capable of exerting, since the rated torque depends only upon 
field flux and rated armature current. These methods are therefore constant- 
totque methods did are properly adapted to loads in which the torque remaing 
constatit fegardless of speed. The method most generally used for varying the 
impressed e.m.f. with a single-voltage system is by means of inserting resistance: 
in.series with the armature. The efficiency with this method is, of coiirse, 
vety low at slow speeds. The speed regulation with varying loads may álso be 
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There are several systems of controlling the motor speeds by applying different 
voltages, such as by the use of three-wire generators or two-wire generators with 
balancer sets or by the Ward Leonard system. This latter system, which is the 
most practical, consists of a constant-speed motor driving a generator which 
supplies current to the motor whose speed is to be adjusted. This arrange 
ment is very satisfactory but on account of the expense of providing three full- 
sized machines instead of one to perform the work, the cost may be prohibitive 
except with very large motors, such as for hoists, etc. 


Speed Adjustment by Shunt-field Control, i.e., by inserting resistance 
in the shunt-field circuit, is the simplest of all methods of speed variation, but 
with ordinary shunt motors, the range of speed variation by this means is small. 
Where a variation of more than from 20 to 30 per cent is desired, a motor of 
modified design and of a certain increased size is generally required, because the 
field must be more powerful with respect to the armature than in the case of 
standard single-speed motors. Variable-speed motors of the field-weakening 
type are not constant torque, but constant-output motors, i.e., the torque falls 
proportionally as the speed increases. 

A speed variation up to 3 to 1 meets, as a rule, all requirements and such 
motors can readily be obtained in commercial sizes. Should a greater speed 
variation be desired, say 4 to x or 5 to r, it is possible to accomplish this by the 


commutating-pole shunt motor with field control only. A combined field and 
armature control would, however, be a better method. 


Compound Motor. — This motor is provided with both a series and a shunt 
field. The two fields are usually connected so that they act in the same direction, 
in which case the motor is called a "cumulative" compound motor. “ Diferen- 
tial" compound motors, with the two fields opposing, are sometimes employed 
for special services. The cumulative, or ordinary, compound motor combines 
the characteristics of the shunt and series motors, having a speed not extremely 
variable under load changes, but developing a powerful starting torque and an 
increasing torque with decreasing load. Motors having a comparatively w 
series field are employed extensively in shop practice where the motor may be 
required to start under heavy load but must maintain an approximately con- 


stant speed after starting, or when the load is removed. The heavily com-- 


pounded motor is used where powerful starting torque and rapid acceleration 
are necessary, with a speed not varying too widely under load changes, such as 
for rolling mills, etc. 

The speed control employed with compound motors may be any of the various 
methods explained in connection with the shunt motor. For certain service 


the control may be entirely rheostatic, the series winding being cut out after the 
motor has come up to speed 


Induction Motor. — The induction motor is essentially a constant-speed 
machine, although the speed may be varied either by varying the applied stator 
frequency or by introducing resistance in the rotor circuit. It is built in two 
distinct types, namely, the squirrel-cage and the phase-wound. 


Squirrel-cage Motor. — The squirrel-cage type is used for constant- 
speed service with infrequent starting. It has a relatively small starting torque 
per ampere and draws a large starting current from the line. By increasing the 

resistance of the rotor, it may however also be built in the smaller sizes for a 
high starting torque, rapid acceleration and frequent starting, for such appli- 
cations as sugar and laundry centrifugals, etc., where simplicity of control is 
desirable. They are also used for operating punches, shears, etc., where a fly- 
wheel is provided for storing the energy. 

Induction Motor with Wound Rotor. — For service requiring high 
starting torque combined with moderate starting current a motor with the wound 
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type of rotor is best adapted. A motor with the resistance mounted inside the 
rotor should not be used to operate machinery having large inertia or excessive 
static friction, since full starting current may be required for a long period 
before the apparatus attains full speed, and, as the capacity of the internal 
resistance is small, excessive temperatures may result. This type of motor is, as 


a rule, not built above 200 horse-power due to mechanical difficulties involved 


in connection with the internal resistance. 
A motor with external resistance should be used for moderate and large sizes. 


The rotor must then be provided with collector rings and brushes. The contact 
resistance of these as well as the leads and the controller fingers, which are in 
the circuit all the time, may impair the efficiency and regulation of the motor, 
especially if the controller and the resistance are located some distance from the 
motor. The phase-wound induction motor with an external variable rotor 
resistance is best adapted for a variable-speed service, as the losses necessary 


to obtain reduced speeds are external to the motor itself. 


Multi-speed Induction Motors. — It often happens that the service 
is such that two or three speeds will be satisfactory for the operation of the 
machinery and that these speeds must be independent of the load. Under 
such conditions multi-speed motors can frequently be used. In these motors 
the different synchronous speeds are produced by changing the number of poles 
in the magnetic circuit. Each of these speeds is fixed, if no resistance is used 
in the secondary circuit. With multi-speed motors, as with Single-speed motors 
however, resistance may be used in the secondary circuit for varying the speed. 

À change of the number of poles may be produced in any of the following 
Ways: 
I. By the use of single magnetic and electric circuits, changing the number 
of poles by regrouping the coils. 
2. By the use of single magnetic circuits and independent clectric circuits. 
3. By means of separate magnetic and electric circuits, the so-called Cascade 


connection. 


Synchronous Motor. — The speed of a synchronous motor is constant, being 
fixed by the number of poles and the frequency of the applied voltage. The 
single-phase type is not self-starting and the polyphase type has in itself a very 
poor starting torque. They may, however, be made self-starting in the same 
manner as squirrel-cage induction motors, by the use of an ammortisseur or 
cage winding, similar in construction to that used for induction motors. 

The speed-torque curve of a synchronous motor is similar to that of an in- 
duction motor except that the torque values are lower for a given resistance of 
rotor winding on account of the construction of the machine. The starting 
winding must be designed with both the load at start and the load at synchro- 
nous speed in mind, because too great a slip may cause the motor to shut down 
when the field is put on. It is, however, seldom that the same motor will be 
called upon to start a heavy load and at the same time synchronize a heavy 
load, as the load usually consists principally of either static friction, as in the 
use of motor-generator sets, line shafting, etc., or it comes up with the speed as 
in the case of a fan blower or centrifugal pump. The former case would be met 
by a high-resistance squirrel-cage winding and the latter would require a low 
resistance. 

Single-phase Series Motor. — This type of commutator motor has a very 
powerful starting torque, high power factor and relatively high efficiency. It 
is most generally used for traction work, the speed being controlled by varying 
the applied voltage, which can most readily be done by means of an auto-trans- 


former with a number of taps. 
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Repulsion Induction Motor. — This type of commutator motor has à 
limited speed and an increase of totque with decrease in speed. The action d 
the compensating field insures a power factor approximately unity at full load 
and closely approaching unity over à wide range in load. Ih addition it setve 
to restrict the maximum no-load speed and also permits, where vàtying speed 
getvice is involved, an incteasé over the synchronous speed. — 

Starting of Repulsion Motors. — A repulsion motor, if started by 
directly closing the line switch, will develop about 215 times fill-load torque. 


The starting current corresponding to full-load starting torque is from 2 toa | 


times full-load running current. As a general rule, starting boxes are not re 
quired up to and including 2 horse-power rating. From 2 to s horse-power the 
use of à rheostat is optional, dependent upon the degree and care to be exercised 
in maintaining voltage regulation. Starting boxes should, however, preferably 
be used on sizes above s horse-powet, especially where light and power circuits 
are combined. i 
Reversible Repulsion Motors. — The repulsion motor may be designed 
for reversible service. This is accomplished by adding an auxiliary reversing 
winding spaced go degtees from the main field winding and connected in series 
with it. By reversing the relative polarity of the two wiladifgs, the direction 
of rotation is changed in a simpler manner than by mechanical shifting of the 
brush holder yoke, Instant reversal may be effected from full speed in one 
direction to full speed in the other, about 200 pef cent of formal running torque 
being developed at moment of speed reversal in either direction. 
Variable-speed Repulsion Motors. — In addition to the constant-speed 
repulsion motor, two other types are also available, one for constant-torque and 
variable-speed servite, the other for adjustable speed independent of torque. 
In general, variable-speed repulsion. motors are not applicable to lathes, boring 
mills or similar machines where the service requires adjustable speed and con- 
stant horsepower at all speeds below and above normal. When b certain 
amount of variable speed is required at approximately constant torque, such as 


driving fans, blowers, printing presses, etc., the repulsion motor successfully 
meets a wide field of application. . 


POWER RATING OF MOTORS. — (See also Standardization Rules of he 
Ad.E.E.) These rules recommend that with the exception of railway motors, 
all motor ratings shall be expressed in kilowatts (Kw.) available at the shaft 
On account of the hitherto prevailing practice of expressing tnechanical output 
in horsepower, it is, however, also recommended that for machinery of this class 
the rating may, for the present, be expressed both in kilowatts and in horsepower, 
as follows: Kw. h.p. The horsepower rating of a thoter may 
for practical purposes be taken as 4 of the kilowatt rating. 

It is also highly desirable that the motor ratings should closely conform to 
the actual service requirements, and for this reason the Standardizatioa Rules 
also recommend the following two kinds of ratings: 

1. Continuoas Rating, when the totor shall be able to operate continuously 
at its rated output, without exceeding any of the guaranteed limitations. 

a. Short-Time Rating, when the motot shall be able to operate at its rated 
output duting à limited periód, to be specified in each case, without exceeding 
the guaranteed limitations. Such service includes runs alternating with stop 
pages of sufficient duration to ensure substantial cooling, 


CLASSIFICATION OF MOTORS ACCORDING TO SPEED.- 
Motors for industrial application may be conveniently classified according to 
their speed characteristics. The wording of the classification as adopted by the 
American Association of Electric Motor Manufacturers is ns follows: 
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A. — Constant-speed Motors, in which the speed is either constant or does 
not vary materially, such as synchronous motors, induction motors with small 
slip, ordinary direct-current shunt motors, and direct-current compound-wound 
motors, the no-load speed of which is not more than 20 per cent higher than the 
full-load speed. 

B. — Adjustable-speed Motors. — 1. Shunt-wound motors in which the 
speed can be varied gradually over a considerable range, but when once adjusted 
remains practically unaffected by the load, such as motors designed for a con- 
siderable range of speed by field variation. 2. Compound-wound motors in 
which the speed can be varied gradually over a considerable range, as in 1 and, 
when once adjusted, varies with the load, similar to compound-wound constant- 
speed motors or varying-speed motors, depending upon the percentage of com- 


pounding. 

C. — Varying-speed Motors, or motors in which the speed varies with the 
load, decreasing when the load increases, such as series motors and heavily 
compounded motors. Examples of heavily compounded motors are those 
designed for bending roll service and mill service, in which a shunt winding is 
provided only to limit the light-load operating speed. 


D. — Multi-speed Motors (two-speed, three-speed, etc.), which can be 
operated at any one of several distinct speeds, these speeds being practically 
independent of the load, such as direct-current motors with two urmature 
windings and induction motors with primary windings capable of being grouped 


so as to form different numbers of poles. 
DATA REQUIRED TO DETERMINE TYPE AND SIZE OF 


MOTOR, — In selecting a motor for a certain application complete informa- 
tion must be had with regard to the machines to be driven. This is the first 
step and jn some respects one of the most important parts of the problem, as 
without complete information on the subject it becomes very difficult, and in 
certain instances utterly impossible, to intelligently select or design a motor 
and control equipment which will satisfactorily fulfill the conditions to be met 
in actual operation. In order to facilitate the work of obtaining such informa- 


tion, an outline of the points to be investigated is given below. 
1. Description of Machine to be Driven. — 

a. Individual or group drive. 

b. Photographs, drawings and sketches of machines and connections as 
complete as advisable, especially such drawings as indicate the size of 
heavy flywheels or rotating masses whose speed must be varied, and also 
drawings indicating gearings, transmission devices, etc. 

€. Limiting features of product. What are the points in quality and 
characteristics of product which fix the condition of operation? e.g. 
limiting speed of tool or mechanism, etc. Example: A 26-inch lathe 
used for finishing requires approximately 3 horse-power to drive. The 
same lathe for roughing shafting, when equipped with high-speed tool 
steel and two tools, needs approximately 30 horse-power. 

d. Can electric drive approach nearer the conditions wanted? 

€. If group drive can be considered for several machines, some of which 
are only to be operated intermittently, give notes with regard to the 
latter machines. 

J. What arrangements can be made so that intermittently-operated 

' ‘machines need not operate simultaneously, thus giving a smoother load 
curve and allowing the use of one small motor to drive several inter- 


mittent machines? 
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2. Cycle of Operation. — 


a. Starting condition. Torque at start of day, and start of each cyde 
Is frequent starting and stopping necessary? Example: The adjust- 
ment of large boring mills affects the controller, etc. Starting torque 
may be measured approximately if necessary by adjusting a rough beam 
to shafting. Find distance from axis at which the weight just starts 
machine. Knowing the weight in pounds the torque may be calculated. 

b. Curves of loads, speeds, torque, maximum and average conditions 
through one complete cycle. Where necessary note power required with 
machines both loaded and unloaded. From this may be determined 
losses in shafting and transmission. 

c. Time in operation, days per year, per month, per week, hours per day. 

d. Reversing conditions, their frequency, their time, full or partial. Some 
apparatus, e.g., lathes, printing presses (flat-bed type), etc., only requite 
slight backward movement to release tool or to adjust cylinders. 

e. Starting. Flywheel or line shafting, friction clutches, etc. 

f. Are speeds, torques, accelerations, etc., fixed by conditions of work ot 
of driving machine? 


g. Can any parts of cycle be varied with benefit? This should be investi- 
gated carefully. 
3. Present Method of Drive. — 
a. Prime mover or source of power. 


b. Method of speed variation and speed change or control. Must machine 
be shut down to change speed? 


c. Adaptability to gearing, etc. 
d. Speed of machine, size of pulley, size of belt, size of gear or chain. 
4. Mechanical Transmission. — 
a. Rope, belt, chain, gear, direct connection. Direction of pull on belt ot 
gear. Is belt or chain pull on the top or bottom? Is belt tightnet 


; advisable? 
| b. Clutches. Crab clutch, friction or couplings. Rigid, flexible or 
insulated. 
c. Method of speed variation. 
d. Brakes, electric. Solenoid or magnetic. Regenerative control, dead 


load or pumping back. 


e. Brakes, mechanical. Band-post brake, disc brake, automatic safety 
| brake, steam, hydraulic, air- or hand-operated. 
s. Conditions of Location. — 
E a. Near external source of heat, furnace, etc. 
b. Character of dust, conductive, magnetic or wearing, marble or stone, etc. 
. €. Possibility of fire or explosion to be caused by sparks from motor. Com- 
| ; bustible flyings, e.g., cotton mills. 
d. Explosive gases. Coal gas, benzine fumes, etc. 
e. Presence of injurious gases. Acid fumes or salt air, e.g., SOs, Cl, etc. 
| f. Dampness and moisture. 
g. Insurance regulations. Obtain and forward copy of State Insurance 
Rules, or other state or local regulations, e.g., mining laws, municipal 
laws. Consider also personal danger or liability due to use of high- 
voltage apparatus. 
h. Accessibility for inspection and repairs, oiling, etc. 
4. Ventilation. 
j. Allowable space for installation, also space for transportation. Down 
mine shaft, through doorways, etc. 
k. Foundations and how attached to same. 
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- l. Sudden temperature variations. This may cause condensation of 

Zi moisture on windings and insulation. 

Mog m. If controlled from distance where will controller or switch be placed? 
Nm Give approximate length of leads necessary. Must they pass through 

N or under water, in building, on potes, underground? 

“6 Control. — 

pan a. Intelligence (probable) of operators. 

or b. Is entire range of operation visible to operator or are special automatic 

xo features desirable? 

bud €. Regenerative Control — See item No. 4-d; also Cycle of Operation, 


item No. 2. 
7. Overload and Safety Devices. — 
a. Can electric automatic devices be made to supersede mechanical over- 
load safety devices, such as slipping clutches, braking shafts or crabs? 
b. Should these devices be time limit or instantaneous? If former, how 
pii long? 
€. Are safety devices necessary, other than those to protect overload — 
eg., overrun of hoist, stoppage or cessation of load. Must emergency 
stop be employed, and where placed? 
d, Are no-voltage releases required or advisable? 


8. Probable Cost of Present Method of Operation. — 
Ys a. Steam Operation. 
1. Coal. Tons per day or month; quality, cost, distance shipped. 
2. Feed and other water. City mains or pumped; source, quality. 
3. Is steam required for other purposes beside power? e.g., digesters, 
heating, etc. 
4. Can steam be generated from waste gases or other waste products? 
c 5. Distance of transmission, outdoors and indoors. 
b. Air. Distance of transmission, air pressure, how obtained? 
€. Water Power. Has electric installation to compete with water power? 


If so, report separately on this aspect. 


9. Strength of Present Equipment. — 
a. Strength of line shafting, foundation, transmission or gearing, machine 


parts. 

b. Give estimate of limiting horse-power of items in (a), using sketch and 
dimensions where necessary. The above items should be considered with 
Iegard to any change in speed or torque made necessary or desirable, 


due to the electric drive. 


Io. Generating Station or Source of Electric Power. — Capacity of 
station or feeder, frequency, voltage, location, voltage or frequency variations. 
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MOTORS, POLYPHASE INDUCTION. — (See also Electricity and 
Magnetism, Principles of; Generators; Motors, A-C. Commutator, Direct-current, 
Single-phase Induction and Synchronous; Motors, Industrial Applications of; 
Standardisation Rules; Transformers.) An induction motor may be either 
single, two, or three phase. Single-phase induction motors are treated in another 
article (g.¥.). The induction motor is essentially a polyphase transformer with 
the secondary free to move; the electric energy transferred to the secondary 
is transformed by this motion directly into mechanical energy. 
The following is a brief table of the contents of this article: 


Definitions and Principles of Operation................0. cece eevee eee p. 983 
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DEFINITIONS AND PRINCIPLE OF OPERATION. — Certain term 
used in connection with the induction motor can best be defined by a brief 
statement of the principles underlying its operation. 

Primary and Secondary. — By the primary of an induction motor is meant 
that part which receives energy by direct connection to the source of electric 
energy; the other member is called the secondary. 

Stator and Rotor. — That member of an induction motor which remains 
stationary, whether it be the primary or secondary, is called the "stator," and 
the revolving metnber is called the 
“rotor.” In most machines the 
primary is thestator. A "squirrel 
cage” rotor is one in which the 
conductorsare straight bars of cop- 
per all connected together at each 
end of the rotor by copper rings. 

Poles of an Induction Motor. 
— In Fig. 1 is given a diagram of 
the primary winding of a two- 
phase Induction motor. The small 
numbered circles represent the 
conductors forming the winding 
of oné phase, the Small black 
dtclés the conductors forming the 
winding of the second phase. The 


the order in which the current in 
phase r passes through the con- 
ductors, a cross ftidícatíag that the current goes down into the page and the 
open circles that the current is coming up. 
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The diagram is drawn to represent that instant at which the current in the 
second phase is zero. At this instant the distribution of flux in the air gap will 
be roughly as indicated by the lines with arrows on them; that is, the flux will 
leave the stator iron in the two regions marked N and enter it in the two regions 
marked S. Consequently, the current in the winding of phase 1, which consists 
of 4 bands or groups of conductors, will produce 4 polar regions, or 4 poles, on 
the stator. As will be shown below, the combined effect of the two phase currents 
in the two windings is merely to cause a rotation of these polar regions. The 
* number of poles” is always equal to the number of bands of conductors into 
which the total winding of each phase is divided. The bands of conductors 
forming one phase usually overlap the bands of conductors forming the other 
phase, there being then two or more conductors per slot. 


Rotation of Magnetic Flux. — In Fig. 1 is shown the distribution of flux 
in the gap when the current in phase 2 is zero; the curve marked A in Fig. 2 
represents this same state of affairs, the cylindrical surface of the stator here 
being bent out into a plane, and the ordinates of the curve giving the value of 


Fiux Density 


Fig. 2. Rotating Field 


the flux density in the gap at each point of this surface. The flux distribution 
is not a smooth curve as shown, but approximates such a curve. 

Next consider the case when the current in phase x has decreased to, say, 0.7 
of its maximum value and the current in phase 2 has increased to 0.7 of its 
maximum value (this corresponds to 1% of a cycle). Then the flux distribution 
due to phase 1 remains in the same position as before but is reduced at each 
point of the gap to o.7 of its maximum value, i.e., reduces to the curve marked 
gi. Similarly, the flux due to the current in phase 2 is similar in shape to the 
flux due to the current in phases 1, but its position is to the right of the latter 
by an amount equal to the width of one of the bands of conductors. The distri- 
bution of the flux due to the current in phase 2 is then as shown by the curve 
d», the ordinates of which at the instant under consideration are 0.7 of their 
maximum values. 

The resultant flux in the air gap at this instant is then the sum of the curves 
di, and d», namely the curve B. That is, the effect of the two fluxes due to the 
two phases is a resultant flux shifted forward, or moved around the gap, a dis- 
tance equal to ¥% the distance between successive north poles, but this resultant 
flux curve has the same shape and maximum value as before. This is strictly 
true only if the windings are distributed with absolute uniformity over the 
internal periphery of the stator. An extension of this analysis will show that 


the resultant flux remains constant in value at all times but travels around the 
air gap with a speed of 


N = 220 es 
= ux rev. per min., 


where f is the frequency of the supply and p the number of 


poles. 
This same result holds for a three-phase machine. 
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Synchronous Speed. — The speed of rotation of the air-gap flux, namely 
the speed V given by the above formula, is called “synchronous” speed. At 
light loads the speed of the rotor is very nearly equal to this speed. 

Slip. — The slip of an induction motor is the ratio of the difference between 
the actual speed (V1) of the rotor and synchronous speed (.V) to the synchronous 
speed (N), i.e, 

N—M 

DT N 

The slip may be expressed as a fraction or as a per cent. The slip at stand- 
still is unity; at no load it is very nearly zero. An induction motor driven at a 
speed higher than its synchronous speed has a negative slip; such is the case 
in an induction generator. 

Electromotive Forces in Secondary. — The electromotive forces in the 
secondary of a polyphase induction motor are induced by the rotation of the 
flux produced by the currents in the primary windings, just as the electromotive 
forces induced in the armature conductors of a generator are induced by the 
rotation of these conductors in the magnetic field set up by the ficld winding. 
In the generator only the conductors move, the feld being stationary, but in 
the induction motor both the field and conductors move. In either case it is the 


 ftlaiive motion of the field and conductors which determines the e.m.f. induced, 


Let v be the linear speed at which the field moves, and let vı be the linear speed 
of the rotor conductors, and B the flux density at any particular conductor C 
at any instant. Then the e.m.f. induced in this conductor at this instant is 
B (v~ n)l = Blsv, where s is the slip and 7 is the length of the conductor (see 
also Electricity and Magnetism, Principles of). The rotor electromotive force 
is therefore proportional to the slip. As the rotor turns, the conductor C moves 
slower than the rotating flux, and the state of affairs is just the same as if the 
flux remained at rest and the conductor moved through the field in the gap at 
a speed of v— n= sv. Hence the electromotive force induced in each rotor 
conductor is alternating, since the flux which it cuts varies from a positive maxi- 
mum to a negative maximum, and a consideration of the relative speed of the 
conductor and the flux will show that the frequency of this induced electromotive 
force is the frequency in the primary multiplied by the slip. 

That is, the secondary electromotive force is proportional to the slip and has a 
frequency equal to the product of the slip by the frequency in the primary. 

Secondary ‘Current and Torque. — The current set up in each rotor con- 
ductor by this electromotive force will be practically in phase with this electro- 
motive force, since the rotor conductors have but a small reactance, particularly 
when the rotor is revolving at a speed near synchronism. Hence the current in 
any chosen rotor conductor at any instant is proportional to the electromotive 
force in this conductor at that instant, which in turn is proportional to the 
flux density at this conductor at this instant. Since the force produced by a 
magnetic field on a conductor is equal to the product of the flux density by the 
current by the length of the conductor (see Electricity and Magnetism, Principles 
of), the force acting at any instant on any rotor conductor will then be equal 


to 
22 
f= Bii = Bi (Z=) i 
- f y 


, 


` where ¢ is the resistance of the conductor. Since the current and the flux density 


both change signs at the same time (being in phase) the direction of this force 
will always be in the same direction and will consequently drive the rotor 


against whatever opposing force may exist. 
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Not only is the force on each conductor always in the same direction, but the 
total force acting on all the conductors is practically constant for a given value 
of the slip. Consider any two rotor conductors which are a distance apart equal 
to 14th the distance measured along the periphery of the rotor between successive 
north poles, for example, at a and b in Fig. 2. Then, assuming a sine-wave 
distribution of flux in the air gap, and calling Bm the maximum flux density, 
the flux density at a is Bg = Bm sin x and the flux density at b is Bp = Bm cos x, 
where x is a function of the distance measured from some fixed point in the air 
gap. Then the total force on the two conductors at a and b is 


2 2 2 2 
PsvBm (sin? x -+ cos? x) = PsoBm 


1 H 


‘and is therefore constant, since Bm is a constant. Similarly for any other two 
conductors this same distance apart. Hence the total force on all the conductors 
is constant. On any practical machine the flux distribution is not an exact 
sine wave, and there is a slight pulsation in the total force, and therefore in the 


` torque, but this pulsation is extremely small. 


Magnetizing Current, — The currents set up in the secondary of an induc- 
tion motor produce a rotating flux, which travels with the same speed with 
| respect to the primary and in the same direction as the flux set up by the current 
in the primary, but the direction of this secondary flux at any point in the sir 
gap is opposite to the direction of the primary flux. Hence the resultant flux 
when there is current in the secondary is equal to the difference of these two 
fluxes, and this difference remains practically constant irrespective of the 
secondary currents, just as the resultant flux in a transformer is practically 
independent of the secondary current. The primary current which would be 
necessary to produce this resultant flux is called the “magnetizing” current, and 
is very nearly equal to the current in the primary when the motor is running 
without load, in which case the current in the secondary is extremely small. 


METHODS OF RATING. — The Standardization Rules of the ATEE. 
up to 1914 recommended that the rating of an induction motor should be the 
load in horse-power which it will deliver continuously at the shaft with 8 
maximum rise in temperature of any part not exceeding 50° C. by thermom- 
eter. In commercial practice tbree variations of this have been developed 
to suit different conditions, as noted below. See, however, the new ratings 


recommended in the proposed rules of 1914, given in the article on Slandardiz- 
tion Rules of the AI.E.E. 


A-Rating. — For cases where there are no excessive overloads and where 
the load is fairly steady, it is customary to guarantee that the motor will operate 
continuously at its rated load with a maximum rise in temperature of 40° C., 
and that subsequently it will deliver a load 25 per cent greater than the rated 
for two hours with a maximum rise in temperature not exceeding 55° C. 


B-Rating. — For cases where there are frequent overloads and for inter- 
mittent service, that is, a low load factor, it is customary to guarantee that à 
motor will deliver its rated load continuously with a rise in temperature not to 
exceed 35? C., and that it will deliver an overload of 5o per cent for two hours 
with a maximum rise in temperature not exceeding 55° C. 


One-hour Rating. — Certain motors for special intermittent work, as for 
hoists, elevators, etc., are rated in accordance with the output they will pve 
for one hour. 
| Starting and Break-down Torque. — In addition to the ability to cay 
\its rated load without excessive heating and with reasonable constants, such à 


A 
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efficiency, power factor and slip, it is advisable to make sure that the motor 
is able to start such loads as mist be brought up to speed with the motor, as 

good starting ability in an induction motor involves certain complications and 
expenses. This subject is treated at length in the section below on Methods of 
Starting. Another important point is that the motor should be able to carry 
momentary overloads without "breaking down" as it is called, which means 
gradually decreasing in speed to a standstill when the load is excessive. To be 
sure of this qualification we must know the maximum output of the motor, 


which should be at least 50 per cent greater than the rated output. 


VOLTAGE. — Motors may be wound for any voltage up to 13,000 but the 
great majority and all the small motors are wound for voltages of rro, 220 or 


440 volts between lines. 


FREQUENCY AND SPEED. — Induction motors may be built for any 
frequency. The higher frequencies are satisfactory in those cases where the 
load never exceeds normal conditions. Lower frequencies, such as 25, are more 
favorable where frequent overloads are met with or large starting torques are 
required. 

The speed of the rotor of an induction motor at normal loads approaches 
within 5 to 10 per cent of the synchronous speed. The synchronous speed is 
fixed by the frequency of the system and the number of poles of the winding 
(see above) so that for a given frequency of the supply circuit there are only 
certain speeds available. Thus for 25 cycles we have 
500 for 6 poles; 


1500 for 2 poles; 
375 for 8 poles, etc. 


750 for 4 poles; 


PHASE CONNECTIONS. — Two-phase or quarter-phase motors are 
usually wound with independent phase windings. Three-phase motors are con- 
nected in Y or A, depending upon the convenience of the designing engineer. 

In a single-phase and two-phase motor the voltage and current per phase are 
the same as the voltage between lines and current in line; in a Y-connected 
three-phase motor the current per phase is equal to the line current, and the 
voltage per phase is equal to the line voltage divided by V/3; in a A-connected 
three-phase motor the current per phase is equal to the line current divided by 


V3, and the voltage per phase is equal to the line voltage. 
CURRENTS TAKEN BY MOTORS. — Let 


Po= horse-power output; 
I = current in each line; 
€ = efficiency as a decimal fraction; 
cos@ = power factor as a decimal fraction; 
E = voltage between lines (between one outside wire and the middle wire 
for three-wire two-phase line). 


Then for 
f 373 Po, 
Two phase: I = T 7 


td = 431 Po ° 
Three phase: J Eog 


Usual efficiencies and power factors at full rated load for polyphase motors 
are as follows: 
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. .. POWER FACTORS AND EFFICIENCIES 


25 cycles 


60 cycles 
Horse-power 
Efficiency Power factor Efficiency Power factor 
I 0.79 0.78 
5 0.85 0.88 
20 0.88 0.91 
50 0.90 0.92 
100 0.905 0.925 
200 0.91 0.925 


DESIGN. — The methods of calculating two-phase and three-phase motors 
are practically the same. Most induction motors on single-phase circuits are 
made with polyphase windings, as the extra winding is necessary in starting. 

The factors which must be considered in the design of an induction motor 
are the same as those considered for a synchronous generator with the addi- 
tion of the power factor. It is desirable to have a high power factor but a 
high power factor requires a generous use of material, a small air gap, anda 
careful arrangement of windings. A high power factor at light load requires 
a small magnetizing current, and a high power factor at overloads requires à 
low value of leakage flux. 


A small value of magnetizing current is obtained by using a small air gap and 
a large value of diameter per pole. 

A low value of leakage flux is obtained by using a large value of diameter pet 
pole and by subdividing the windings in a large number of slots 

Preliminary Choice of Main Dimensions. — In the discussion below the 
following symbols are employed: 

E = volts per phase; 

I = full-load current per phase; 

D = diameter of armature, in inches; 

L = length of armature, in inches; 

p = number of poles; 

f = frequency in cycles per second; 

g = length of gap, in inches; 

B = average flux density in gap, in lines per square inch; 

$ = flux per pole, in maxwells; 

S = turns in series per phase; 
. N = revolutions per minute; 


œ = quotient of no-load current divided by full.load current (ranges from 
0.45 for a 1-horse-power motor to 0.25 for a 200-horse-power motor); 

g = ampere-conductors per inch of periphery. The values given in the 
article on Generators, Alternating-Current, also apply to the induction 
motor. 

T = ratio of width of tooth at face to slot pitch (T varies from 0.6 to 0.7 for 


open slots and from o.9 to x.o for overhung slots); 
q = ampere-conductors per slot. 


Diameter and Length of Armature. — The first problem in the design of an 
induction motor is the estimation of the proper diameter of armature. There are 
three methods of determining the proper value of this.very important dimension: 
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(a.) Reference to machines already built, which shows that the diameter va- 
ries directly with the number of poles and inversely as the frequency. Thus 
for customary values of diameter in inches divided by the number of poles: 


for 25 cycles, D/p = 5 to 6 inches; 
60 cycles, D/p = 2.5 to 3 inches. 

(b.) The peripheral speed, being a direct function of the diameter and speed, 
determines the diameter. As the value of the peripheral speed may vary from 
3000 to 10,000 feet per minute, depending on the mechanical construction, this 
function is not very definite. For lack of more definite figures, sooo fect per 
minute may be considered a good average figure for peripheral speed. 

(c.) On account of the effect of the magnetizing current on the power factor 
it is desirable to limit the value of this current to a certain percentage of full- 
load current (for values see p. 953). To accomplish this there is a certain mini- 
mum limit to D and L which is expressed approximately in the equation 


28.7 x 101? fe 


ot? x (Kv-a. rating). 
g 


D3L 

k = ratio of the actual excitation current to the excitation current for the air 
gap; k »!r.2 for 6o cycles and k= 1.4 for 40 cycles. 

This gives a relation between D and L. Assuming that for best economy L 


is equal to the pole pitch | Z = n a value for D is obtained. This formula 


also indicates the effect on the general design which would result from radical 


changes in any of the quantities. 
The formula given for the preliminary calculation of dimensions of an 


alternating-current generator (see article on Generators, Alternating-Current) 
may also be used if proper values for J and L be selected. 

Air Gap (g) varies in length according to the diameter, usual values being 
given in the accompanying table. 


Diameter, inches Air gap, inch 
o to 12 0.02 to 0.03 
12 to 26 0.03 to 0.04 
26 to 50 0.04 to 0.06 
50 to 100 0.06 to 0.10 
100 up Diameter/10ooo 


Average Flux Density in Gap (B). — The usual value of the average flux 
density in the air gap for 25 cycle machines is 30,000 lines per sq. in. and for 
60 cycle machines is 25,000 lines per sq. in. 

Conductors per Slot (c). — The "effective" number of conductors per slot 
is the number of conductors in series per slot, i.e., if each phase is made up of 
two windings in parallel, the two conductors of the two parallel windings are 
counted as one conductor. Hence the effective conductors per slot are 

2 $ x (Number of phases) 


du (Total number of slots) ` 


The permissible number of ampere conductors per slot (q) depends upon the per- 
missible current density per square inch of copper, usual values of which are 
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Size of motor Amperes per 
8q. in. 


Usual values of q are 


Size of motor Value of q 
h.p. 


~ 


Uptos Up to 250 
5 to So 250 to 350 
5o to 100 350 to 450 
100 to 200 450 to 600 
Greater Up to 800 


Number and Dimensions of Slots. — The number of slots is 
rDo 


— Á— 


q 


The conductors should be arranged to give slots having a depth about four | 
times the width, and the width of slot should be about 34 to 3 of the pitch of 
slots at the gap. Machines of small diameter will have slots smaller with 
respect to the pitch and machines of large diameter will have slots occupying 
more than 24 of the pitch. : 

'The slots of one member at least (usually the rotor) should be overbung, 
ie. partly closed at the opening. It is better if both members have partly 
closed slots, as this reduces the magnetizing current and improves the power 
factor, but it entails a more expensive method of winding. 

The dimensions of the slots are determined by the size of conductors and 
amount of insulation. The allowance to be made is about as follows: 


mows f 


/ 


Allowance for insu- 
Coil sides 


Straight 
Overhung 
Overhung 


> nm S UR 
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Tbe depth of the slot is found by adding to the total depth of cotton-insu- 
lated copper the vertical dimension given in the table. 
Turns in Series per Phase (5) may be calculated from the formula 
rDo 
21x (number of phases) 


S= 


or from the formula 
10 E 


HAE’ 
where is the flux per pole and is given by the formula A 
2 97eBDL 
(number oí poles) 
and k is a constant depending on the wave form and winding distribution 
(see next paragraph). The value of S as obtained from these two formulas 


must check in the final design. 
Flux per pole ($). — The flux per pole is given by the formula 
100 E 
P= sk! 


where &, called the distribution constant, has the values given in the following 
table, provided the flux distribution in the air gap is sinusoidal. 


DISTRIBUTION CONSTANT k 


Two phase Three phase 


Slots Per cent winding pitch Slota Per cent winding pitch 


per per 
pole pole 
100 75 67 | so 100 75 67 50 
k k k k k k k k 
2 I.00 OE i353]. 9221 3 1.00 bs 0.87 | .... 
4 0.93 0.85 | .... | 0.66 6 0.97 -— 0.84 | 0.69 
6 0.91 .... | 0.79 | 0.64 9 0.96 .... | 0.83 | 0.68 
8 0.905 | 0.84 | .... | 0.64 12 0.96 0.89 | 0.83 | 0.68 
12 0.90 0.836 | 0.78 | 0.63 18 0.958.| 0.885 | 0.83 | 0.68 


0.90 0.833 | 0.78 | 0.63 Many 0.958 | 0.885 | 0.83 | 0.68 
| 


Choice of Phase Connection. — The decision whether a motor shall be 
À or Y connected depends on such minor details of design as the convenience 
of arranging the conductors in the slots. For instaace, if for rro volts and 
A connection a desirable flux value and number of conductors would require 
7 conductors per slot, a Y connection having 64 volts per phase and 4 con- 
ductors per slot could be substituted and would give a practical winding. 
64 volts per phase, Y connected, gives 110 volts between lines. 

Magnetic Circuit. — A tentative layout of the magnetic circuit is next 


made in the same manner as described in the article on Generators, Alternating- 


ap TE a Se ater n 


Te 


eer 
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Current. The values there given for usual values of the flux density also apply 
to the maximum instantaneous flux density in the magnetic circuit of an 
induction motor. The magnetic circuit must have such dimensions that the 
exciting current will not be too large, and the slots must be of sufficient size to 


. accommodate conductors of necessary size (see above). 


Maximum Efficiency and Power Factor. — Since induction motors fre 
quently operate on an intermittent or variable load, it is desirable that the 
efficiency and power factor be high at fractional loads. It is therefore quite 
usual to design the motors so that the maximum efficiency comes at 34 load and 
maximum power factor at less than full load. This is accomplished with regard 
to efficiency by making the core-loss and friction small (the core-loss is made 


small by using low flux densities) and with regard to power factor by making =i, 


the magnetizing current small by using a small air gap. 


PREDETERMINATION OF PERFORMANCE OF AN INDUCTION 


MOTOR FROM ITS DIMENSIONS. — From the above calculations a | 


preliminary drawing of the motor to scale may be laid out. The next step is : à | 
to calculate its performance, i.e., predetermine what will be the efficiency, the |. ^* 


power factor, and the temperature rise in the various parts. Examples of 
specific design and tested performance are given below. 


Calculation of Exciting Current. — The first step is the calculation of 
the exciting current. This current is practically constant at all loads, and is 


equal to the no load current, i.e, the current taken by the motor when it is |»,,; 


running light. The exciting current has two components, the magnetizing cur- 


rent, which leads the induced voltage by 9o? and a component in phase with 
the induced voltage, which supplies the core-loss and friction. "The magnetizing |... 
current is much the larger component, and for preliminary calculations may be 


taken equal to the exciting current. 


Magnetizing Current. — The magnetizing current is calculated by 
determining the flux density in each part of the magnetic circuit and the 


ampere turns required for each part. This is most easily done by means of the 
following tabulation: 


MAGNETIC DENSITIES AND M.M.F.S 


(For dimensions refer to Fig. 3.) 


Stator core h, x l YI x Bavg 


“| 
slots 
Stator teeth.... $ nxix 


poles 


I 34X Barg 


See below I.57X Barg 
slots 


rex l x poles I. 57X Barg 


xt 1X Barg 
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ot Stator Core or Yoke. — The flux divides in the core, one-half going each way. 
..:- The maximum and average * densities are practically the same and equal to 
-552 (6/2 divided by the radial depth / times the etfective length /). The material 
LX is laminated steel of high permeability. ‘The ampere turns per inch length of 
path are obtained from a magnetization curve of the steel, see Magnetic Prop- 
oe (Ulies of Iron. The length of path is indeterminate but closely approximates 
~~" one-half of the pole pitch measured on the circle of diameter Dj. By multiply- 
^7. ing the ampere turns per inch obtained from tlie magnetization curve by the 
7^7 length of path, the ampere turns required to send the Hux through this path are 
75^. obtained. 
"Stator teeth. — The average 
=> density in the teeth is first ob- D, 
~~" tained. The effective area of 
one tooth is the area one-third 
gm» the distance from the face to 
the root of the tooth as shown 
at n. This gives the average 
cy magnetizing force rather than 
. iz the average density. The total 
"  ¢ross section of the path in the 
, teeth is therefore mn x 4 x (the Fig. 3. Dimensions of Magnetic Circuit 
“= number of teeth per pole). Due 
| y to the peaked or sinusoidal space distribution of the flux the maximum density in 
^" the teeth is 1.57 times the average density. The ampere turns required depend 
^" upon the maximum density. From the proper curve determine the ampere 
2^ turns per inch necessary to establish this density, and by multiplying this quantity 
<> by the distance m in inches, the ampere turns for the stator teeth are found. 
Air Gap. — The flux is not uniformly distributed in the air gap, especially 
if the openings of the slots are fairly-large. The flux passes through each tooth 
2» and spreads out from the iron when it leaves the teeth to cross the gap. The 
.. peripheries of the stator and rotor present unequal and dissimilar surfaces pass- 
„y Angeach other. The lesser of the two is the one that must be considered. The 


effective area of the air gap is 
(t+ g) 1 X (total number of slots) 


0.9 p 


i 1.57 X 
and the maximum density = DEC 
gap area 


"d 


' (the t+ g allows for the spreading of the flux in one direction and 7/o.9 allows 


t for the spreading in the other direction). 
# The ampere turns per inchareo.313 Bmax. The length of gap being known, 


^ the total ampere turns for the gap are found. 
Rotor Teeth. — The calculation of the ampere turns for the rotor teeth follows 


c, the same method as the calculation for the stator teeth. 
cy Rotor Core. — The same as for the stator core. 
The effective value of the magnetizing current is then 


. fs (Total ampere turns) x f riren 
i 2V2S 


i and Im = (Total ampere turns) x $ D ene x? for two phases 
i 


> © By average is here meant the average over the cross section of the maximum in- 
. Santaneous value of the flux density, which, of course, alternates between fixed positive 


5 and negative values. 
Pa 
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p 
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Resistance per Phase of Primary Winding. — The resistance to direct E 
current, or ohmic resistance, is given by the formula 


ED 
aho 
r = 2293 S x (mean length of turn) ‘inet 
12,000 an “Tal len 
where l T 
S = turns in series per phase, Cm 
a = cross section of one conductor in sq. in., NE. 


n= no, of conductors or circuits in parallel, ix 
and 0.0093 is the resistance at 60° C. of a conductor 1000 feet long and 1 squate ;: 
inch cross section. The mean length of turn is approximately (see Fig. 3) 


je 


3 Tt 


HJ 
M 


2L-4- 19 2 X (pitch as a fraction). 


Due to the eddy currents set up in the primary conductors by the totàl fux 
and to eddy currents set up in the-core by the leakage flux, the "effective" 


resistance of the primary winding is about 15 per cent greater than the value 
calculated by the above formula. 


Resistance per Phase of Secondary Winding. zu a wound rotor the cu 
resistance per phase is found in the same manner as the resistance per phase of 


. the stator winding. The secondary resistance reduced to primary is then equi m 


number prim. turns per phase V ae : 
to E e oes X (actual effective sec. resistance). 
number sec. turns per phase 


The squirrel-cage rotor, in which each slot contains one bar and all bars are 
short-circuited at each end by a ring presents a more complicated problem. It 
may be solved as follows: 
| "Dc 

Amp.-cond. per sec. slot = —————— ————T— « 

P acad (number of sec. slots) . 
€ = amp.-cond. per inch for full-load current. 


Current density in sec. bars = (amp.-cond. per slot) Hom 


l E (area of one bar) s : 
Watts lost in bars = oss X 107$ (vol. of bars) (amp. per sq. in). ^ i y 
Area of bars per pole = (area of one bar) (number of bars per pole). per es 
Current deas Pin as (current density in bars) (area of bars per pole) 
: : . 4 (area of ring) 
Watts lost in rings = 0.775 x 1979 (vol. of both rings) (density in rings) 
; ! ; total loss 
Resistance of sec. in terms of primary = ————————————Á;' 
P 3 (full load prim. current)? 

Leakege Reactance.-— When the motor is loaded the currents in the sec- 
ondary set up a counter m.m.f. which causes part of the flux to pass along the , - 
air gap instead of into the secondary core. This flux does not interlink both | 
members ard is therefore a leakage or useless flux. It is proportional to th: | 
load currents and to the permeance of this path. As the greater portion i | 
the path is in the air and is of high reluctance, therefore that part of the putt | 


in the iron may be neglected. The flux in both the pri and secondary mux 
be calculated. AN, 


Referring to the diagram Fig. 4, the permeance of these two paths are 


ao, 25 (à h-o In xl 
Pia | — + — fin ral S 
: uw una m 6g 509 pm |b 
ML ME 2f1 Pa h =~ qı la 1.8 la 
ide wat wg "hu 6g Pe V . | 


mt zi = 3.2 Phan X 2 mf107* 


me 


a a a A | 
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where 
sete g= length of gap in inches, 
lj = length of end connection at one end in jeher 
V, = perimeter of, end connections of coils in inches. 
L * total length of iron in inches. 


In these formulas the subscript 1 refers to the primary and subscript 2 to the 


secondaty. The first three terms give the slot reactance, the 

fourth term gives the “zigzag” or "'tooth-tip" reactance, and STi fo 

the last term the reactance of the end connections. 
The primary reactance in ohms per phase is 


n 
ao 


The secondary reactance in ohms per phase ín terms of the 
primaty turns is 


eu 151 12 r€— 10 ——9 
; P a = 3.2 Pskciss X di sa) , Fig.4. Slot Di- 
P q^ Where PIE 


a and ¢ are the conductors in series per slot, 
.« Aand s are the slots in series per phase, 
"o. f= primary frequency, 
k = winding distribution constant (see above). 


Losses in Induction Motor. — The losses in an induction motor are . 
Cote-loss; 

p Friction, bearing and windage; 

rd Primary copper loss; 

Secondary copper loss. 


The first two of these are approximately constant for all loads and the last two 
Vary as the square of the current per phase. 
Core-loss, — The distribution of the magnetic flux in an induction 
motor is quite itregular both in the core and in the teeth. The losses are there- 
| fore greater and their calculation more involved than in machines having uni- 
.*' form density in each part. In the primary the frequency of the passage of the 
Secondary teeth introduces pulsations which increase the losses. In the sec- 
7, ondary the frequency, being proportional to the slip, is so low that the core-loss 
is negligible. 
4:7 ln order to avoid too lengthy and complex calculations use is made of em- 
“© pirical constants, by which the easily calculated losses are multiplied to derive 
< the practical loss. The total loss consists of hysteresis and eddy loss in the 
* , Primary core and primary teeth. The loss in watts per cubic inch for one cycle 
' per second at any magnetit density is found by the cutves given In the atticle 
- on Magnetic Properties of Iron. o ' 
. The losses are then calculated 45 follows: 


3 ’ Hysteresis Loss: j 
© h primary core = kaCi {Vc watts, 
In primary teeth = k4C2 fV watts. 
Eddy Loss: 
In primary core & b,Cs fiV e watts, 
| In primary teeth = eCa f/*V 4 watts, 


7j where V « volume in cu, in, C = respective loss per cu. ín. from curves, f= fre. 
s quency, 1j = empirical constant, x to 1.5, ke = empirical constant, 3 to 4. 
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The higher values of kj, and ke are to be used where open slots are used and 


where the frequency of the passage of the secondary teeth past one primaty 
tooth is high. The core-loss is the sum of all the above losses 


Friction and Windage Loss varies greatly with the style of motor and 
form of structure, bearings, etc. The loss is made up of bearing friction and 
wind friction. The latter may be large purposely, as the motor may be designed 
with fan blades in order to circulate the air for the purpose of keeping the motor 
cool by ventilation. While each manufacturer has a formula which will calcu 
late the friction loss correctly for machines built according to a particular plan, 


no general formula can be assumed. The nearest approach to an estimate is 
obtained from the percentage given in the table below. 


Primary and Secondary Copper Losses. — The calculation of the effec- 
tive resistances of the primary and secondary windings is given above. The 
primary or secondary copper loss is equal to the product of the number of 


phases, the effective primary or secondary resistance per phase, and the square 
of the current per phase. 


The total copper loss is the sum of the primary 
and secondary copper losses. 


Power Factor. — The power factor (cos œ) of an induction motor for a 
given current input (J) may be calculated roughly from the formula 


coso = cos (æ --B), . 


where c = sin (=) and 6 = sini (2) , 


and Im = magnetizing current per phase, 
H = total current per phase, 
= (x+ x2) = total reactance per phase, the secondary Fidi E 
being reduced to the primary turns, 
E = voltage per phase. 


For a more exact formula for power factor and for the usual values of tht 
power factor at rated load, see below. 


Efficiency. — The efficiency (as a fraction) for a given current input is 


F --C A m (n+ 12) I? 
€ 7 I — ————————————M—— 9 
mEI coso 


where F = friction loss, in watts; C = total core-loss, in watts; m= number of 
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phases; ri = effective primary resistance per phase; rs = effective secondary tt 


sistance per phase reduced to primary; E = voltage per phase; J = current mt 


phase; cos $ = power factor. 
The corresponding horse-power output is then 


em EI cos 
Po = ——————— horse-power. 
746 pe 


Usual values of the efficiency are given above in section on Currents tok! 
by Motors. Usual values of the component losses for 60-cycle motors are gt 
in the following table. 


In 25-cycle motors the exciting current is usually greater than in 6o-cvd 
motors and the 7 X drop less. 


Thus the power factor will be lower at light lo: 
and higher at overloads than in 60-cycle motors. | 


P 
Qu 
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The efficiency of 60-cycle motors naturally tends to be higher than of 25-cycle 
motors. This quality is usually sacrificed by economizing in material and 
making the 60-cycle motors lighter and cheaper, but of about the same efficiency 
as the 25-cycle motors. 


Slip and Speed. — The slip for any given current is approximately 


fol 


$ x —) 


Where the symbols are defined in the preceding paragraph. 
The synchronous speed is 


120 . 
N= POl NS per min., 
p e 


where f is the frequency of the supply and p the number of poles. The actual 


speed of the motor is then 
Ni = (1—5)N. 


Values of Other Characteristics. — The energy component of the exciting 
current is 
(Total core-loss) + (Total friction loss) 


mE 


where m is the number of phases and Æ the volts per phase. 
The total exciting current per phase is then 


Io my Iet Im?, 


where Im is the magnetizing current per phase. 
The impedance per phase at standstill (“ short-circuit” impedance) is 


£ » V (n Tr r2)? + (x1 + 22)? , 


Where r and rz are the effective values of the primary and secondary resistances 

per phase, the latter being reduced to primary turns and xı and x: the primary 

and secondary reactances per phase, the latter being reduced to primary turns. 
The current per phase at standstill (“‘short-circuit” current) is 


E 


haz 


Ie 


The starting torque in pounds at r-foot radius is 
7.06 mr,E3 


n-NA ' 
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where m, f», E, and Z are as defined above, and N is the synchronous speed in 
revolutions per níinute. 


| watea 
The slip at maximum output is “Si, 
fa P 
zu à im 
$ = sd 
" n-rZ 


The maximum output in watts is 


2 
Pn 0.5 mE 


E 1.3 tr) + Z wae 


This should be from 1.5 to 3 times the rating of the motor. A 25-cycle motor 


usually has a greater maximum output or overload capacity than a 6o-cycle 
motor. 


Heating. — Since in‘most motors the primary member is subject to both a 
core-loss and a copper loss and is stationary, the heating of this member is very 
important. As the secondary contains only a copper loss and is usually re- 
volving, its rise in temperature is usually much less than that of the primaty. 

The problem therefore consists of analyzing the flow of heat and drop in 
thermal potential in the primary as the energy lost in the windings flows to the 
iron of the core through the insulation in the slots and to the air around the 
projecting end connections. The core itself is maintained at a temperature 
above the air by the core-loss. It is therefore necessary to calculate first the 
rise in temperature of the iron of the core caused by the core-loss and that 
portion of the copper loss which is conducted to the core through the slot insula- 
tion. It is then necessary to calculate the rise in temperature of the copper 
above the iron and above the air around the end connections. 

Since at times in every motor, when the core-loss is great compared with the 
copper loss, the iron may be hotter than the copper, it is necessary to distinguish 
between that portion of the power (P1) which passes between copper and iron 

(or vice versa), and that portion (P») which passes from copper direct to the 
air. The analysis must take account of the fact that sometimes the heat due 
to core-loss passes to the copper and is dissipated by the end connections. Es 

The method given here is based on the more exact and elaborate treatment “=: 
given by Arnold in Vol. V of his treatise Wechselstromtechnik, but is simplified 
by assuming that the copper conductors have such a high heat conductivity 
that they have the same temperature throughout their length. The result is 
a value for the average temperature of the copper such as would be found by 
a resistance measurement. For a method of determining the maximum tem- 
perature in any spot the reader is referred to Arnold’s treatise. 

Temperature Rise of Iron of Core (Tj).— The heat which is dis | 
sipated by the core surface consists normally of the core-loss and that part d j> 
the primary copper loss occurring in the portion of the winding embedded in the 


slots, It is 
H = core-losa + snI?r, (5). 


where m = number of phases, 
I = primary current per phase, i 
rı = effective resistance of primary per phase, 
L = length of armature core between heads, 
t = mean length of a primary tum. 


x 


The surface consists of the outer cylindrical surface of the core, the two annular ; 
surfaces at the ends, and the surfaces in the air ducts, see Fig. 3. Since the 


| 
| 
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CJ — surface in the alr ducts is not as effective as the others, only half the air-duct 
surface is used. 


The area is Ace DIL" (Di — D?) (2 4- d), 


where Dı = outside diameter of stator in inches, 
D = inside diameter of stator in inches, 
d = number of air ducts. 


The rise in temperature of the iron of the core will then be T; = d , in de- 


$ 
grees Cent., where & ranges from 3o for narrow machines to 50 for long machines, 
ur Temperature Rise of Copper (T.). — A part of the heat due to the 
copper loss flows from the copper to the iron through the slot insulation, due 
E to the small difference in temperature between the copper and the iron, T; — Ty, 
z^ Where T, is the rise in temperaturé of the copper above the air. ‘The power in 
Watts so dissipated is 


Pı = A (To — T), 


» 


vd 
[2 -— 


AM 


D where 

2m = U aLSı 

p : dih 

a and U, = perimeter of slot insulation, 


$1 = total number of slots, 
E d, = thickness of slot insulation, 
> kı = a constant, 200 to 250 (say, 210). 


4s Sometimes T; is greater than Te and P; becomes negative, which means that 
some of the energy of the core-loss flows to the windings and is dissipated by 
ye the end windings. 

vat Another portion, Pa, of the copper loss flows through the insulation of the 
.* end connections to the air. Here there are paths, insulation and air, in series, 
across which there is a drop in temperature of T¢°C. The flow of energy to the 
- air is affected by the movement of the air, which, in turp, is a function of the 
.< peripheral speed V of the rotor. The value of Ps is 


mE P; = BY, 


" AP A 


where : 
. dzk3 + ks 


and Ue = perimeter of end connections, in inches, 
lc = length of end connections, in inches, 
Z1* total number of coils, 
d = thickness of insulation on same, in inches, 
k= a constant, 400 to $00 (say, 430), 
Ry = ee to flow of heat from insulation to air and is given by the 
ormula, 


CON 


`a 


pean as 
r+o.ors V?’ 
where V = peripheral speed of rotor in feet per second. 
The total copper loss is P = P, + Ps, whence 
P+ AT, 
A+B 


pe AR L6 


Te = 


MEA 
E } prp. mme c 7 
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This is approximately the average difference in temperature between copper 
and air as it would be determined by a measurement of resistance. 


TESTING OF INDUCTION MOTORS. — (See also Standardisation Rules 
of A.I.E.E.) Induction motors may be given either an “input-output” test at 
load under working conditions, from which the efficiency and’ power factor may 
be determined, or the motor may be given a no-load excitation and no-load 
short-circuit test, from which all the characteristics may be calculated, The 
latter method requires very little power and is preferable in the case of large 


motors where it would be expensive to supply power and inconvenient to dis- 
sipate the energy. 


Excitation Test. —In this test the machine is operated without load at 
constant frequency with the voltage varied through a range from 3o per cent 
above rated value down to as low a voltage as will cause the machine to rotate. 
The current in each phase is noted and by means of two wattmeters the power 
required is noted. This test is sometimes also made with the machine operat- 
ing single phase for the purpose of checking the core-loss. 'The curves are 
plotted with voltage as abscissas and amperes and watts as ordinates. At very 
low voltages the core-loss is negligible and therefore the watts input may be 
taken as friction loss. Around normal voltage the real core-loss may be de- 
termined by subtracting from the input the small copper and the friction loss. 


Short-circuit Impedance Test.— In this test the starting resistance, if 
there is any, is short-circuited and the armature is blocked to prevent rotation. 
A low voltage is applied to the primary until the ammeter in the primary cir- 
cuit shows a current of from r to 1.5 times the full-load value. Two watt- 
meters are used to read the power input. As the leakage flux, and hence the 
reactance, varies with the relative position of the rotor and stator teeth, it is 
customary to take readings with the rotor in several positions. Sometimes the 
rotor is allowed to revolve very slowly at, say, two to three revolutions per 
minute. From this test the impedance (Z) of the machine is obtained by 
dividing the volts per phase by the current per phase; the combined effective 
resistance (R) of primary and secondary is found by dividing the watts input 
per phase by the square of the current per phase. This latter is the effective 
value of the resistance, since the watts input includes all losses due to eddy cur- 
rents. From these values the total reactance (primary and secondary) of the 


motor is X= V/Z1— R% With the results of the two preceding tests and tht 
measured resistances of the two members, the characteristics of the motor 


may be calculated either by the Steinmetz Method or the Circle Diagram. 
(See below under Performance, Calculation of.) 


Stationary Torque Test (Fig. 5). — This test may be made at the same 
time the impedance test is made and consists in the measurement of the torque 
of the motor by means of a brake arm and spring 
balance. When the current of the machine has 
been adjusted to a suitable value the brake arm (to 
which a known weight has been attached to over- 
come bearing friction) and the spring balance are 
allowed to move downward through a small arc, 
during which the spring sg will register a pull 

P3) equal to torque (T) plus the weight (W) minus  ,. " 

Sh friction (F), that is, Pre T--W — F, The P$ 5 Stationary Tore 
spring balance and brake arm are then raised 

against the torque through the same small arc and the spring balance will thea 
register a pull (P2) equal to the torque plus the weight plus the friction, th! 
is, Pa T+ W+ F. From these two readings the friction can be eliminsted 


ae 


SA 
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and the actual torque of the armature on the shaft is determined. This 
should be done at two or three positions of the armature. The corrected 
torque of the machine is-found by solving the two equations for T and multi- 
plying T by the lever arm of the brake in feet; this gives the torque in pounds 


at 1-foot radius. 

Load Test. — To make thís test on a small machine a prony brake is required, 
while for a large machine a direct-current generator may be conveniently em- 
ployed as a load. The induction motor and generator are direct-connected if 
possible, otherwise belted together. All the constants of the generator are 
determined, so that its losses under any condition may be calculated. "The 
motor is then allowed to drive the generator, the rated voltage being impressed 
upon the motor, and the generator is loaded by means of a rheostat or a water- 
box so that any load may be obtained. The voltage across each phase of the 
motor, the current in each phase, the total watts input (by two meters), speed, 
and, if possible, slip (by a slipmeter, see below) are all read. Care must be 
taken that correct voltage and frequency are supplied to the motor. "The load 
on the motor is increased step by step to the maximum output point, which is 
easily known, since when it is reached a decrease in speed is not accompanied by 
any increase in output of the motor. The motor is still stable at the maximum 
output condition, since maximum torque occurs at a lower speed than maxi- 
mum output. 

After the load run the direct-current generator is run as a motor with the 
same field strength as before, to determine the mechanical losses, first driving 
the induction motor at the proper speed, and then running alone at the same 
speed or speeds at which it ran in the load test. Knowing the no-load friction 
of the induction motor as previously determined in the Excitation Test, the 
increase in friction due to the belt and load is determined and half of it charged 


against the motor. Let — - 
EI = the output of the direct-current generator in watts, 
DR = the hot resistance loss in the direct-current armature, 
CT = the counter torque or stray power losses in the direct-current generator 
plus one-half belt loss, 
Po» watts input to induction motor. 
j F EI -- IPR4- CT 
Then efficiency of the motor = — . 
0 


From these tests, curves may be plotted for the speed, efficiency, power factor 
current and torque of the induction motor for any horse-power output. 


Use of Stroboscope to Measure Slip. — One type of slipmeter con- 
sists of a disk which is attached to the motor shaft and on which alternate sec- 
tors of black and white are shown, preferably as many black sectors as there 
are poles on the motor. If this rotating disk is illuminated by means of an 
arclight supplied with the frequency impressed on the primary of the motor, 
the disk will appear to rotate at a speed proportional to the difference between 
Synchronous speed and actual running speed. The number of these revolutions 
for one minute, will be the slip in turns per minute, which may be translated 
into a fraction or percentage of synchronous speed. 

Slipmeter. — Another type of slipmeter has two disks of insulating ma- 
terial mounted on the same frame, one carrying a wiping finger which makes 
contact with a button on the other disk. One of the disks is connected to a 
small synchronous motor which is driven from the same power source as the in- 
duction motor under test; the other disk is arranged to be readily attached to 
the shaft of the induction motor. The circuit of a miniature tungsten lamp is 
closed when the wiping finger and button are in contact. The number of flashes 


mam, 


| 


' 
| 
t 
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of the lamp per minute gives the slip in revolutions of the induction motor 
behind the synchronous speed. 


Heat Ruhs.-— On machines of moderate size heat runs are advisable, 
but on large size machines heat runs are expensive. It is not always necessary 
to make a heat run in order to know whether the motor is properly designed, 
as the losses can be accurately calculated from the excitation and short«citcuit 
tests, and the machine may be run without load but with losses equivalent 
in value to the losses at full load. The usual heat run consists in operating 
the machine at a certain output for a period from three to six hours, depending 
on the size, measuring the resistance before and after the run and taking 
temperatures by thermometer on the following parts after the run: primary 
winding, the iron surfaces in the air gap, secondary winding, bearings, frame. 
A heat run which will indicate whether there is anything radically wrong 


with a motor consists in operating it for an hour or two with a voltage 15 pet 
cent above normal, but without load. 


Insulation Tests. — High-potential tests are ade on the primary in the 
manner described under Testing in the article on Generators, Alternating-Current. 
The value of the high potential for the primary is chosen in accordance with 
its rated voltage from the Standardization Rules of the A.I.E.E. (q.v.). The po 


tential applied to the secondary, however, has no relation to the tated voltage 


of the machine; as the working potential in the secondary is low, 1000 to 1500 
volts is the usual range of testing potential for the secondary. 


PERFORMANCE, CALCULATION OF. — The performance of an in- 
duction motor at.any load may be determined directly from the load tests 
described above, or the performance at any load may be calculated from the 
excitation and short-circuit tests by either of the two methods given below. 
These methods are also applicable to the calculation of performance from the 
values of the constants calculated from the dimensions of the machine. The first 
method is given in detail by Steinmetz in his Elements of Electrical Engineering, 
and the Heyland Circle Diagram is given by McAllister i in his Alternating Current 
Motors. The former is recommended where accuracy is desired and the latter 

(graphical) for the student desiring a general understanding of the relations. 
Steinmetz Method. — This method is based upon the equivalent circuit of 
a transformer, as given in the article on Transformers. Let 
E = impressed voltage per phase, 

m = number of phases, 
n, n on, 1» m resistance and reactance of ptimaty and secondary respectively, 
per phase and reduced to tetms of primaty, 

$= slip as a decimal fraction (assumed), 


£^ primary no-load conductance = oes , 
mE? 
b= primary no-load susceptance = Im, 


Assume a slip s and calculate 


` $14 
me g 
S?x3? -- 793 

5?x» 


6 1 - i + nb, 
. O= gpa ~ bn, 


ar gr ene we Ee CM ICQ. 
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&ns — Then 
; Counter e.m.f. per phase e= —— n! 
iv Ro] V a2 + c? ` 
piss Current per phase I-eVgpnt45?, 
i T Total volt-ampere input to motor P’ = m/l, 
ud 1 Watts input to motor P = me? (na — bc), 
ae Watts output of armature Po’ = me?ai (1 — 8), 
: p Watts output of pulley Po = Po’ — (friction in watts), 
on : Po 
iE Efficiency e~ —, 
NC P 
ADM 
“a2 Power factor cos $ 4 
&- s S z= ~ o 
Le P’ 
I2 Circle Diagram or Graphical Method (Figs. 6 and 7). — The method of 
the circle diagram is based on the fact that the clectrical reactions in an induction 
erm motor (or transformer) may be represented with- 


din out any great error by the reactions in two par- 

M allel inductive circuits as in Fig. 6. Ze and Im 

coe represent the two components of the excitin: 

euis current, which is assumed constant. Rm and Xm ri SHE 
, ; "ig. (. Equivalent Circuits 

represent the total resistance and reactance (both 3 Si 

assumed constant) of the motor and are in series with a variable resistance RE 


" representing the load. 
aU The vector relations of the currents are as shown in Fig. 7, where 


OE = the impressed voltage per phase, 


p à OM = the current Jo in A, 
i MP = the variable current in B (not drawn), 


Fig. 7. Circle Diagram 


E 
Since the current represented by M P is equal to ——————————— 
V (Rm 4- RE)? - Xm* 
the point P will describe a circle through M, P and F, where MF = 
M The total or resultant current will then be OP. 
V Rem? + Xm? l 


,asRy 


varies 
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Heyland Circle Diagram (Fig. 7). — The cir 
the following discussion is based is a modification of 
induction motor diagram. : 

Let | 
OE = impressed voltage per phase, 
OK be at 90° to OE. 
OM = exciting current per phase, drawn in phase antl magnitude, 
OF = short circuit current per phase, drawn in proper phase and magnitude. 
IF = energy component of OF. 
Join M and F; then MF is the Secondary short-circuit current in terms of 
primary circuit. 
Bisect MF at m. 
Draw mX perpendicular to MF at middle point, intersecting NH at X. 
With X as center and eith 


er XM or XF as radius, draw the semicircle MCF. 
This is the locus of the primary current. ` 
Since OE x IF = watts input at stands 


till, draw HG such that OE X HG = pi- 
mary I?R at standstill. : 

Then OE x GF = secondary I?R at standstill. 

Draw GM. The vertical distance between GM and NH at any point gives a 

current which if multiplied by OE gives the power loss in primary. 

Choose any point P on circle; then OP = current per phase. 

Then cos X. POE = cos $ = power factor. 

MP (not drawn) = secondary current reduc 
PT x OE = power input to primary, in 
TS x OE = no-load loss, in watts. 

QT x OE = total motor loss. 

RT x OE = total primary loss in watts. These 
RS x OE = primary copper loss, in watts, 
PR x OE = secondary input, in watts. 
QR x OE = secondary copper loss, in watts, all 
QP x OE = motor output, in watts.  . 

OM + OP = per cent magnetizing current. 

M'T + OP = per cent leakage reactance voltage. 

Draw XC perpendicular to MG and CG’ perpendicular to NH. 

Then CG’ x OE = maximum torque in synchronous watts. 

Draw XB perpendicular to MF and BJ perpendicular to NH. 
Then BJ x OE = maximum output in watts. 


QR + RP = per cent slip (in case of induction motor). 
OP x OE = volt amperes input. 


cle diagram upon which 
Heyland's transformer, or 


ed to primary turns. 
Watts. 


Torque in pounds at 1-foot radius Ta = synchronous watts x mx 7.96 silere 


PL 
m = number of phases and N = Synchronous speed in rev. per min. 
Characteristic Curves. — The observed or calculated values (by either of 
apparent efficiency, 
es with horse-power 
Characteristic curves 


the true power input of the machine and 
the apparent power, called the “ volt. 


r meter or cost of energy to 
à poor regulation of voltage in the system 
as a whole and larger capacity of wi 


ring, transformers, etc. The “apparent 
efficiency” is equal to the product of the power factor and efficiency, or is equal 
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ciency and Powe 
Ss 


Current, € Em 
E 


| 


0 100 | | 830 | 330) 400 
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Fig. 8. Characteristic Curves of an Induction Motor 


t ; i ivi input in volt-amperes. Its value 
"c to the ratio of output in watts divided by inpu ; 
Ü determines the actual capacity of the lines and transformers supplying the motor. 


ESIGN AND PERFORMANCE. = In the accom- 

omega pits the essential data for both mechanical and electrical 
fate of six three-phase induction motors. The list of items will be found 
useful as a guide in collecting data on various machines. Performance data are 


deduced from tests. 


— E: 
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INDUCTION MOTORS 
Mechanical Data. (Dimensions in Inches) 


Type 
3-ph. | 3-ph. | 3-ph. 8-ph. 3-ph. 


Number of poles.,.... 
Rating inh. p, ..,.... 
Revs. per min,....... 
Prim, volts bet. lines.. 
Prim. connections..... 


Oe ee oe 


Inner diam. punchings 
Total length of iron... 
Width of each duct...| ..,.., SS 
Total no. slots........ 
Depth of slot......... 
Width of slot. ,....... 
Width of slot at face.. . 
Wires per slot......... 


er E 


Size of wire......... 


Wires in multiple. .... 
Turns in series per ph.. 
Per cent coll pitch.... 


Rotor 


Outer diam. punchings| 12 15 19 12 10.95 
Inner diam. punchings 8 II I2 8.5 6 


Total no. slots........ 37 47 67 72 127 

Depth of slots........ o,56 | . 0.47 0.47 0.94 0,5 

Width of slots. ,...... 0.56 0.56 0.56 0.34 0.12 

Width of slots et face. 0.063 0.063 0.063 0.19 0.02 

Wires per alot,........ I I d sf 4 I I 
Size of wire or bar. , . ,|o.5X0.45|9.35X0,5 9, 3$X0. 5|o, 34X o. 11|o, 3$X 0, 09|o.35X0.1 


Ng. jn multiple. seeto 

Crops section each 
ring, sq. in. 

Resistance rel. to cop- 


* 
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INDUCTION MOTORS 
Electrical Data. (All quantities per phase) 


| I | 


Type 1 | 2 |a | 4 5 6 
i 

Volts per phase, E........... 254 121 220 220 440 220 
Current per ph. at rating..... 6.6 38 42 8.1 7-3 31.2 
Flux per pole, megalines...... 0.636 1.2 2.07 0.29 0.48 0.015 
Magnetizing current Ig. ...... 2.1 9 13 2.64 2.4 12.3 
Friction, watts.............. 80 175 530 150 295 390 
Core-loss, watts............. 150 390 1240 180 210 760 
Primary res. at 60° C.,ohms.| 2.86 0.193] 0.13 I.IS 2.78 0.213 
Second. res. at 60° C., ohms.| — 1.76 0.18 0.17 I.II 3.5 O.2I 
Shortcircuit curreat......... 36 212 362 29.4 26 205 
Y= (Sh. cir, cur) +-Im........ 17 23.6 28 11.2 10.8 16.6 
Reactance per ph............. 5.52 0.55 0.54 8 5.05 I.IO 
Eff. at rating... .. Sek RE 0.83 0.853} 0.883| 0.83 0.86 0.875 
Power factor at rating........| 0.905 0.91 0.917{ 0.845]  0.9o 0.83 
| A A 0.32 0.24 0.31 0.33 0.33 0.39 
Fe Ps. uuu eek 0.018} 0.013] 0.02 0.033|  0.034| 0.023 
Coreloss--Pe..........s son 0,033} 0.029] 0.049! 0.04 0.024; 0.044 
be) ees 0.074] 0.058} 0.025] 0.042] 0.046] 0.03 
IRB.. 0.046] 0.054] 0.032] o.o41| 0.058) 0.03 
DU ENANA O.I143| 0.165} 0.103] 0.29 0.084) 0.156 
Slip, per cent................ 0.047| 0.042] 0.032; 0.03 0.038] 0.03 


METHODS OF STARTING. — In order to start an induction motor of 
any size without injurious heating either a resistance must be connected in the 
secondary circuit or the voltage impressed on the primary must be reduced. 
The two general methods of starting induction motors are known as “ Potential 
Control” and “Rheostatic Control," The same methods are used for speed 
control (see below). 


Starting by ‘Potential Control’? Method 
(Fig. 9).—This method consists of reducing 
and regulating the voltage impressed on the 
primary, usually by means of a starting com- 
pensator or auto-transformer which provides 
one or two fractional voltages. In order to 
make use of this method the secondary must be 
of higher resistance than with other methods 
of starting. For this reason and for the reason 
that there is no need of making any change in 
the windings, a squirrel-cage rotor winding is 
customarily used with this method of starting. 
This winding is made up of one bar per slot, and 
all bars are connected at both ends to rings. To 
start the motor the primary is connected to taps on the compensator which give 
à voltage of from 14 to % the rated voltage if it is a small motor, and 14 to 
¥ if it is a large motor. A small motor may be brought up to full speed on 
this voltage but a large motor may require an intermediate step. The connec- 
tions are shown in Fig. 9. It is customary to adjust the motor resistance and 
Starting voltages to glve the relations in the accompanying table, 


1008 


Voltage on Motor,| Current in line, Starting torque, 
per cent per cent per cent 
33 75 
50 
66 300 


700 
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Starting by **Rheostatic Control ? Method (Fig. 10). — Better apparent 
torque efficiency, that is to say, more torque for a given current, is obtained by 
inserting in the secondary circuit a much greater resistance than can be left 


permanently in circuit. This 
is accomplished by having a 
special starting resistance con- 
nected in series with the arm- 
ature winding and a switch 
for short-circuiting the resist- 
ance either step by step or as 
a whole, as the motor speeds 
up. There are two practical 
methods of doing this: 

The first is intended to be 
used only when the torque re- 
quired at starting is not very 
great, in which case the start- 
ing resistance may besmall and , 
located inside the armature 


spider. The switch lever is so arranged that the resistance can be short-circuited 


Omit Lead L4 for 
Three-phase Operation Ly 


Fig. 10. Rheostatic Control 


Th 


in steps while the armature is revolving. This obviates the need of collector | :, 


rings and external connections. 

The second method consists in 
bringing the three terminals of the 
secondary winding to collector rings. 
From brushes bearing on these rings 
conductors lead to external resist- 
ances with steps or taps so that 
the resistance may be short-cir- 
cuited gradually. This scheme is 
used where a large starting torque 
(greater than full load torque) is re- 
quired. It may be used also for 
speed control as shown in Fig. 12. 

The proper value of resistance 
per phase in the secondary is deter- 
mined by the relation 

Torque in pounds at 1 foot = 


E?rz - 7.06 m x 7.06 mr,E* 
Z^ rpm. NZ? ’ 
where 


E = primary voltage per phase, 


Starting Torque abd Current 


Total Resistance in Secondary Olrcult 
Fig. 11. Starting Resistance, Torque and 
Current 


fx = total secondary resistance per phase in terms of primary, 


| a 5 
"a 


s. à 
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Z= V (rı+rz)?+ X?, where rı is the resistance per phase of primary and X 
the total reactance per phase of both primary and secondary, 
m= number of phases, l 
N = synchronous»speed in revolutions per minute. 
The relation between starting torque and total resistance of the secondary is 
shown by the curve in Fig. 11. 


SPEED CONTROL OF INDUCTION MOTORS. — (See also Hoists, 
Electric.) The speed of an induction motor may be controlled in five ways: 


(a) By varying the potential applied to the primary of motor having a 
suitable permanent resistance in the secondary. 

(b) By varying the resistance in the secondary circuit. 

(c) By changing the connections of the primary winding in a manner to 
change the number of poles. 

(d) By varying the frequency of the applied voltage. ; 

(e) By connecting the secondary of one motor to the primary of another, 
called the “concatenation” method of control. 


Potential Control of Speed. — This method is an elaboration of the poten- 
tial-control method of starting. A suitable resistance or auto-transformer 
reduces the line voltage to the fractional value desired. In this reduction the 
energy loss is only about 5 per cent of the amount transformed. The induction 
motor should have a very large resistance in the secondary, which is preferably 
of the squirrel-cage type. This resistance gives the motor a speed characteristic 
such that its full-load speed is some ro per cent less than that of a normal motor. 
As the load is increased the speed may fall to about 30 per cent of the no-load 
value without the motor breaking down or falling out of step, which in the normal 
motor usually takes place at about 80 per cent of the full-load speed. This 
motor is not stable in speed as each slight change in the load will cause a change 
in the speed more or less inversely proportional to the load. The advantages 
of this method of control are the simplicity of the connections and devices. 
The disadvantages are the greatly increased heating in the motor itself with 
the decreased speed. Thus the motor must be larger than if other speed-control 
methods are used. The table given below shows the efficiencies obtained. 


Rheostatic Control of Speed. — oxy 
— With this method (an elabora- 
tion of the method of the same 
name for starting) the secondary or 200 
rotor must have a definite winding 
(which costs more than the squirrel- 
cage winding used in the preceding 
methód) with slip rings and brushes 
to lead out the current. The fric- 
tion and resistance losses due to 
these brushes decrease the efficien- - 
cy of the motor a slight amount. 
The action of this method is based 
on the principle that in an induc- 
tion motor the drop in speed for Pen 


rque 
g 


# Full Load To 
B 


any given torque is proportional á Slip 
a E resistance of the secondary Fig. 12. Torque-speed Curves 


Assuming a motor which has at full speed a net resistance of the secondary 
proper of 1 ohm, the speed-torque curve would be as shown for R = 1 in Fig. 12, 
This motor would have a slip of 5 per cent for full-load torque and of 25 per cent 


1010 Motors, Polyphase Induction 


for maximum torque, a torque at starting of 80 per cent of full-load torque and 
a very large starting current. If by some means this resistance is doubled the 
speed-torque curve would be as shown for R= 2, which shows a slip of 10 per 
cent for full-load torque and of 5o per cent for maximum torque. For Ras, 
R= 8, etc., there would be other speed curves. By startiug with a resistance 
of 8 ohms a torque of about 200 per cent of full-load torque would be obtained 
at starting with about twice full-load current. By allowing the motor to follow 
this curve until the torque has dropped to the full-load value, the motor 
would reach 60 per cent of synchronous speed, or 40 per cent slip. Then by 
reducing the resistance in steps the torque and speed would follow the heavy 
zigzag line until the motor reachéd full speed. 

With this method of control the torque per ampere remains practically con- 
stant as in a shunt motor regulated by resistance in the armature circuit. The 
efficiency varies directly with the speed as shown in the table below. 

The advantages of this method are the higher efficiency and particularly 
the smaller losses in the motor itself. The losses are in the rheostat. The dis 
advantages are the necessity of collector rings, brushes, controllers, etc. The 
motor is not stable at any fractional speed but the speed will change with 
every change of load. 


Change of Poles to Control Speed. — By a proper design of the windings 
an induction motor may be made to operate with either 4 or 8 poles, 6 or 12 
poles, or even 4 or 6 poles or 6 or 8 poles. This is accomplished by a throw-over 
switch to which taps from the windings are brought. In this arrangement the 
pitch of the primary winding must be made a compromise between the proper 
value for the different numbers of poles, and therefore the constants of the 
motor are not as good as those of a standard motor. It is also necessary to use 
a squirrel-cage armature, since this is suitable for any number of poles without 
change of connections. This type of motor operates advantageously only at 
the two speeds corresponding to the two arrangements of poles and is atable at 


. each of these speeds. If a wider range is desired the potential-control scheme 


may be combined with it. The speeds and efficiencies with this scheme of 
control are given in the following table. At half-speed the efficiency is almost 
double that obtained with the other methods, but the losses in the motor are 
greater than with the rheostatic control. 


COMPARISON OF METHODS OF SPEED CONTROL 
(For constant torque equal to torque at full load) 


Potential Rheostatic Change of poles 


e$o6090099929209** 


*20950098929099* 


Change of Frequency Method of Control. — The speed of an induction 
motor at any load varies directly with the frequency of the supply circuit. If 
two circuits from two alternatots of different frequencies are provided the 
motors may bd oannected to one circuit for one speed and-to the other circuit 
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for another speed. This method of speed control requires as many separate 
generators and circuits as the number of speeds desired. It is, therefore, costly 
and not widely used. 

Concatenation Control or Cascade Control. — If two motors have defi- 
nite windings in both the primary and secondary and are rigidly connected to 
a common shaft, they may be operated at a fractional speed corresponding 
to à number of poles equal to the sum of the number of poles on the two 
motors, With the concatenation control the primary (stator) of motor No. 
Iis connected to the supply circuit, the secondary (rotor) of No. 1 is con- 
nected to the primary (rotor) of No. 2, and the secondary (stator) of No. 2 is 
connected to a resistance which is eventually short-circuited. When the two 
motors have the same number of poles, which is the usual commercial condi- 
tion, motor No. x transforms half the power into mechanical power at the 
shaft at half speed and the remainder into electrical power at half frequency. 
Motor No. 2 receives this electrical power and transforms it into mechanical 
power at this same speed. If the number of poles is different, the speed in 
r.p.m. of the combination is 120f 


These simple relations are exact only on the assumption of no losses and 
the rotor of No. 2 short-circuited. 

The objections to this method of control are that the first motor has to carry 
the magnetizing current of both motors, thus having a low power factor. The 
first motor must receive the power for both motors; therefore, it must be the 
larger of the two and specially designed or there is an inetlicient use of material 
in the second motor. If the two motors are alike (the usual commercial condi- 
tion) the torque of the two motors in concatenation is not as great as that of 
the two motors in parallel. 

The efficiency at fractional speed is, however, better than with the rheostatic 
method of control. Only two “ free-running " speeds are available with two 
motors having the same number of poles. This scheme has been adopted free 
quently for the speed regulation of induction motors used on electric locomo- 
tives in foreign countries. In such applications it is frequently the custom to 
allow one motor to be idle at the higher speed. 


INSTALLATION AND ERECTION. — Induction motors are usually 
built, even in large sizes, as a unit including the bearings, which are usually a 
part of the end frame of the motor proper. They may be either direct-connected 
or belted to their load, but the latter method is more general, since each {nduction 
motor can only be built for a certain definite speed corresponding to a certain 
number of poles. The smaller motors need no foundation, and in fact are 
frequently attached to the wall or to the ceiling, the bearings and end shield 
being made in such a manner that they may be turned through 9o degrees or 
180 degrees so that the ofl rings will operate properly under these conditions. 
In most motors reasonable ventilation, free from dust and dirt, must be avail- 
able. For certain applications such as cement mills or mines, the motors are 
built totally inclosed and may then be even submerged in water. In this case, 
of course, a motor of a given rating is larger and more expensive than one of the 
open type. 


OPERATION. — Small motors are designed to start merely by closing 
the main switch. With larger motors if the starting switch is at the proper 
position, potential may be applied to the motor and the starting resistance 
gradually cut out by moving the switch. - | 

Induction motors are very sensitive to variation in the impressed voltage, 
A decrease in impressed voltage from 100 to 80 would cause the maximum 
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output and maximum starting torque to decrease from zoo to 64 and roughly 
would cause a proportional increase in the heating for a given load. 

Unequal voltages in the different phases also cause a decrease in the maximum 
output and an increase in the heating for any given output. An unbalancing 
of 25 per cent in voltage would double the heating effect at full load, i.e., would 
give the same heating as an overload of 50 per cent. 

Care in Starting. — Before starting the motor for the first time it is de- 
sirable to make sure that the starting device is in operating condition and in 
the proper position, in order that the motor should not become injuriously 
heated. Attention should be paid to having the wiring so proportioned as to 
carry the starting current without an excessive drop in voltage (see abow). 

Faults. — Some of the more common faults occurring in induction motors, 
together with their signs and remedies, are the following. 

Secondary Open-circuited. — The motor will not start and will not 
take a current greater than the exciting current. The cause is probably due 
to the starting resistance not being connected in. 

One Phase of Secondary Open-circuited.— The motorhas a tendency 
to remain at half synchronous speed although the current is apparently normal. 
If the armature is blocked it will be found that the current in the three phases 
will be unbalanced. 

One Phase of Primary Open. — The motor will 1 not start and the 
current will be unbalanced. 

One Phase of Primary Rucensed: — The currents in the primary vill 
be very much unbalanced when the motor is running and the starting torque 
will be very slight. 

Short-circuited Coil in Primary. — There will be humming when 
potential is applied to the motor and excessive local heating around the short- 
circuited coil. 

Vibration. — Vibration due to medai unbalancing is chiefly notice- 
able at high speeds and particularly in high-speed machines. If the vibration 
is due to magnetic unbalancing it is probably caused by inequality in the air 
gap at different portions of the circumference and with different positions of the 
armature. This may be detected by measuring the air gap with taper wedges 
at various points around the circumference, first with the armature in one posi- 
tion and then in several other positions. 


SPECIFICATIONS FOR INDUCTION MOTORS.*— The following 
memoranda are intended to assist in writing specifications. See also artide 
on Specifications. 

Principal Characteristics and Conditions of Service.— Use to which 
motor is to be put; kind of load and method of drive. Voltage and number 
of phases. Rating, horse-power. Frequency and speed. 

Style and Description; Details of Construction. — Whether to be open, 
semi-inclosed or inclosed. Requirements regarding pulley or length of shalt. 
Whether rails are required. Method of starting; compensator, external resist- 
ance or internal resistance; whether motor is to be run at speeds other than 
full speed. Whether the starting devices are to be supplied. 

Performance and Tests. — (See Standardization Rules of the A.I.E.E.). 
Temperature rises upon which ratings are to be based. Details of overload 
capacity. Efficiency at 25, 50, 75, 100, and 125 per cent load. Starting 
torque with full-load current, pound-feet. High-potential tests of insulation. 
Requirements regarding effect of moisture upon insulation. 


* W. A. Del Mar. 
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WEIGHT AND COST. — The weight and cost of an induction motor 
vary with the type of its armature winding and the character of its mechanical 
frame and housing, as well as with the speed, frequency and voltage. 

The curves in Figs. 13 and 14 give an idea of the weights and costs of a line 
of 25-cycle and 6o-cycle motors respectively, having squirrel-cage rotors (the 
simplest and least expensive type) and with the simplest form of mechanical 


frame. They therefore represent minimum values. 


Rated Horse-Power 
Fig. 13. Weight, Cost and Suitable Speed of 25-cycle Induction Motor 


60 Cycle Squirrel Cage | Motors 


Excluding Base and ‘Pulley 
for 110 0. Volta 


% 1200 A 

20 1000 5000 
p 16 00 4000 3 
[| 
= A g 
& 12 600 3000 & 

8 40 2000 

4 2 1000 
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Fig. 14. Weight, Cost and Suitable Speed of 60-cycle Induction Motor 


+” BIBLIOGRAPHY. — Arnold, E., Wechselstromtechnik, Vol. V, Part I, 
7^ Berlin; Adams, C. A., Trans. A.I.E.E., Vol. 24, p. 649; Bailey, The Induc- 
lion Motor, N. Y.; Crocker & Arendt, Electric Motors, N. Y.; Gray, A., Electric 
Machine Design, N. Y.; Hobart, H. M., Electric Motors, London; McAllister, 
* A.S., Alternating Current Motors, N. Y.; Mailloux, C. O., The Induction M otor, 
^ N. Y. Sheldon, S., A-C. Machines, N. Y.; Steinmetz, C. P., A-C. Phenomena, 
> N.Y.; Thompson, S. P., Dynamo-Electric Machinery, Vol. II, London. 
[W. I. SricarEnR.] 
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MOTORS, SINGLE-PHASE INDUCTION. — (See also Motors, Poly- 
phase Induction; Motors, A-C. Commutator). A two- or three-phase induction 
motor ‘may be operated as a single-phase machine after it is brought up to 
speed. Under these conditions it operates at a lower efficiency, lower powet 
factor and with a lower maximum output than jt would have as a polyphase 
motor. The slip for a given output is less in a single-phase motor than ina 
polyphase motor. . |: 


Load and Voltage Rating, — On account of the poorer operating charac- 
teristics and particularly on account of the lower maximum output or maximum 
torque, it is necessary to rate the motor at a lower capacity. When a three- 
phase motor is operated single-phase with the same voltage between linés, its 
maximum output will be approximately 40 per cent of the three-phase maximum 
output. . 

For best conditions, such as best distribution of losses and ratio of rated to 
maximum output, it is customary to use a three-phase motor, to reduce the 
rated output of the motor and to increase the rated terminal voltage in a definite 
ratio. Thus, if P be the rated output, in watts, of a given motor when operating 
on a three-phase circuit having a voltage between lines equal to E, then it would 
be advisable to operate the motor single-phase with a voltage between lines equal 
to 1.3 E, and to assign the motor a rating of from 0.67 P to 0.75 P. 

This will result in a distribution of losses in the motor quite similar to that 
which obtains during three-phase operation. The maximum oytput as 4 single- 
phase motor (at the higher voltage) will be about 67 per cent of the maximum 
output of the three-phase motor. The efficiency and power factor will be 
reasonable. ye 

In case the voltage of the single-phase supply circuit must be the same, the 
winding of the motor is changed to give about 75 per cent as many turns in 
series per phase as for normal three-phase operation, 


Exciting Current and Power Factor. — At a given voltage between 
terminals the volt-amperes input at no load for excitation are practically the 
same for single-phase and polyphase operation. Thus the no-load current of a 
single-phase motor is considerably greater than when operating polyphase. 
The increase in the applied voltage or the decrease in the number of turns makes 
a still greater increase in the magnetizing current. Thus the power factor of a 
single-phase motor is very poor at light loads and nof very good at rated load. 


CALCULATION OF PERFORMANCES, — To predetermine the chat- 
acteristics of a single-phase motor ít is calculated as a three-phase motor for the 
same voltage between lines as the single-phase circuit, The magnetizing current, 
core-loss, resistance per phase, and reactance per phase are all calculated as usual. 
The motor primary may be connected either delta or Y, but for purposes of 
calculation it is desirable to pro-rate the constants of a Y-connected motor on 
the assumption that it is delta connected. 

To pro-rate the resistance and reactance per phase of primary and secondary, 
multiply the values for a Y-connection by 3 to obtain the values for the equiva- 
lent delta constants, The voltage per phase is presumed to increase in the 
ratio 1 to 1.73, while the voltage between lines remains the same. 

The magnetizing current and the core-loss current are found by dividing 
the 3-phase values by 1.73. . 

The single-phase magnetizing current is found by dividing the volt-amperes 
excitation for three-phase conditions by the single-phase voltage. ‘The core- 
in watts remains practically the same single-phase and the energy component 
of the single-phase exciting current is equal to core-loss watts divided by rated 
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The resistance and reactance of the primary of a single-phase motor are taken 
the same as the equivalent delta values per phase. 

The resistance and reactance of the secondary of a single-phase motor are 
taken as 44 of the three-phase equivalent delta values. 

These values are then substituted in the formule of the Steinmetz method 
(see Motors, Polyphase Induction) and the characteristics calculated for several 
assumed values of slip. The only difference in calculation is that the torque in 
synchronous watts is 


T = ea (1 — s) 
and the output of the armaturc is 
P = ea (1- s). 


It is of course understood that in a single-phase motor the output calculated for 
one phase is also the total output of the motor. 


METHODS OF STARTING. — A single-phase motor has no torque at 
standstill. It must be started by some device such as a phase-splitting device. 
It may be started in either direction and as soon as it starts to rotate a slight 
torque develops which increases with the speed. When this torque has reached 
a great enough value to overcome the friction and inertia the special starting 
apparatus may be disconnected and the motor will continue to accelerate to its 
proper speed. 

Starting of Small Motors.— Small motors may be started without auxili- 
ary electric circuits by giving the armature a spin by hand, after which (if there 
is no load) they will accelerate. Certain small motors are designed with a loose 
pulley which is clutched at a predetermined speed of the armature by means of 
a centrifugal governor. These motors are provided with “shading coils” or a 
small external phase-splitting device, to give them just enough starting torque 
to overcome their own friction. 

Starting of Large Motors. — A phase-splitting device is generally used; 
either a reactor and resistor or a condenser and resistor may be employed. 
Commutator devices are also used. 

Use of Reactance Coil and Resistor. — The connections employed 
are shown in Fig. 1. ‘This device consists of a resistance ane a reactance con- 
nected so as to advance the 


phase of the e.m.f. impressed M1 
on one circuit of the motor o—0 M2 ea 
and retard the phase of the (E 


emf. op another circuit, $n 


while the line voltage is im- 
pressed on the third winding. Fig. 1. 
This may be accomplished 
either by connecting the resistance and reactance across the line terminals and 
in multiple with the motor windings as shown in Fig. 1 A, or by connecting the 
Rs and reactance in series with the respective windings as shown in 

Ig 

In these figures L1 and L4 represent line terminals, R is the resistance coil, X the 
reactance coil and Mi, M» and M; the three motor terminals. 'Theformer method 
gives a greater starting torque but takes a greater current in proportion to the 
torque. The latter method is more efficient. The motor must have sufficient 
resistance in its secondary circuit to give good starting characteristics as a three- 
phase motor. 

The principle of this device is that the voltages between the outside terminals 
And the middle point are out of phase with each other and form a somewhat 


-a 


— ETE amo E WEY) 


ae GLO y mae emm 00 atl a ER trae — ———— ge f+ ss Pale octane Senet 


eee te a 


1016 Motors, Single-phase Induction 


flattened vector. triangle similar to that of an unbalanced three-phase system, 


‘The ratio of the starting torque obtained with such a device to the normal start 


ing torque with balanced three-phase 
voltages is the same as the ratio of the 
altitude of the triangle of vector volt- 
ages to the altitude of the equilateral 
triangle. Thus in Fig. 2 the ratio of $ 


altitudes is 30/95 0.316; thus the - a NE 
single-phase starting torque would be 1—— 2 le ccs 
31.6 per cent of the three-phase starting i . E 
torque. Fig. 2. 

Use of Condenser and Resistor. — If a condenser of the proper 
capacity is substituted for the resistance the starting torque will be increased 


and the efficiency improved, but this is much more expensive and frequently 
involves the addition of a transformer across the condenser. 


Use of Commutator. — Another method of starting single-phase motors 
involves the use of a commutator which permits the motor to start as a repulsion 
motor (which has good starting qualities; see Motors, A-C. Commulator), and after 
the motor has reached a considerable speed the brushes are removed from the 
commutator and a short-circuited squirrel-cage winding comes into play. 


BIBLIOGRAPHY. — Arnold, E., Wechselstromtechnik, Vol. 5, part 1, Berlin, 
1909; Bailey, B. F., The Induction Motor, N. Y.; Crocker & Arendt, Eledric 
Motors, N. Y., 1910; Hobart, H. M., Electric Motors, London, 1910; McAllister, 
A. S., Alternating Current Motors, N. Y., 1909; Mailloux, C. O., The Induction 
Motor, N. Y., 1903; Steinmetz, C. P., Electrical Engineering, N. Y., 1999; 
Thompson, S. P., Dynamo Electric Machinery, Vol. 2, London, 1905. 
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MOTORS, SYNCHRONOUS.— (See also Alternating Currents; Generators, 
Alternating Current; Motors, Industrial Applications of; Motors, Polyphase In- 
duction.) Any alternator will operate as a motor. If two synchronous alter- 
nators are connected in parallel to bus-bars supplying a load, and the driving 
power be removed from one prime mover, the alternator connected to this prime 
mover will continue to run at the same speed as before, taking power from the 
other alternator and driving its own prime mover or other apparatus coupled 
to it; ie. this alternator acts as motor. The speed of such a motor depends 
solely upon the speed of the generator or generators supplying electric energy 
to it; it is therefore said to run in "synchronism" with the source of supply 
and is called a synchronous motor. The synchronous speed of a synchronous 
motor having p poles, when supplied with a current of a frequency of f cycles 
per second, is 


Ns rev. per min. 


If the load on such a motor increases the speed will not decrease, unless the 
load reaches such an excessive value that the maximum output or “pull-out 
torque” is reached, when the motor will drop out of step and come to rest, 
while the current taken will increase to short-circuit value and the torque de- 
crease to a negligible value. 


Differences between an Alternator and Synchronous Motor. — The 
diference in construction between an alternator and a synchronous motor is 
that the latter has placed in the face of the field poles, a squirrel-cage winding, 
which is intended to give good starting torque and to prevent hunting while 
running. A synchronous motor usually operates better with a higher value of 
armature reaction than that of a well-designed generator of the same kilowatt 
rating. This increase in armature reaction is usually obtained in practice by 
operating the machine as a motor at lower voltage than that for which it would 
be operated as a generator. Thus a standard 2300-volt generator will operate 
very satisfactorily as a motor at 2080 volts, and as these are the natural values 
of the generated and delivered voltages, this characteristic of the synchronous. 
motor fits in very well with customary distribution practice. Thus a standard 
generator may have a squirrel-cage winding added to its poles and become a 
good synchronous motor. 


Field Excitation. — Synchronous motors always require direct current for 


field excitation and if a suitable d-c. source is not available an exciter must be 
provided. 


Number of Phases. — Synchronous motors may be single, two or three 
phase. The single-phase motor is not self-starting and has a considerably 
lower efficiency than the polyphase motor. It is also more liable to hunt (see 
below) and be unstable, and is therefore far less desirable than a polyphase 
motor. The two-phase and three-phase motors are very similar in all their 
characteristics. There is a slight economy in the three-phase over the two- 
a motor as there is in the three-phase over the two-phase generator 
q.v.). 


Terminal Voltage.— Qince synchronous motors are usually built with a 
revolving field and a stationary armature, it is possible to insulate the arma- 
ture winding for voltages as high as r3,000 and thus obviate the need of 
transformers in many cases. 


Advantages and Disadvantages of Synchronous Motors. — The ad. 
Vantages of synchronous motors as compared to induction motors are: higher 
efficiency, higher power factor, power factor may be controlled, constant speed, 
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high voltage, lower cost. The disadvantages are: nex of an exciter, will not 
start under load, possibility of hunting. 


Relations of Voltage and Current. — The relations between line voltage 
and phase voltage are the same as in a-c. generators (q.v.)..- The current in each 
line of a three-phase motor is 


746 P 


Jut la 
V3 EE cog 


where 


P = horse-power output, 

E = voltage between lines, 

e€ = efficiency at load assumed, 
cos @ = power factor (may be unity). 


Usual values for efficiency are about the same as for a-c. generators (q.v). 


APPLICATIONS. — In order to transform from alternating to direct cur- 
rent, or from one kind of alternating current to another differing in frequency, 
potential or phase relation, motor-generator sets, consisting of a synchronous 
motor direct connected to one or more generators, are often employed, By 
this means the potential of the secondary or distribution circuit is independent 
of the variation in potential of the primary circuit supplying power to the 
motor. In certain cases it is desired to take power from a 25-cycle circuit and 
supply power at 60 cycles for lighting purposes. Here a synchronous motor- 
generator set would be used. Such a set is frequently called a “frequency 
changer" (see Motor Generators). Yn some applications of electric drive by in- 
duction motors one synchronous motor is installed for the purpose of making it 
take leading current in order to neutralize the lagging current taken by the in- 
duction motors. This effect is produced by over-exciting the fields of the syn- 
chronous motor. The motor may be used to drive any machinery that does 


not require much starting torque. Such a motor is called a “rotary phase. ` 


modifier " or “rotary condenser,” see also below, 


GENERAL PRINCIPLES.—In any synchronous generator or motor 
when a current flows in the armature there is a loss of voltage proportional to 
IZs, where I is the current and Zo is a hypothetical quantity called the syn- 
chronous impedance, which includes the effect of the resistance, the leakage 
reactance and the demagnetizing effect of the armature current. This quan- 
tity is obtained by the synchronous impedance test (see below) and is expressed 
in complex quantities as Zo = r + xo and in algebra Zo? = r2-+-xo? where r is the 
effective resistance per phase and xo is the synchronous reactance per phase. 
IZo is therefore the drop i in voltage per phase in the armature, and this voltage 
and the current differ in phase by an angle 0, where tan 0 = xo/r and cos 0 = r/do. 
If a synchronous motor is running and generating a counter e.m.f. e and is Or 


nected to bus-bars of voltage E, the current flowing in the armature will be pro 


portional to the vector difference between É and e and inversely proportional 
to Zo, all taken per phase. 
Vector Relations for Motor Action. — In Fig. 1 let E represent the bus-bar 


or line voltage (per phase) impressed on the elon e of & synchronous motor. 
Let e represent the counter e.m.f. of the motor and in this case assume ¢< £ 


and directly opposed to E. Then the difference between E and ¢ will set up 


a current in the armature of the motor. IZo will be the voltage and the cur 
rent will lag behind 7Zo by an angle 0 where cos 8 = Z Thus the motor takes 
a current 7 lagging behind the impressed voltage E. 
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Fig. 2 shows the relations when c» E, then /Zo will be reversed in phase as 
indicated. Z will always lag behind /Zo by the angle @ and will be found drawn 
upward. I lags behind e and [Zo but J leads the impressed e.m.f. E by an 
angle (180? — 0). Thus when the field excitation is increased so that e tends to 


e 129 B I 
c iN B 
A ex 


Fig. 1. Fig. 2. 


become greater than E, the machine takes a current leading with respect to the 
impressed e.m.f. As in a synchronous generator the ficld excitation required 
for à given terminal voltage depends upon the phase relation of the external 
drcuit or the load, so conversely in a synchronous motor the phase relation of 
the current into the armature at a given terminal voltage depends upon the 
field excitation and the load. 

Fig. 3 shows the relations when e is more than 180 degrees behind E, that is, 
è is behind the position it had in the preceding examples by an angle a. The 
vector resultant of E and e will be ZZo as shown, leading E. The current 7 
will lag behind [Zo by the same angle 0, but is now almost in phase with £ 
and lagging only slightly. Thus power (EZ cos $) is being sent into the ma- 


" 
I x H 
Fig. 3. Fig. 4. 


chine and it acts as a motor, transforming electrical power into mechanical 
power. When the machine is running as in Figs. 1 and 2 the power is very small. 
If, however, a mechanical load is applied, the armature will drop back in posi- 
tion by a slight amount. "This causes e to drop back in phase and the machine 
immediately draws power from the line. 

If, as in Fig. 4, power is applied to make the armature move forward and 
cause e to advance in the opposite direction, the resultant ZZo is thrown down- 
ward and J, lagging behind JZo by 9, is thrown around almost in phase with e. 
The machine then becomes a generator, transforming the mechanical power 
applied into electrical power eZ cos $. 


Synchronous Position. — In the discussion of the action of 4 synchro- 
nous motor it is convenient to employ the term “synchronous position," by 
which is meant the position which any definite point on the revolving member 
occupies at the same period of each cycle of time. It is only necessary for the 
machine to change in synchronous position by a very slight angle « to cause 
a large energy current to flow. If o should become go degrees, theoretically 
the power would become a maximum, and any increase in œ means that 0 be- 
comes greater than 45 degrees, the power decreasing and the machine falling 
out of step. When æ becomes 180 degrees a total e.m.f. equal to the sum of 
e and E is short-circuited by Ze and the current is enormous and the power 
factor low. 


Maximum Torque. — If the speed changes for a short instant of time suffi- 
ciently to allow a point on the armature to drop back in synchronous position 
one-half the pitch of one pole (9o electrical degrees), the motor torque will in- 
crease from zero to the maximum available in the motor. Thus, for any torque 
less than the maximum the armature (or revolving field) need only change 
In speed sufficiently to dtop back some distance less than one-half the pitch of a 
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pole. If the load demands a torque greater than this maximum the armature 
will drop back more than go degrees and will fall out of step and come to rest. 
In most synchronous motors the maximum torque is about 6 times normal 


torque. 


DESIGN AND CALCULATIONS. — (See also Generators, Allernaling Cur- 
rent.) The design and calculation of synchronous motors is very much like 
the design and calculation of alternating-current generators. There is a differ- 
ence in the proportioning of certain details and there are certain features that 
are of importance in generators that are not important in motors (i.e., regula- 
tion) and the converse is also true. 


Armature Reaction. — The armature reaction of a synchronous motor is 


r.sVaSlI V/2SI 


expressed as IP E for a three-phase machine and for a two-phase 


machine, where S = turns in series per phase, I = full-load current per phase 
and p= number of poles. The armature reaction of a motor is usually 3o per 
cent to so per cent greater than that of a generator of the same rating and 
frequency. The higher value gives greater synchronizing torque per ampett, 
a better starting torque, and reduces the cross-currents between machines in 
case of hunting. The armature-reaction ampere turns at full load may be 
equal to the field ampere turns at no load. Too great an armature reaction 
is objectionable, because it reduces the energy transfer between two machines 
and therefore reduces the synchronizing power, that is, the tendency of the 
machines to hold each other in step. 

Excitation. — The excitation of a motor is calculated in the same manner 
as the excitation of a generator. The magnetic densities are usually a little 
less. The capacity of the field winding depends upon whether the synchronous 
motor is to be used as an ordinary motor or to regulate the power factor of a 
system by over-excitation. | 

Leakage Reactance. — The leakage reactance may be higher in a motor than 
jn a generator as regulation is not of so great importance. However, too great 
a reactance will reduce the starting torque of the motor. 

Short-circuit Current and Synchronous Impedance. — The short-circuit 
current of the motor depends upon the leakage reactance and the armature 
reaction. The short-circuit current and the synchronous impedance may be 
predetermined from the no-load saturation curve and the calculated leakage 
reactance per phase. l 

Let F = excitation in ampere turns per pole for which it is desired to find the 

short-circuited current, " 
I = rated current per phase, 
x = leakage reactance in ohms per phase, 
E = voltage per phase due to F at no load, 
S — turns in series per phase, 
p = number of poles. 
Then the ampere-turns synchronous impedance for full-load current is 
2.12SI . IxF 


p E 


and the short-circuit current with excitation F is 
„ÆI 
2.12 SE + xpF 


The synchronous impedance at this excitation is Zo = E/Is, and the syo 


Io 


l 
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chronous reactance is xo = V Zo! — r?, where r is the resistance of the armature 
per phase. 


Efficiency and Losses. — The losses are predetermined as in a generator. 


They are: A = friction, B = excitation or field RI? C = core-loss, D = arma- 
ture RI*; then 


Efficiency = — ——--— —— 


Phase Characteristics or V-Curves. — The phase characteristic is a curve 
showing the variation in arma- 
ture current for any given load 
with varying field excitation. 
Fig. 5 shows the shape of the 
Curves, which may be deter- 
mined both by calculation and 
tes. The phase characteristic 
for any particular load has the 
general shape of the letter V, d T Tm x 
and the group of such curves Anpe turn or Field Ainaa, 
for various loads are frequently Fig. 5. Phase Characteristics of Synchronous 
called the “V-curves” of the ma- Motor 
chine. There are two methods 
of calculating the phase characteristics, the electromotive force method and the 
magneto-motive force method. 

Electromotive Force Method. — 
Let E = line voltage per phase, 
e= motor counter e.m.f. per phase corresponding to the excitation to 
be used, 
$= component of current in phase with e, 
ei = mechanical output of armature, 
i = reactive component of current, positive for leading, negative for 
lagging, 
r = armature resistance per phase, 
%o synchronous reactance per phase, 
then E? = (e+ ri — xoi)? + (xoi + rii)? = e12 + est. 

E, r and xo are constant, e is set by the value of the field current assumed, 
then ¿= (watts output) /e and i: remains the only unknown quantity. Solving 
for i the total current 7 = V 3 + à? and the power is eif — ea (for à lagging). 
If e is greater than E, then i: is leading, and the power factor is (eii 4- ei) /EI. 

Magneto-motive Force Method. — 
Let E = line voltage per phase, 
P = field ampere turns per pole for this voltage, 
D = any value of field ampere turns per pole, 
I = armature current per phase, 
í = energy component of current = (power input) + E, 
? = number of poles, 
» = field leakage coefficient of machine, 


S = turns in series per phase, 
fi = wattless component of current for excitation D. 
Then 
pF = pD — 2.12 Siw and 
fis 2D -$F 
2.12 Sp 
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and 
I= Vit 4 á? is the current in armature for power input Ei and for the ex- 
citation D assumed. If 4 is negative (F > D) then é is lagging. If D> F 
then 4: is positive and leading. 
Angular Lag Due to Load (o). — For any load on a synchrofious gener- 


` ator there is an angular advance of the generated e.m.f. ahead of the terminal 


em.f., and in a synchronous motor there is an angular lag of the generated 
e.m.f. behind the terminal e.m.f. This phase displacement is accompanied by 
a shift in the synchronous position of the armature, which may be calculated 
and actually measured (see Tests of Synchronous Motors below). 
To calculate this angle « expressed in electrical degrees (300 degrees pst 

pair of poles), let 

E » line or terminal voltage per phase, 

e= induced or counter em.f, pet phase; may be taken ftom no-load 

saturation curve for given excitation, . 
= p= resistance of atrnature per phase, 

xo = synchronous reactance per phase, 

I = current per phase, 

= phase angle between E and J. 


Then 

et = (E— Ir cos — Ixosin $)? + (Ir sin $ — I1xo cos $)i, 
and 

1 [9 sin $ — Ix COS 2) 

a= sin} css EE , 

or roughly 
I cos o 
sin & > 


EEE EE LEE 
short-circuit current 

The mechanical displacement of the armature for the load EI cos per phase 
is 2 a/p. 

Synchronizing Torque.— The synchronizing power of a machine is a measure 
of the ability of a machine to keep in step with its supply circuit. It may be 
expressed in terms of torque per degree of displacement. If P is the kw. out- 
put of a motor and æ is the angular displacement of the armature in electrical 
degrees for this load, then 

ògo X (kw.) 
Motor torque = er min. perm 


"m (Ir sin $ — Ixo cos d) 
€ 
and 
a oso X (kw.) 
Synchronizing torque = zv bmi emat a 


A high resistance between machines reduces the synchronizing torque as it 
reduces E. A reactance between machines is not as bad as resistance. In- 
creasing the excitation increases e and improves the synchronizing torque. 


Hunting; Natural Period. — The rotating part of every synchronous ma 
chine acts like a pendulum, tending to swing ahead and behind its normal 
synchronous position. The mass of the armature (and its flywheel) acts like 
the mass of the pendulum, and the torque of the machine being proportional to 
the displacement (a) corresponds to a spring or gravity acting on à pendulum. 
Such a combination has an "electro-mechanical period” of its own, an d if the 
frequency of this period is in tune with any other pulsating force in the system, 
such as engine impulses, "hunting" or “surging” may occur. 
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Boucherot and Kapp have shown that the natural period of any synchro- 
nous machine expressed in seconds or fraction of a second is given by the formula; 


T = 0.308 V V es 
JemtIo 


where N = r.p.m. of revolving part, 
W = total weight of revolving part including any flywheel in pounds, 
k = radius of gyration of W in feet, 
f = frequency of current, cycles per second, 
g = acceleration of gravity, in ft. per sec. per sec. = 32.2, 
m = number of phases, 
E = terminal voltage per phase, 
Io = short-circuit current of machine per phase and at excitation used. 


"as frequency of the natural period expressed in impulses per minute is 
t= 60/T. 

The formula shows that the greater the flywheel effect kW? (see Flywheels) 
the longer will be the periodic time of a^ swing. The greater the short-circuit 
current or excitation the shorter will be the periodic time. The periodic time 
may be increased by connecting reactance coils in series with the machine be- 
tween its terminals and the bus-bars. 

If Ty is the periodic time of any other pulsating force in the system, as the 
strokes of a steam engine, the danger of hunting is greatest when 


T /To = 1/4, 1/3, 1/2, 1, 3, 5, etc. 


À tendency to hunt is damped by solid pole pieces, bridges between poles or, 
best of all, a squirrel-cage winding in the pole face. 

Maximum Output. — As the current which would flow during maximum 
output of a synchronous motor is so great that it would burn up the windings 
in case this output should last more than a fraction of a second, the value of 
the maximum output is only of theoretical interest. In practice the maximum 
output (for a given voltage) is only reached under two conditions: (1) when, 
due to extraneous causes, the line voltage decreases to a fractional value, the 
maximum output decreasing as the square of the voltage; (2) when, due to 
hunting or pulsation, the flow of energy into and out of the machine reaches 
excessive values momentarily. In one of these swings the power may reach 
the value of the maximum output or exceed jt and the machine shut down. 
Although the power of the machine drops off gradually after the point of maxi- 
mum output has been reached, the motor is unstable in this region and is more 
than likely to shut down when the condition is reached. 


Starting Torque. — All synchronous motors must be started either ag 
hysteresis * or induction motors. In the former case the motor requires a 
high voltage and takes & small current, but as the torque is very slight this 
method is seldom used in practice. When starting as an induction motor & 
high armature reaction is desirable and a low leakage reactance. A squirrel- 
cage winding in the pole face must be provided, and as in an induction motor 
this squirrel-cage winding must have a cross-section approximating a certain 
Value. If the cross-section is too large, the currents will be excessive and the 
starting torque not the best. If the cross-section is too small, the currents 
will be small and the starting torque not the best. While the cross-section of 
the squirrel-cage winding may be roughly predetermined by treating the mg. 


_ * A piece of iron in a rotating field has a torque produced on it due to the hystere- 
sis and eddy currents set up in it. Such an arrangement may be called a “ hysteresis ” 
motor; an open-circuited field of a polyphase synchronous motor therefore forms a 
ysteresis motor. 
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chine as an induction motor, this method is not accurate because the con 
struction of the field renders the calculation of the leakage reactance inaccurate, 
It is thus much better determined empirically. 


Rotary Phase Modifiers or Rotary Condensers. — Synchronous motors 
are sometimes used to improve the power factor and reduce the line current of 
an installation of a number of induction motors. If a factory has an instal- 
lation of roo kw. of induction motors having an average power factor of 71 per 
cent and taking J amperes, then by installing a synchronous motor of 100 kw. 
rating, designed to be overexcited, the power available will be doubled and the 
line current only increased by 41 per cent or to 1.41 I. Sucha machine is called 
a “rotary condenser" and if it is rated at 100 kw. it may give 71 kw. of power 
and 71 kv-a. to balance the reactive effect of the inductive apparatus. Other 
relations may be obtained in accordance with the principle of vector combina- 
tions. 


Let Pı = true power taken by the induction motors, kw., 
Qi = reactive power taken by the induction motors, kv-a., 


L= vl P3? 4- Qi? = total kv-a. of induction motors, 
Pz = true power taken by rotary condenser, kw., 
Q: = reactive power taken by rotary condenser, kv-a., 


K = V P+ Qo? = total kv-a. of condenser, 
then 
Line kv-a. = V (P1 + Ps)? - (Q3 0). 


TESTS OF SYNCHRONOUS MOTORS. — Certain tests on synchronous 
motors are the same as those made on an a-c. gencrator; the methods of carry- 


‘ing out such tests are described in the article on Generators, Allernating Cur- 


rent. The first five of the following tests are of this character: 


1. Resistance of armature and field circuits both cold and hot. 

2. Saturation curve at no load and under special circumstances at full 

load. 

3. Core-loss. ! 

4. Short-circuit or synchronous impedance. 

5. Insulation tests. 

6. Phase Characteristics or V-Curves at no load, full load and any other 
specified load. The machine is operated as a motor with the specified load 
kept constant throughout the run. The voltage and frequency impressed upou 
the motor are also kept constant. The current in the field is varied from the 

inimum at which the motor will operate to the maximum (from 34 normal 
to 115 normal) and the variation in current input to armature noted. Readings 
are taken of load, volts armature, amperes armature and amperes field. A 
curve is plotted with amperes armature as ordinates, and amperes or ampere 
turns per pole in field as abscissae. This gives the characteristic V-curves of 
the synchronous motor (see Fig. 5). The point of minimum current input for 
each load is very clearly shown. At this point the power factor is unity. At 
lesser values of field current the armature current is lagging and the power 
factor poorer. At greater values of field current the armature current is lead- 
ing. The point of minimum current occurs at a higher value of field current 
for the greater loads because the field excitation must be increased with the 
load to overcome the armature reaction due to the load current. 


Compounding Curve.— The curve connecting the points of mini- 


mum armature current in the group of V-curves is called the compounding 


curve for unity power factor. 
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7. Starting Tests. — A low voltage is impressed on the armature and grad- 
ually increased until the motor starts. The field circuit is open in two or more 
places and a high potential voltmeter connected across one section to determine 
the, voltage induced in the feld spools by the rotating magnetic flux. The 
test is repeated for several ditferent initial positions of the revolving part and 
à record is made of the time required for the machine to reach synchronism. 


" The time at which synchronous speed is reached may be determined by the 


fact that the induced voltage in the field becomes zero. Readings are taken 
of volts armature, amperes armature, initial position, maximum volts field, 
time to reach synchronism. See also section on Starting, below. 


, 8. Armature Phase Position. — The phase position of the armature 
discussed Previously may be measured, although the item is only of theoretical 
interest and not of commercial importance. A synchronous motor is supplied 
with power from a special alternating-current generator, and on the end of the 
shaft of each machine is placed a contact-making disk, as shown in Fig. 6. 

A voltmeter is connected in series with a M0 V, 


Source of direct current, the two disks, and | ES 
the brushes pressing on the disks. The volt- 
meter reading is a maximum when the two \ 
brushes are in contact with the metal strips ( 

at the same time. The brush on the motor 

may be moved over a graduated scale or 


MG so that its position may be varied and F ig. 6. oe yog E 
the actual angular movement measured. Gre ee eae ty otto 


The brush on the generator remains stationary. As the load on the motor is 
increased it will be found necessary to move its brush in order to keep the volt- 
meter reading at its maximum value, and the angle 8 through which the brush 
n moved for the change in load gives the phase position of the motor 
amature with respect to the generator armature. It will be found that the 
Value of B is directly proportional to the load. The difference in phase of 
e electromotive forces in electrical degrees will be 8 multiplied by the number 
9 pairs of poles of the motor. If hunting exists, the maximum angle of swing 
may be determined by moving the motor brush first one way as far as the effect 


"ud he Ga and then in the other direction. (See Morecroft, Laboratory 


SPECIFICATIONS. — Synchronous motors are rated in the same manner 
= *ynchronous Generators, and the same heating limits and specifications 
apply. (See Generators, Alternating Current.) It is customary to specify the 

ue of the Current taken by the motor in starting with no load other than 
nal of its own bearings, or its own friction plus that of the machine to 
a is connected, in case it is part of a motor-generator set. It is also 
viding mentioned in the specifications that the motor will not hunt pro- 
some spese 41 resistance drop between the generator and motor is less than 

© Specified value (to per cent or I5 per cent). 


oa INSTALLATION AND OPERATION. — The precautions to be taken in 


tion are the same as for a-c. generators (q.v.). Direct current must be 


. Provided for excitation. If a synchronous motor is operated on a polyphase 


- System ha 


pe ving unbalanced voltages it will take unequal currents in the differ- 
ie Ines and tend to balance the voltages. These unequal currents, however, 
ease the heating somewhat for a given load. 


us ting. — Provision must be made for a reduced voltage for starting the 
compe either by means of taps on the transformers or by means of a starting 
" Pensator (q.v,), Large motors require two steps in starting, % and 36 
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of normal voltage. Small motors will start with one step at 14 voltage. The 
field circuit is opened by the field "break up" switch and a voltage applied to 
the armature. When the armature current has decreased from its large value — 7. 
at starting to a reasonable value the voltage is increased, step by step. Whe :: 
the motor has reached maximum speed the field is excited and the motor puls =: 
into exact synchronism. The field current is then adjusted until the condition 
of minimum armature current is found or until the power-factor indicator 
records unity power factor. The load may then be applied. ij 
If a synchronous motor is to be started often (several times a day) it is de 
sirable to provide a special starting motor which brings the synchronous motor ut T 
up to a speed a little above synchronism. Synchronizing must then be effected ^ 
as in a-c. generators. Such a motor would require only about 30 per cent of the 3: 
full-load current of the motor, and therefore have very little effect on the regu: | 33 
lation of the system and not cause disturbance to the lights and other motors | 5:7 
on tbe system. It usually requires less than a minute to bring a motor up to c% 
speed. 


E 


DIMENSIONS, WEIGHT AND COSTS. — These are approximately the , .. 
same as for synchronous generators of the same kv-a. rating. (See Generators, |. 
Alternating-Current.) 


BIBLIOGRAPHY. — Arnold, E., Wechselstromtechnik, Vol. IV, Berlin, 1913; <2: 
Steinmetz, C. P., Alternating Current Phenomena, N. Y., 1908; Crocker and ' 5x; 
Arendt, Electric Motors, N. Y., 1914; Blondel, A. E., Synchronous Motors ad. | x 
Converters, N. Y., 1913; McAllister, A. S., Alternating Current Motors, N. Y, 173 
1906; Lamme, B. G., Synchronous Motors for Regulation of Power-factor, Trans. 1°" 
A.L.E.E., 1904, Vol. 23, p. 481; Taylor, J. B., Parallel Operation of Synchronous |^ 
Motor Generator Sets, Trans. A.I.E.E., 1996, Vol. 25, p. 113. u 
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yy Meter consists of a slide-wire bridge, battery and galvanometer all mounted in 
n; & portable case, Another form of ohmmeter utilizes a special form of gal- 
wavy Vanometer whose deflection, measured on a properly calibrated scale, gives 
— the value of the unknown resistance directly in ohms. 


"^ BRIDGE TYPE OF OHMMETER (Fig. 1). — This ohmmeter is based 
on the Wheatstone-bridge principle, but differs fr 
~~" in that the theostat resistance R is kept con- 
77 stant and bridge arms, formed by the wire W, 
:^7 ate varied by moving a contact C. Ohmmeters 
—7 of this type are made in many varied forms. In 
3> some a straight slide wire is stretched over a 


AS that in which the slide 
,, Wile 18 mounted on a disk and the disk rotated, 


A high-resistance slide 
^ Wire is secured by winding a helix of insulated 


'' Wire on a small mandril and mounting it on the Fig. 1. Slide Wire Obmmeter 
moving the insulation from the wire where the contact 


The scale may be equally divided into a thousand parts, or may be divided 


to read directly the ratio of the resistance measured to the resistance of the 
(35 fixed rheostat resistance R. 


ere earth currents would make ordinary 
,' leatstone-brid 
ing the ground 


aa RSHED MEGGER (Fig. 2). — This instrument is 
t R . . . 
Measurement of cter type. It is principally useful for the 


Referrin o a a Fig. 2. Evershed 
Special f ee Fig. 2, D is a small d.c. generator and G a Megger 
nent m orm of pivoted galvanometer, consisting of a perma- 
and B ABRE M, a soft iron core C, a current coil A and two pressure coils B 
iin " These three coils are rigidly attached at a fixed angular distance 
Domet 9 the shaft Which carries the Pointer P. The generator and galva- 
"It are mounted in a single box provided with two binding posts for 
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connecting the unknown resistance X and a handle for turning the armature ol 
the generator by hand. 

The coi BB,, called the pressure coil, is permanently connected across 
the terminals of D. The current coil A is made to move through an annular 
gap in such a manner that the field in which it moves is uniform, whereas the 
pressure coils BB, move from a position midway between the poles, where 
the field is at à minimum, into a stronger and stronger field, the connections 
being such that the torque due to the current in the current coil is opposed by 
the torque due to the current in the pressure coil. With no current in the cur- 


rent coil, that is to say, when the resistance to be measured is infinite, current. — zy 


through the pressure coils will cause them to come to rest with their plane at 


right angles to the magnetic field. When the current through the current col ` 


js increased by putting in lower resistances the current coil drags the moving 
system round in a clockwise direction; since the pressure coils come into à 


stronger and stronger field, the resistance to this motion becomes greater and ^; 
greater. Hence a definite position is assumed by the system for the particular - 


resistance at X. 

An increase in voltage would increase the current in both current and pressute 
coils in the same proportion; consequently the instrument is independent of 
the voltage of the generator. 

To test the insulation of a circuit it is only necessary to set the megger down 
on a fairly level base, connect the circuit wires to the line and earth terminals, 


and give the generator handle half a dozen rapid turns, when the index promptly |. 


comes to rest and points to the resistance in megohms. 

In the cheaper instruments the generator gives a variable voltage depending 
upon the speed of rotation of the handle. In the higher priced instruments 
the generator is designed to give a constant voltage for a considerable range 


in the speed of driving. The voltage at which an insulation test is made is often | 


of great importance (see Resistance and Conductance). 


COST, RANGE AND ACCURACY. — Bridge type ohmmeters range in 
price from $35 for ohmmeters having a range of from o to roo ohms and an 
accuracy of about 2 per cent to $80 for ohmmeters having a range of from o 
to 10,000 ohms and an accuracy of about 14 per cent. Meggers range in price 
from $187.50 for variable-voltage meggers having a range of from o to 10 meg- 
ohms and an accuracy of about 5 per cent to $375 for constant-pressure meggers 
having a range of from 10 to 2000 megohms and an accuracy of about 4 per cent. 


BIBLIOGRAPHY. — V. Karapetoff, Experimental Electrical Engineerint, 
N. Y., 1908; Kempe, Hand Book of Electrical Testing, London, 1908; E. F. 
Northrup, Methods of Measuring Electrical Resistance, N. Y., 1912. 
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OIL, TRANSFORMER. — (See also Transformers; Circuit Breakers; In- 
sulating Materials, Testing of.) While mineral, vegetable and animal oils when 
pure are all good insulators, mineral oils obtained from petroleum products are 
almost universally adopted for use in transformers and switches. The mineral 
oil employed for this purpose is commonly called Transil Oil. l l 

Mr. D. B. Rushmore gives the following as the characteristics of oil usually 
furnished with large, high voltage, water-cooled transformers: 


Flashi-point: sc oe ys ns x shane DC EE PS Eben ash crocs tod i 30° C. 
BUrfUBE DOINE ov ees E ae nal he ON one dA EAS i cu e dd 145° C. 
Hreezing point cor ios oun cans vi ux DEVO Tp d es Mad dani -I5 C. 
COOP c" uM white 
Spec: gravity at rsg Capen ce us qo rv Bea we oe beh DER Ds o. 830 
Viscosity (Saybolt 40* C) (isse Rr oe da dew ences 40 


Dielectric Strength and Specific Inductive Capacity. — Fig. 1, from Hen- 
drick’s paper, gives the puncturing voltage of dry transformer oil for variously- 
shaped electrodes. These 
are standard curves suitable 
for use in design. They are 
based on the same data as 
those given by H. W. Tobey 
(see Bibliography). The 1 


following conditions: 
Curves. — For 4-in. disks; 
zin. balls; 1-in. blunt con- 


E 
; 
E 
Bi 
x 
E 


p 
d 


ial points; needle points; gl / 
4in. disk and needle point. © 

Material. — Heavy trans 9| a 
former oil. Dimensions. — E 

Specific gravity, 0.868; vis- 2 im 
cosity at 40°C. = 100 Say- $ a 
bolt. Composition.— 9 

From Pennsylvania crude. 60 


Treatment. — Filtered 
through dried blotting paper. | 
Method of test. — Beginning “Y Y] 
at lowest voltage, each curve 
is taken up to highest voltage 20 
and down again — about ro 
to 15 points being taken on 
each curve. Standard test Inches 
pn i ud Fig. 1. Puncturing Voltage for Dry Transformer Oil 
nearly constant. Temperature. — 20 to 25? C. Time. — Instantaneous. Fre- 
quency. — 60. Wave.— Sine. Number of trials. — Each point, about five. Ac- 
curacy of curves. — Plus or minus ro per cent. Characteristics. — (Fig. 1) 
Puncture voltage depends very largely on shape of electrodes. Curve I — using 
4n. disks, Curve 2 — using 2-in. balls. Curve 3 — using r-in. blunt conical 
Points. Curve— 4 using needles. Curve s — using 4-in. disk and needle. 
The specific inductive capacity as determined from these tests was 2.5 between 
25 and 100° C. 


Effect of Moisture on Dielectric Strength. — The effect of moisture in 
oil is shown in Fig. 2, which curve is taken from Hendrick's paper (see Bibliog- 
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raphy). The conditions were as follows: Material. — Heavy transformer ol. 


Dimensions. — Specific gravity, 0.87; viscosity at 40° C. = roo Saybolt. Com 
gosition.—From Pennsylvania 


crude. Treatment. — Oil is first 57 BEE HHH 
filtered through dry blotting paper, “ s tT TT TTT Tr rir rit 
and oil and water then emulsified à ptt tt Ett 
by mechanical shaker. Method of Sitti ttt 
test. — Standard spark gap o.2 in. %40 HEE Ht 
between o.5-in. disks; two separate 4 Ht 
emulsions; four samples of each; a AER EEE EEE 
five trials on each sample. Tem- er ee 
perature. — 20 to 25°C. Time.— E] ee 
Instantaneous. Frequency.—75. $! REE RES 
Wave.— Sine. No. of írials.— & ECCOCI 

Each point, 40. Accuracy of curve. o 1 2 3 4 6 6 7 8 910 
— Plus or minus 5 percent. Char- Water-parte in 1000 Volume 
acteristics. — Extremely rapid re- Fig. 2. Effect of Moisture on Puncturing 
duction of dielectric strength by Voltage 


minute quantities of water—under 0.01 per cent if thoroughly mixed. Specific 
capacity. — Dry oil = 2.5 at 25 to 100°C. Notes. — Practically identical results 
obtained on light oil whose specific gravity was 0.85 and viscosity at 40° C. was 
40 Saybolt. 


Methods of Removing Moisture; Chemical Treatment. — Drying 
agents, such as calcium chloride, calcium oxide (unslaked lime), calcium carbide 
and metallic sodium, respectively, are mixed with the oil in the proportion of 6 
parts of dehydrating material to 100 parts of oil by weight. To be effective the 
mixture must stand for three or four days before the drying agent is filtered off. 
Calcium chloride works faster and more efficiently than any of the other materials 
mentioned and is most commonly used. 


Heat Treatment. — Oil heated to a temperature of 105°C. is rendered 
quite dry but there is great danger of injuring the oil by overheating. If the 
pressure on the oil is reduced when heated, the moisture may be evaporated at 
a lower temperature, thereby reducing the danger of overheating. Dry air blown 
through moist oil will take up much of the moisture, especially if used in connec- 
tion with either of the above heat treatments. 


Separation by Gravity. — When the oil contains a large amount of 
water, the water will settle to the bottom if the oil is left undisturbed for a num- 
ber of days. The dry oil may then be drawn off from the top. 


Centrifugal Separation. — If moist oil is placed in a centrifugal separs- 
tor similar to the De Laval cream separator, most of the water will be forced into 


the outer casing and the remainder may be extracted by passing the oil through 
a filter. 


Paper-filter Treatment. — When moist oil is forced through a paper 
filter, the water content will not pass through the filter. Since the process i5 
slow in a gravity filter, high-pressure filters are used in which a pressure pump 
forces the moist oil through several layers of blotting paper. This type of filter 
press is especially convenient since the moist oil may be drawn from the bottom 
of a transformer case, dried in a filter press and fed into the transformer case 
again at the top. In this method, the oil is not only dried but is also freed from 
dirt and other foreign matter. (Bibliography reference, H. W. Tobey.) 


Effect of Temperature on Puncturing Voltage and Insulation Re 
sistance. — The curves in Fig. 3, taken from Tobey’s paper, show the effec 
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of temperature upon the diclectric strength and insulation resistance of trans- 
former oil. Tobey also found that at about —8° C. the dielectric strength in- 
creases very rapidly with further decrease 


$1200 
of temperature. È 
TESTING OF TRANSFORMER "^ 
OIL. — The puncturing voltage, insula- + gout yo— 
tion resistance and specitic inductive & 
capacity of oil is determined in much Á 699. 
the same manner as for other dielectrics; & m" 
see Insulating Malerials, Testing of. Yull & 
directions for making all the necessary  T 2010 
tests on oil are given in a paper by C.E. B 
Skinner, Elec. Club Jour., Vol. 1, p. 227. — & % a9 qu 30 60 710 BO 09 
Test for Moisture. — The presence of = Oil Temperature-Deg. Cent, 


moisture in oil can be detected by the his- Fig. 3. Effect of Temperature on Punc- 
sing sound produced when a very hot turing Voltage and Insulation Resist- 
nail is dropped into it. A bluish tinge  4%c¢ of Transformer Oil. 

given anhydrous copper sulphate placed in oil also indicates the presence of 
moisture. 


Flash and Fire Tests. — In the “open test” for the flash point of an oil, 
about so cc. of the dry oil are heated in an open vessel. The oil should be 
heated slowly and uniformly and the temperature noted by a thermometer 
immersed in the oil. From time to time a small flame is brought on to the 
surface of the oil and the lowest temperature at which a slight explosion or flash 
takes place is called the “ilash point." In the “closed test” the oil is placed in 
a closed vessel, the cover of which is perforated with several holes, which may 
be opened or closed. The oil is hcated as in the “open test” and is stirred by 
a shaft which passes through the center of the cover. To determine the flash 
point, the holes in the cover are opened simultaneously and a small flame is then 
directed upon the surface of the oil through one of the openings. The fire test, 
in which the ignition point of the oil is determined, is carried out in a similar 
manner as that for the flash point. The ignition point is the lowest temperature 
at which the oil will continue to burn after a flame has been brought in contact 
with its surface for a few seconds. (J. Lewkowitsch, see Bibliography.) 


Evaporation Test. — A small quantity of the oil is dropped upon a watch 
glass, and, after being carefully weighed, is placed in a constant-temperature 
oven for a number of hours. The temperature and duration of the test should 
conform as far as possible with the conditions under which the oil is to be used. 
After heating as indicated, the oil on the watch glass should again be weighed 
carefully to note the shrinkage. In general, a test at 5o? C. for a period of 24 
hours should not show an evaporation of more than 1 per cent. (Bibliography 
reference, A. H. Gill.) 


BIBLIOGRAPHY. — Gill, A. H., Ou Analysis, Philadelphia, 1903; Hen- 
dricks, A. B. Jr., Trans. A.I.E.E., 1911, Vol. 3o, p. 167; Lewkowitsch, J. 
Chemical Technology and Analysis of Oils, Fats and Waxes, London, 1904; 
Skinner, C. E., Elec. Journal, 1904, Vol. 1, p. 227 and 1905, Vol. 2, p. 538; 
Tobey, H. W., Trans. A.J.E.E., 1910, Vol. 29, p. 1189. 

[R. G. Hupsox.) 
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OSCILLOGRAPHS. — (See also Braun Tube; Wave Analysis.) The oscillo- 
graph is essentially a galvanometer of very short period. It is applied in the 
observation of potentials or currents, as voltmeter or ammeter, mainly when 
variations are too rapid to be indicated by the more usual instruments; for 
example in observation of potential waves of generators, potential and current 
waves in inductive apparatus, short-circuits or switching of transmission lines. 
As in many cases it is necessary to have two or more curves taken together in 
their relative phase relation, more than one element is necessary in a practical 
instrument; it is regularly built as a three-element oscillograph, giving one, 
two or three curves, as may be required, on the record. One element may be 
used as a chronograph by connecting it to record a timing wave from an at. 
source of known frequency. 


Types of Oscillographs. — The most common form of oscillograph is the 
moving-coil type, the “coil” being two small thin strips or ribbons arranged 
very close together, thus forming the two sides of a coil of one turn. A moving 
iron vane can also be used, but this type has not received extended practical 
application. The electrostatic oscillograph, which is particularly well adapted 
for direct observation of high potentials, consists of two insulated strips main- 
tained at a constant potential difference, these strips being caused to vibrate 
by the varying force of attraction and repulsion due to the charges on two fixed 
plates connected to the varying high-potential source. The vibrator is similat 
in construction to the vibrator of the ordinary oscillograph, except that the two 
strips are connected by a light insulating thread. The strips are connected to 
the terminals of a storage battery, the middle of which is kept at a potential 
midway between the potential of the two plates, by 
being connected between two equal condensers in series 
across the attracting plates. Still another form of 
oscillograph is the cathode ray, or Braun, tube; see 
article on Braun Tube. This last type of oscillograph 
finds its most valuable application in the laboratory 
study of high-frequency and high-voltage phenomena 
which are beyond the range of the ordinary oscillograph. 
The practical application of this type has been found 
rather difficult. 5 


DESIGN OF MOVING-COIL OSCILLOGRAPH. 
— The ordinary or moving-coil oscillograph is described 
in detail below. 

Construction of Vibrator.— The vibrator, or mov- 
ing element (Fig. 1), consists of two strips of flattened 
wire stretched over bridges, with a very small mirror 
cemented directly to the strips; the arrangement con- 
stitutes a one-turn galvanometer coil of elementary form. 
The vibrator is placed between the wedge-shaped poles of Fig. 1. Oscillograph Vi- 
an electromagnet or of a permanent magnet. It is  brator. B,B bridges 
immersed in a liquid which provides critical damping. for supporting Str: 
The vibrator conductor passes from one terminal post T P, pulley; SB, spring 
over the bridges BB; in narrow grooves, over a pulley P, balance P e 
back over the bridges in grooves very close to the UM ror 
former, to the other terminal post Tı. The width of the 25 
strip is usually 0.005 inch to 0.007 inch. The mirror M is cemented to the 
strips midway between the bridges, its usual size being 0.060 inch by 0.017 
inch. Tension is applied to the strips, for the ordinary vibrator 6 oz. for the 
two strips, indicated by a small spring balance SB. The vibrator is readily 
rewired in case of break or burn-out. 
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For efficient operation vibrators are made interchangeable. This is neces- 
sary to make expeditious operation possible, and to minimize delay due to 
accidental destruction of vibrator parts. 


Construction of Field Magnets. — The galvanometer field is an electromag- 
net with wedge-shaped poles. The vibrator is so mounted that the strips lie 
in the narrow air gap between these poles. A direct current through the winding 
of the electromagnet produces a very strong field in this air gap. The ampere 
turns of the electromagnet are sufficient to saturate the pole tips and render the 


^ strength of the field practically independent of the voltage applied to the elec- 


tromagnet windings, at least for ordinary voltage variations. One terminal of 


7 the vibrator may be connected electrically to the core of its ficld magnet, each 


core being insulated from its ficld winding for a working pressure of 2300 volts. 
A permanent magnet can be substituted for the electromagnet as the oscillo- 


- graph field. This construction is practicable for two elements. The perma- 


nent magnet oscillograph is somewhat inferior in sensibility, and greatly inferior 
in insulation between elements, compared with the electromagnetic type of 
oscillograph. 

Optical System. — The light for the oscillograph from a projection arc lamp 
enters the case at the shutter aperture, and, after. being reilected toward the 
vibrator cell by a total reflecting prism (one for each element), passes through 
à slit which adjusts the width of the image. It is then reflected by the small 
vibrator mirror, and passes through a cylindrical lens to the image on screen or 
film. Very careful adjustment of the optical system is essential to secure 
records of good photographic intensity. 

The arc lamp used as a source of light for the oscillograph is usually a hand- 
feed lamp with small carbons at right angles, taking 5 to 8 amperes, with solid 
positive carbon in the horizontal position. The light is rendered parallel by 
a simple projection lens. Any convenient arc lamp, however, may be used with 
good results. If only an a-c. source is available for the arc, records of fluctuat- 
ing intensity are obtained, which, however, are usually lezible throughout their 
length. Sunlight source with a heliostat, when circumstances permit, gives 
photographic records of superior intensity. 

The astigmatic optical system of the oscillograph, due to the cylindrical lens, 
is quite a distinctive one; the geometrical light source for the image in the 
vertical direction is the adjustable slit, in the horizontal direction it is the 
vibrator mirror. 


Means for Obtaining Photographic and Visual Records. — The photo- 
graphic record is taken on à moving film or plate. The most practical arrange- 
ment is a film, having a length of about 12 inches, on a drum driven at suitable 
speed by a small motor. A contactor opens the shutter for one revolution 
of the drum, giving exposure once over the film. The exposure can be adjusted 
to start at the beginning of the film, or if a record is taken in response to a signal, ' 
as of switching or short-circuit, the exposure can be started instantaneously at 
any part, of the film. A long film is desirable in some cases, as in transmission 
line switching, where the whole disturbance lasting perhaps several seconds is 
to be taken. By the use of a suitable attachment for long films, records can 
be taken on films 3 to 5 feet in length. 

The motion of the spot of light reflected from the vibrator mirror may be 
Projected as a standing wave on a tracing table, for examination or demonstra- 
tion. An oscillating mirror, actuated by a cam driven by a small synchronous 
motor, is given a uniform angular velocity during alternate cycles of the currert 
or voltage observed, and draws out the wave longitudinally. Only alternate 
Waves or cycles are utilized, the intervening waves being cut off by a revolving 
Screen on the motor shaft during the return motion of the mirror, The recur- 


` drop of at least 0.1 volt is required, but for con- 
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rences of the waves are so rapid as to produce an image sensibly continuous to 
the eye. The synchronous mirror is removed by shift of a simple mechanism 
to permit photographic record to be taken in the usual manner by revolving 
film. 


Free Period of Vibrator. — The free period of the vibrator is about 1/6,00 
second, but some have been constructed to have a free period as high as 1/10,00 
second. The higher the free period the less the distortion of the higher har- 
monics in the current and voltage waves. A free period of 1/6,000 second, is ‘=. 
ample to secure practically accurate values of all harmonics having a frequency jv. 
of less than 1200 cycles per second; with a free period of 1/10,000 second hat- jį. zy 
monics having a frequency as high as 2000 cycles per second are recorded with | 
practical accuracy. 

The free period of a vibrator depends upon the moment of inertia of the 
vibrating system and upon the tension on the strips; the less the moment of 


inertia and the greater the tension, the shorter will be the free period. The {re p. 
period of a given vibrator may therefore be slightly shorteped by increasing the hs M 
tension on the strips, but this in turn decreases the sensibility, i.e., the delle jes, 
tion for unit current through the strips. $ a 

To measure the free period of a vibrator jt is placed in the cell between the 1... 
poles of magnet, in the usual way, but with no damping liquid in the cell. It = 
is connected to a d-c. source through an interrupter which makes or breaksthe ' ^ 
circuit one or more times during the exposure of a film running at as high a P 
speed as possible. The free vibration in decreasing amplitudes is shown on E 
the film, and the period is readily counted, the-film speed being known. ui 


Sensibility of Oscillograph. — An oscillograph having a free period of 
1/6,000 second requires from o.1 to o.2 ampere through the vibrator to give a 
curve of good amplitude; or about 0.006 ampere is required to give a mili- 
meter deflection from the zero line on the film or tracing table. As ordinarily 
constructed a deflection of 45 mm. on each side of the zero may be obtained, but: 
a deflection of more than 30 mm. is seldom necessary. The resistance of the 
vibrator is from 1 to 1.5 ohms; hence to obtajn a deflection of 30 mm. about 
o.2 volt is required across the vibrator terminals. The sensibility of a vibrator 
may be much increased by using thinner strips and smaller mirrors, but such 
arrangements are more delicate and should be used only to meet special 
requirements. 


CONNECTIONS AND ADJUSTMENTS. — For potential, or volg, s 
curves the oscillograph is connected similarly to a voltmeter; E in Fig.2 A ts 
suitable amplitude of curve is obtained by an external adjustable resistan — -. 

For current curves the oscillograph is con- Ti 
nected similarly to a millivoltmeter across a non- 
inductive shunt; I in Fig. 2. A shunt potential 


venient adjustment it should be larger, 0.5 volt 
being a suitable value where practicable. If the 
current measured is less than 0.2 ampere, no 
shunt is used, the whole current being taken by Fig. 2 
the vibrator. : 
For waves of flux distribution in generators or motors, the oscillograph is 
connected to give the voltage of an exploring coil; sometimes in d-c. machines 
the voltage between commutator bars can be used. ” 
Potential and current transformers are used where the line voltages and ; ` 
currents are too high for practical or convenient direct observation. The 
oscillograph potential circuit can be connected to the potential transformet 
along with voltmeter or other instruments, as it is only a fraction of the rated 
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potential transformer load. For current curves a shunt is connected in the 
current transformer secondary circuit. 


Adjustment of Vibrator and Optical System. — Individual vibrators are 
provided with movements for vertical and horizontal adjustment of the image. 
The beam of light is brought vertically to the middle, or axis, of the cylindrical 
lens; this adjustment is left unchanged, but should be examined occasionally 
to insure its correctness; this may conveniently be done by viewing the position 
of the light spot on a thin sheet of paper held against the case where the light 
comes through to form the image on film or ground-glass sereen; the light spot 
should appear central in the aperture. The horizontal adjustment brings the 
image to the proper position on the record, and is changed frecly according to 
Circumstances. When two curves are to be taken on the record, the images are 
usually placed for clearness so as not to overlap. If, however, the phase relation 
is important they are placed with their zero positions near together; it is better 
not to make them coincident, however, as good superposition is nut always 
secured. After the principal exposure, an auxiliary exposure for zero line is 
taken with vibrator circuit opened, except in occasional records where the zero 
line is unnecessary. 

Quantitative Measurements with Oscillograph. — The values of the 
curves may be obtained quantitatively when necessary by reference to a d-c, 
measurement. For potential curves an observation is taken of a d-c. source 
of known voltage; for current curves similarly an observation is taken of a 
measured d-c. current. During these d-c. measurements the resistances in the 
vibrator circuit should be the same as used during the observations. If a 
number of observations are taken at dilferent resistances, two or three d-c. cali- 
brations can be made with known resistances, and the calibration for the other 
resistances computed, assuming the dellection proportional to the total resist- 
ance of the vibrator circuit. When potential and current transformers are 
used, the voltages and currents as directly measurcd are reduced to terms of 
line voltages and currents by the transíormer ratios. In case of short-circuit 
currents, where it is not practicable to obtain d-c. currents comparable in 
amount with those of the observation, a measured d-c. voltage, as from dry 
cells, can be applied to the oscillograph leads detached from the shunts, the 
Corresponding currents being computed from the shunt resistances. 

In many cases, the curve is self-calibrating, a portion of the curve being at 
à constant d-c. value which can be measured by d-c. instruments, as for instance 
on generator-feld voltage and current curves of short-circuits. 


COST OF OSCILLOGRAPH. — An oscillograph complete with a three- 
element electromagnet galvanometer, optical system, shutter and shutter- 
operating mechanism, motor and countershaft, photographic and tracing 
attachments, six film-holders, and the following repair parts: 6 extra suspension 
Strips; 6 vibrator mirrors, r box special gold-leaf fuses, x bottle mirror cement, 
1 bottle damping liquid, costs about $650. 


BIBLIOGRAPHY.— Some of the more recent articles on oscillographs arc 
the following: Robinson, L. T., The Oscillograph and tts Uses, ‘Trans. AÀ.I.E.E., 
1995, Vol. 24, p. 213; Ramsay, D. A., Osctllographs (Duddell type) Electrician, 
1906, Vol. 57, p. 884; Vol. 58, p. 342; Abraham Rheograph, Electrician, 1909, 
Vol. 63, p. 500; Irwin, J. T., Ho! Wire Osctllograph, Electrician, 1907, Vol. 59, 
DD. 266, 306; Ho, Koto, Electrostatic Oscéllograph, Electrician, 1913, Vol. 72, p. 
290; Ryan, H. J., The Cathode Ray Alternating Current Wave Indicator, Trans, 


ALE.E,, Vol. 22, p. 539. [L. T. Ros ] 
| ; . T. INSON. 
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PAPER, IMPREGNATED. — (See also Insulating Materials; Wires ond 
Cables, Insulated.) Wires and cables may be insulated by winding pape 
ribbon helically around the conductor in successive layers until the desired 
thickness of insulation is obtained. The paper-covered cable, after being thor- 
oughly dried in a hot vacuum dryer is immersed in resin oil until saturated, 
and then passed through a lead press, which covers it with a continuous sheath- 
ing of lead. The paper serves the double function of affording a conveyance for 
the oil and a mechanical separator between the conductor and sheath. The ail 
forms the main insulation. 


THE PAPER. — The most commonly used paper for such cables is that 
made of Manila hemp or musa textilis, a fiber grown in the Philippine Islands 
for rope making. The original fibers are about 6 millimeters long and havea 
diameter of 0.024 millimeter but the length is materially decreased in the proces 
of beating described below. The paper made from this fiber is not necessarily 
the best for cable insulation, but the fact that it has stood the test of twenty 
years use makes American manufacturers slow to try others. Hemp papers are 
often called Manilas, and at the present time mixtures of hemp and musa have 
come into general use, a common proportion being one of hemp and two of musa. 
Jute is sometimes added, but as it is not permanent and adds nothing to the 
strength, it should be avoided. German manufacturers are using papers con- 
taining long fiber wood-pulp in large quantities, or even made exclusively of 
such wood-pulp, and claim that they are better than Manila papers (C. Beaver). 


Manufacture of the Paper. — The process of manufacturing Manila paper 
is as follows. The fibers are cut up, placed in a boiler with lime or caustic soda 
and boiled under a pressure of from 30 to 5o pounds for between 5 and 10 hours. 
They are then emptied out, washed free of alkali and put in a breaker where the 
fibers are partially disintegrated and washed. Sometimes bleaching is performed 
at this stage, by adding chloride of lime and again washing. The material is : 
then put into the beater, where it is reduced to the condition necessary for the — |^": 
paper machine. After suitably diluting the material it is passed over sand tables, — 7 
where gritty matter is deposited “and then through strainers, where any Om =. 
particles are retained. It then passes in a continuous flow to the endless wire 
of the Fourdrinier machine, where the fibers are deposited in the form of a 
sheet; then to the couch rolls and to the press rolls, where the water issquezd =. 
out. Finally it passes over a series of drying cylinders where it emerges dy yp 
and is taken upon reels. (This description is abstracted from a paper by C i 
Beadle and H. P. Stevens; see Bibliography, below.) 


Necessary Properties of the Paper. — The paper should have the following x 
qualities. El 


1. Porosity, in order that it may hold a large amount of oil. | : 

2. Strength and elasticity, in order that it may not break either while being 
wound or while suffering shrinkage in the dessicator. 

3. Freedom from mineral matter, not only to give greater porosity but to 
avoid electrical weakness. . 

4. Freedom from alkalies, in order that the impregnating oils shall not be 
saponified. 

s. Freedom from metallic salts, such as chlorides and sulphates, in order to 
avoid short-circuiting the oil by an electrolyte and also to avoid injuring the 
conductor. 


Strength of the Paper. — The strength of paper is usually stated in terms 
of the length of a piece the weight of which would be equivalent to its breaking 
strength. Thus a high-class Manila paper gave the results in the accom: 


, 17°C. (Beadle and Stevens.) 
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panying table, the humidity of the air being 65 per cent and the temperature 


The average ratio of longitudinal to 
transverse strength as determined by Strength Elonga- 


... C. Beaver from tests on several hun- tion 
- dred tons of satisfactory insulating 


paper is about 2.02. The average elon- Por cont 


gations were. 2.2 per cent for the | 11,450 meters, lengthwise, . 2.8 

longitudinal direction and 4p per cent | -raso meters, crosswise... 7.8 

for the transverse direction. 7.950 meters, average. .... 5.3 
OIL FOR IMPREGNATING. — |... 


Considerable mystery is maintained 

by the manufacturers respecting the exact nature of the oils used for impreg- 
hating the paper, but the principal ingredient is resin oil, the fluidity of which 
is reduced to a suitable degree by the addition of resin. One manufacturer 
brings the resin into chemical combination with the oil. 


SPECIFIC RESISTANCE OF IMPREGNATED PAPER. — The 


.- Specific resistance of impregnated paper for wire and cable insulation depends 
` upon the dryness of the oil and upon the nature and quantity of the substances 


. mixed with it. Increasing the fluidity within certain limits reduces the resist- 
| ance, increases the flexibility and improves the dielectric strength. The value 


of K in the formula M = K log i (see article on Rubber) varies from less than 


1000 to more than 3000, the usual value being near the lower limit. 


Temperature Coefficient of Resistance. — The effect of temperature 
changes upon the resistance of oiled paper is greater than upon rubber and 
less than upon varnished cloth. The accompanying table is representative 
of a typical paper insulation, but the properties of different makes vary 
considerably. 


DIELECTRIC STRENGTH. T The dielec- Per cent of 
tric strength of oiled-paper insulation is a very resistance 
indefinite quantity. It is greatly reduced by the at 60° 


. Presence of even the minutest trace of moisture 
. and it decreases rapidly with increasing tempera- 
ture. The gradual ionization of vapor is another 
cause of decreased dielectric strength. It is there- 
fore not surprising to find different experimenters 
reporting widely different values of this quantity. 
Thus, E. Jona says that the average commercial 
impregnated paper subjected to dielectric stress 
for an hour with progressingly increasing potential, 
will stand from 8 to 10 kilovolts (effective a-c.) 
per millimeter and that it is not uncommon to | 
find samples with 20 or 3o per cent greater dielectric strength. E. J. Berg 
gives 250 to 300 kilovolts per inch, or ro to r2 kilovolts per millimeter. P. 
Humann says that high-grade impregnated paper will stand 20 kilovolts per 
millimeter. The usual testing strength H, in the formula 


jeu 


r log — 
r 


is about 4 kilovolts per millimeter or roo kilovolts per inch, but the validity 
of this formula when applied to compound oils is very doubtful on account 
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of the heterogeneous nature of the insulation. When impregnated paper 
punctured electrically, the paper itself chars, so that even though the oil tends P 
to flow into and repair the gap the short-circuit is maintained (see Wires esi 
Cables, Insulated). 


SPECIFIC INDUCTIVE CAPACITY. — The specific inductive capadty | ^^ 
of plain Manila paper (without oil) is 1.8 (H. Floy), while that of Manila papa |`" > 
impregnated with a mixture of resin oil and resin is between 2.4 and 2.6. During ae 
operation the constituents of the oil which have higher specific inductive capa ! ^7 
ties are drawn toward the conductor and tend to remain there permanently, ^-^ 
thereby affording a natural grading for the cable. 


SPECIFICATIONS. — Specifications for impregnated paper insulation fot 
wires and cables will be found in the article on Wires and Cables, Insulated. T 


BIBLIOGRAPHY. — Beadle, C. and Stevens, H. P. The Composition ond i 
Durability of Cable Papers, Electrician (London), Vol. 63, 1909 ; see also tht 
bi bliography i in the article on Rubber. | 


(W. A. Det Mar] 


PERMUTATIONS AND COMBINATIONS, — (See also Factoriel:) 
Each of the arrangements which can be made by taking some or all of a number 
of things is called a permutation. 


Each of the groups or selections which can be made by taking some or all of & 
number of things is called a combination. | 
The number of permutations of n things taken r at a time is 


l n(n—1)(*— 2)... (n—r-F1). 
* The number of combinations of # things taken r at a time is 
8&(n—:n—2)... (n—rt-1) 
f(r—1)(r—72) ... 3:21 


. The number of combinations of s things taken r at a time is equal to the 
ama of combinations of s things taken (a ~ 7) at a time. 


[W. A. Dex Mar] 
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:.. PHOTOMETRIC QUANTITIES. — (Sec also Hlumination, Laws of; Pho- 
_ 2" lomelry; Vision, Laws of.) The names and sense of the common photometric 
units are conventional, though a uniform value of the basic unit of the system, 
viz. the international candle, was established in 1909 by the national standards 
-+> laboratories of Great Britain, France and the United States. The standard 
- 7 unit in Germany is the Hefner unit, but the relation that 1 Hefner unit equals 
^-' Oginternational candle was officially recognized. The terminology and defini- 
- tions that follow are in agreement with those recognized by the Geneva Con- 
~~ gress in 1896 and the proposals made by the Committee on Nomenclature and 
Standards of the Illuminating Engineering Society in 1912 (Trans. Ill. Eng. Soc., 

^. Vel.7, p.723. See also Standardisation Rides of the ALEE.) 


~ LIGHT FLUX is a measure of the rate of flow of light from a luminous 

ce; body. It is not identical with the flow of radiant energy but is an evaluation of 

. , Tadiation in terms of the corresponding light sensation. Light flux is pro- 

portional to two factors, power radiated and a stimulus coefficient Ay. The 

_:; Stimulus coefficient varies with the wave-length of radiation as shown in Fig. 1 in 
"  thearticle on Vision, Laws of. (See also Phil. Mag., Vol. 24, p. 853.) 

Lumen. — The lumen, or unit of light flux, denotes the light radiating within 

one steradian from a source having a uniform luminous intensity of one candle. 

The steradian, or unit solid angle, is the angular space subtended at the center 

of a sphere by a portion of its surface equal to its radius squared. An entire 

sphere includes 12.5664 steradians and a hemisphere 6.2832 steradians. The 

symbol for luminous flux is F, that for luminous intensity J, and that for stera- 

dians w. The following relations hold: 


af 


Flux in any solid angle, F - f! dw; 
Total flux from source, F, = 12.5664 Ims; 
Flux in lower hemisphere, Fi) = 6.2832 Imlh; 
Flux in upper hemisphere, Fuh = 6.2832 Imuh; 
Flux in any zone Fz = wz Imz; 


where the J’s have the designations given in the following paragraph. 


LUMINOUS INTENSITY, commonly termed candle-power, denotes the 
solid angular density of light flux emitted in the direction considered, or 


dF 
Ie 


Although luminous intensity refers in the strict sense to a single direction, mean 
. intensities within certain limits are widely used. The following designations 
are employed in this article and also the articles on INumination, Laws of, and 
Photometry. 


Mean horizontal intensity, Ir. 
Mean spherical intensity, I, 
Mean zonal intensity, Imz. 


Mean upper hemispherical intensity, Imuh- 
Mean lower hemispherical intensity, Imik- 


International Candle. — The international candle is the official unit of 
luminous intensity in France, Great Britain and the United States. The Hefner 
unit, which is standard in Germany equals o.9 international candle. For further 
discussion of photometric standards see Photometry. 

Distribution Curves. — The luminous intensities at various angles about a 
light source are commonly represented by polar curves of horizontal and vertical, 
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distribution. Caution should be observed in interpreting such curves. The frodte| 

mean horizontal intensity is equal to the mean polar radius of the curve of hori- Ys bet 

zontal distribution. The mean polar radius and the inclosed area of the curve 

of mean vertical distribution are entirely lacking in significance. For methods 

of computing mean intensities from vertical distribution curves, see 1Huminolion, |igtn: 

Laws of. Pe 
Spherical Reduction Factor. — This factor is the ratio of the mean spherical 5; 

intensity of an illuminant to its mean horizontal intensity. © is 


ILLUMINATION denotes the density of light flux intercepted by a surface dy 


s , : : Ain n PERME 
or traversing an area in space. The unit of illumination corresponds to unit ziig 
flux per unit area and is commonly one lumen per square foot, or foot-candle. oe 
The metric unit of illumination is the meter-candle, or lumen per square metet, ES 
sometimes called the “lux.” It has been proposed by Blondel to designate '..- i 
the unit of one lumen per square centimeter by the title “phot.” One fot- in 
candle is 10.764 meter-candles and one meter-candle is 0.0929 foot-candles. — . WT 


For methods of measuring illumination see Photometry; for the calculation |i 
of illumination, see Illumination, Laws of; for values of illumination required uj 
for various purposes, see Vision, Laws of. Tn 

INTRINSIC BRILLIANCY OF COMMON ILLUMINANTS A 


"m 
Tu 


Candles per | Candles per 


Illuminant : hu 
. ^ 8q. 1n. 8q. cm. BE 
Crater, carbon Art ic sides y Un E REN RET V 84,000 13,000 ij 
Magnetile BF6.. 25i esr rad EU E acts ees 4,000 620 EM 
Nernst gloweti s.s secos e e pU eres earners 3,010 470 KS 
Incandescent electric lamps: | E 
Tungsten, 1.25 watts per C-p.... 0.0... cc eee ees 1,060 164 S 
Graphitized carbon, 2.5 watts per c-p.......... 750 120 E 
Tantalum, 2 watts per c-p............... eee. 580 9o | i 
Carbon, 3.1 watts per c-p......... eese eese 485 "5 | b 
Carbon, 3.5 watts per C-P.... es. cece eee ees 400 63 ex 
Acetylene flame, 1-foot burner ................. 53 82 i 1 
Acetylene flame, 0.25-foot burner............... 33 5.1 rem 
Welsbach mantle. ............cc cece ec ececeeces 3t 4.8 
Welsbach mantle, mesh..................eeeee es 56 8.7 
Mercury BFC hove ree ER UE UU CEA NR dco d Nun 14.9 2.3 
Kerosene flame... ovo vh gere e E eS 9.0 1.4 P 
Gas flame no fo ia on oda e eR RT RAS Ca 2.7 0.4 EA 
Frosted tungsten lamp, tip..................... 1.67 0.26 bs 
Frosted tungsten lamp, side.................... 6.0 0.93 | 


SURFACE BRIGHTNESS OR INTRINSIC BRILLIANCY is the lumi- 
nous intensity per unit area of a surface projected on a plane normal to the 
line of sight. It is measured in candles per square inch or per square centimeter 
of projected area. Let b denote surface brightness, S the area and 6 the angle 
between the normal to the surface and the line of sight, then 


dI 
dS cos ` 


The specific luminous radiation is closely akin to surface brightness as it 
denotes the flux emitted per unit area., If the emission agrees with the cosine 
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law the specific luminous radiation E' and the surface brightness normal to the 


surface b, bear the relation 
E' = rb. 


The brightness of illuminated surfaces is conveniently expressed in lumens 
emitted per square foot, but this should be clearly distinguished from illumina- 
tion, or lumens received per square foot. 

Mean values of surface brightness or brilliancy of various illuminants are 
given in the preceding table (Ives and Luckeish, Klec. W., Vol. $7). 

The presence in the field of view of illuminants of high brilliancy depresses to 
a marked degree the sensibility and acuity of vision. The upper limit of bright- 
hess consistent with best vision has been variously estimated between 4 and 7.5 
candles per square inch. (See Glare in article on Vision, Laws of.) For method 
of measurement of surface brightness see Ives and Luckeish, ref. cit. 


REFLECTION OF LIGHT. — Reflection is regular or diffuse according as 
the reflector is a polished surface or a matt. Regular retlection is characterized 
by equal angles of incidence and reflection, the formation of images and the 
invisibility of the reflecting surface. Diffuse reflection scatters light in all 
directions, produces no images and renders the retlecting surface luminous. 
The intensity of light reflected by a perfect matt surface varies in proportion 
to the cosine of the angle of departure from the normal, and the total flux re- 
flected equals x times the normal intensity. However, some regular reflection 
always accompanies diffuse reflection and these laws can be applied only ap- 
proximately. Fair diffusing plates can be prepared from barium sulphate, 
magnesium oxide or other white materials of extremely fine and even grain. 
Opal glass with both surfaces carefully depolished is fairly satisfactory for diffuse 
reflection and transmission of light. Wall coverings of paper, plaster, fabric, 
paint and kalsomine deviate considerably from the cosine law of diffusion and its 
corollary and caution must be observed invariably in applying these laws to 
calculations of illumination. All materials not white, gray or black are selec- 
tive and vary in their reflecting power with the spectral composition of the light 
received. 

The following approximate values of reflection coefficients have been col- 
lected from various sources and are useful in calculations dealing with reflected 


light. 


Reflector : Reflector 


Orange yellow paper 

Light green paper 
White blotting paper ; Light pink paper............ 
White bond paper ; Light blue paper 


Medium blue paper 
Dull green paper 
Light red paper 
Medium red paper 
Medium brown paper 
Flat ivory paint í Deep red paper 
Light buff paper 


The above values refer to light having the spectrum of commercial incandescent 
illuminants. In general flat paints are slightly below papers of the same tone 
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in reflecting power, whereas glossy paints exceed papers by 0.10 to 0.15 on a 
count of regular reflection. 

The most satisfactory device for the measurement of coefficients of diffuse 
reflection is that described by Nutting, Trans. Ill. Eng. Soc., Vol. 7, p. 412. 


ABSORPTION OF LIGHT. — Transmitting media possess qualities quite 
analogous to reflecting surfaces with respect to regular and diffuse transmission 
and selective absorption depending on color. The absorption of light in the 
varieties of glassware most used in the lighting art are approximately as follows 
(see Trans. Ill. Eng. Soc., Vol. 6, p. 98); 


Kind of glass 


eco 9906o0«ecncce(etocitsísossccc| O BH || MERJE. e rer ert vor eoeonaveeere 


Re oe Medium opalescent.......... 
Uu astr A D acp Heavy opalescent........... 


eectsocctc952o2o299€€922220202«2| AY «^ || A SALEAY eec nette t 
eecccceevev| XA) 49 || RAR sLGA BECUZ ec aea oto nt 
ee eveee fF AQ Q^" || AA 2900909292 99999c* t 


"eo*50s9v6cí(ct92252$€o0c20í0c2| AQ QV || WWMWUOSV W7RVENM/eícee tota 
NI 
i34 

TINI SEE: 2E LLL oL PL I"I*e^eene]nq 4dlyJolol caa lll^l^o^lNlllgoiopppb uu DAN I 


iu 
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: PHOTOMETRY. —- (See. also Illumination, Laws of; Vision, Laws of; for 


definitions of quantities and symbols see Photometric Quantities.) Photometry 
is the science of light measurement. Its chicf aspects are the determination of 
(a) the intensity of light sources in definite directions, (P) mean vertical light 
distribution, (c) the mean intensity and light flux emitted within specitied 
limits of distribution, (d) the illumination of surfaces, (e) the reflecting proper- 
ties of surfaces and (f) the analysis of the color of light. Its methods are es- 
sentially visual and consist in equating the brightness of two diffusing surfaces. 
As an instrument of physical measurement the eye lacks precision as an estimat- 
ing device, but serves well in the judgment of equality. Photometric devices 
are of four general types, according to the method of comparison employed, viz., 
(1) by equality of brightness of two surfaces visible simultaneously, (2) by 
equality of contrast between two pairs of surfaces differing slightly in brightness, 
(3) by the disappearance of flicker when two surfaces are viewed in rapid 
alternation, and (4) by acuity of vision. The latter process does not admit of 
precision and is used only for rough comparisons. 


Methods of Obtaining Photometric Balance. — The methods of obtain- 
ing photometric balance are: (1) varying the distance of one or both light 
sources from the surfaces compared, according to the law of inverse squares 
(see Illumination, Laws of); (2) varying the angle of incidence of light according 
to the cosine law (ibid); and (3) varying the proportion of light received by 
means of a sector disk or slit and collimator. In cases (1) and (2), given two 
diffusing surfaces illuminated to equal brightness b by respective light sources 
of intensities J, and Is; the reflection or transmission coefhcients of the surfaces 
as Kı and Ks; the angles of incidence as a and œr; and the distances from the 
light sources di and da respectively; then if œr = a2 and Kı = Aa and Z2 is the 
known intensity of a standard lamp, 


If and o» or Ki and Ke differ slightly, a sensibly correct result is obtained by 
interchanging the light sources for half the observations and using the mean 
distances in the inverse square relation. 


STANDARD LAMPS. — A primary standard possesses two essential quali- 
ties, definiteness and reproducibility from specifications. None of the existing 
Standards of luminous intensity meet both requirements. Of the flame stan- 
dards, the Hefner and pentane lamps are approximately reproducible and 


. fairly definite with standard atmospheric conditions and fuel. The incandes- 


cent electric lamp is capable of definite calibration, but is not strictly reproduc- 
ible. The present unit of luminous intensity, the international candle, is 
derived from the mean intensity of a group of incandescent electric lamps 
maintained by the U. S. Bureau of Standards, in cooperation with similar 
custodians in France and Great Britain. 


Hefner Standard. — The Hefner standard which is the official standard of 
Germany and which has been extensively used in the United States, is a wick 
lamp burning amyl acetate of definitely specified chemical and physical proper- 
ties. Its standard intensity is o.9 international candle. Expressing the actual 
i as I, corrections for various atmospheric conditions are made as fol- 
ows: 


For variations from the standard flame height of 40 mm. 


I= 1+ 0.025 (k ~ 40) or I = 1 — 0,034 (40 — k) 
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for heights greater or less than 4o mm. respectively, where h is the flame |. 


height in millimeters. For barometric variations 
I = 1 4- o.ooor1 (b — 760), | 
where b is the barometric pressure in millimeters. For atmospheric humidity 


I = 1.049 — 0.0055 x, 


where x signifies the liters of water vapor per cubic meter of air at 760 mm. and 
free from COs. 
For atmospheric vitiation by CO» 


I = 1.012 ~ 0.0072 9, 


where y signifies the liters of CO» per cubic meter of dry air. 

The objections to the Hefner standard are its low intensity, its reddish color, 
its flabby flame and its sensitiveness to variation in flame height. The element 
of uncertainty asseciated with it is at best not less than 2 per cent. 


Pentane Standard. — The pentane standard, as represented by the Vernon- 
Harcourt type, is essentially an argand burner supplied with pentane-air gas 
and preheated air. The fuel is formed by passing air over pentane in a satura- 
tor box subdivided by baffles. The burner is surmounted at a height of 47 mm. 
by a cylindrical chimney. An annular chamber surrounding the chimney 
supplies the interior of the fame with preheated air. The flame is shielded 
from drafts by a conical, blackened hood having’a slit at one side through which 
the flame is exposed. The chimney is fitted with a mica window showing 4 
gauge line to which the flame height is closely adjusted. Under standard 
atmospheric conditions, viz., a barometric pressure of 760 mm. and a humidity 
of 8 liters of water vapor per cubic meter of air the flame should have a horizontal 
intensity of 10 candles. Experience indicates, however, that it is usually less 
by 2 to 4 per cent and that it is desirable to calibrate the lamp against a more 
definite standard. Variations from the above standard atmospheric conditions 
may be corrected by the equation: 


I = In [1 — 0.00567 (e — 8) + 0.0006 (b ~ 760)], 


where J is the actual intensity, Jn the standard intensity, e the liters of water 
vapor per cubic meter of air and b the barometric height. 

The color and intensity of the flame are convenient for practical purposes 
especially for the measurement of the illuminating power of gas. An added 
advantage in the testing of luminous flames of all sorts resides in the fact that 
their intensities are affected by atmospheric variations in a manner correspond- 
ing quite closely to the changes in the pentane lamp, whereby somewhat trouble- 
some corrections are avoided. 


Carcel Lamp. — The Carcel lamp is the recognized standard of luminous 
intensity in France. It has a central-draft ring burner fitted with a wick ol 
the light-house type burning colza oil. Its standard intensity is 9.61 international 
candles. 

Standard candles are now discredited for all accurate work, though stil 
used extensively in the routine testing of gas. 


Incandescent Electric-lamp Standard. — The incandescent electric lamp 
is superior to all other working standards where corrections for flame lu- 
minosity due to atmospheric variations are not required. Carefully selected 
carbon-filament lamps aged by burning until the hot resistance is constant mait 
tain their candle-power sensibly unchanged for a period of 100 hours or mort. 
‘With the most precise photometric apparatus such lamps may be standardi 
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Lamps are standardized for use in a fixed position or in rotation about the 
principal axis. No difference exists between the precision of the two methods. 
Lamps are standardized in terms of a detinite voltage, current or power con- 
z sumption, of which the first method is the most common. Lamps standardized 
for a detinite voltage or current require more careful aging and are somewhat 
less permanent than those standardized for a detinite power. Current and 


.. Voltage values, however, are more readily determined and checked with pre- 
~ dsion by the use of the potentiometer. It is desirable to have lamps stand- 


atdized in terms of both voltage and current for the constancy of the lamp 
can be relied upon as long as both standard conditions exist simultaneously. 
Carbon filament lamps at 4 watts per candle are most widely used as standards, 
though the limited experience to date with metal filament lamps shows them 
to be quite satisfactory. The color value at 4 watts per candle is distinctly 
more red than illuminants in general use. It is best to keep on hand a group 
of well-scasoned lamps of all commercial types and to select from these the 
most appropriate working standard for calibration against the primary carbon 
standard, so that the latter is used only for checking. 

Other Standards have had a very limited use. Among these are the acetyl- 
ene flame; the Methven screen, which is essentially a sharply-detined portion 
of a luminous gas tlame, calibrated against a primary standard; and the Elliot 


- lamp, which is a kerosene lamp of the student type having a limited portion 


of its llame exposed by a screen. The utility of these standards is largely in 


+ the routine testing of gas. 


" 


Relations of Luminous Standards. — The relative intensities of the several 


' standards under standard conditions are given in the following table: 


L tnt . Q 

B sal 8 54s5| $ 

qs) H | 22 O 

& 

International candle............. I.00 I.II | O.I1O |o. 104 
Hefner chien wince ri C ci ote 0.90 I.00 | 0.09 10.0936 
IC-c-p. pentane ......... lees IO.CO !II.II | I.OO iI.04 
Catcele cori ie cce ue APE RGA 9.61 110.66 | 0.96 [1.00 
Bougie decimale................ 1.00 | I.II | O.IO [0.104 
English candle.................. I.C4 | I.I54, O.I04'O.I 
German candle.................. I.055 | I.I7 | 0.105'9.109 
i 


SIGHT BOXES. — A photometric sight box consists of two diffusing sur- 
faces and accessories to facilitate the comparison of brightness. The types 
described following are of greatest utility. 


Bunsen Sight Box. — The bunsen screen is a disk of white diffusing paper, 
a well-defined region of which is made translucent by impregnation with paraffine 
or other material. The disk is set transversely in a sight box of blackened 
interior, as shown on the plan in Fig. 1. Light from the sources to be compared 
enters the apertures A-A, and falls normally on the disk surfaces. Dihedral 
mirrors M1 and Mz enable both sides of the disk to be viewed at the sight tube T. 
The opaque portion of the disk reflects diffusely, while the translucent region 
partially reflects and partially transmits the light received. A photometric 
balance exists when the two sides of the disk appear alike. If both lights are 
alike in color and the absorption of both regions of the disk is equal, the bound- 
ary disk appears and both sides appear uniformly bright. With unequal ab- 
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sorption, balance exists when equal contrast exists between the opaque and |, 


translucent regions on both sides of the disk. The contrast principle is of dis- 
tinct advantage with slight color differences. The sensitiveness of the screen 
depends largely on the definition of the boundary of the impregnated portion 


Leeson Disk. — This is a useful modification of the Bunsen type built up 


by pasting opaque paper disks with accurately matched star-shaped apertures zy 


on the two sides of a disk of translucent paper. By a careful selection of the | 


materials the disk may be made to embody either the equality-of-brightness or Ẹ ; 


the equality-of-contrast principle. The paper used should agree closely with 
the cosine law of diffusion. 


Fig. 1. Fig. 2. Fig. 3. 


Lummer-Brodhun Sight Box. — The plan of this box is shown in Fig. 2. 
An opaque diffusely-reflecting screen S receives light from the sources to be 
compared and reflects it along the paths indicated by aid of the mirrors M-M 
and the prisms Pi-P». The prisms present to the eye a composite field in which 
the brightness of the two sides of S can be conveniently compared. Fig. 2 also 
shows the arrangement for equality-of-brightness working. The prisms are 
in optical contact over an elliptical portion of their hypotenusal faces, and the 
remainder of one is cut away. The central portion of the field is illuminated 
by direct transmission through the contact area, the outer portion by total 
reflection from the face of the uncut prism. 


For equality-of-contrast working the arrangement of the prisms is as shown 
in Fig. 3. The hypotenusal face of Pz is recessed over the area shaded in (B). 
That of P1 is plane. Two thin glass absorbing strips a; and a» are set before the 
faces of Pı and Ps as shown in the plan (4). By tracing the several paths 
indicated it is seen that the field has the appearance of (B) and that the regions 
shaded are darkened by the absorption of light in ar and az. Ina state of balance 
b and d appear equally bright and c and e equally dark in contrast. The 


degree of contrast created by a: and az should be about 3.5 per cent for the bet " 


sensitiveness. Accuracy of adjustment and cleanliness of all parts are essential 
in photometers of the Lummer-Brodhun type. 


Comparison of Bunsen, Leeson, and Lummer-Brodhun Boxes.— 
Bunsen, Leeson and Lummer-Brodhun sight boxes should be so mounted as to 
permit the complete reversal of the optical system about its axis of symmetry 
in order that optical asymmetry may be corrected as explained above. The 
Bunsen and Leeson types are binocular and therefore less fatiguing in a long 
series of observations than the monocular Lummer-Brodhun type. Further- 
more, they are the more readily balanced with slightly flickering light. Th 
Lummer-Brodhun contrast type excels in sensitiveness and general utility with 
steady lights of equal and slightly dissimilar color. 
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Flicker Photometer. — The flicker photometer affords the most reliable 


- means of comparing light sources of distinctly unlike color. A field of view 
` alternately illuminated by two such sources displays a flickering appearance 


which may be due to color dissimilarity or to ditlerence in brightness. Above 
a moderate rate of alternation the color sensations blend and the disappearance 
of flicker is a true indication of equal brightness, as conclusively established 
by Ives, who recommends the following conditions as suited to the best pre- 


- dsion: (a) a field illumination of 25 meter-candles; (b) a H 


photometric field of 2 in. diameter; and (c) a background > | sy | 
field about 25 in. in diamcter surrounding the photometric y 
fied and about equal to it in brightness. The latter pro- : 
vision, though not essential to precision, is an aid to com- È 
fort. 


Revolving 
“Element 


Í Fixed 

Mounting 
Reversible 
Bechstein Flicker Photometer (Fig. 4). — This  Blewent 
photometer employs a train of lens and prism oscillating 
before a fixed diffusing wedge. The ficld of view consists 
of a circle and ring, alternately illuminated by the respec- 
tive sides of the wedge as the lens system revolves. The 
highest sensitiveness exists at the lowest speed at which 


the flicker can be made to disappear. 
Wild Flicker Photometer (Fig. 5). — The Wild flicker photometer is 

the simplest of this class. It consists of a disk D of white diffusing paper, one- 

half of which.is made translucent by impregnation. ‘This disk 

is revolved about an axis slightly at one side of the path of Dl. m 

light and a mirror M reflects one side of the disk to the sight | m | 

Fo T. A high degree of precision is claimed by Wild for this — | : 
evice, | | 


Color-equalizing Screens. — The simplest method of com- Fic 5 
parison for lights of dissimilar color is to employ a Lummer- "ws 
Brodhun photometer in connection with a set of glass screens of graded tints, 
Selecting one which renders the light of the standard lamp equal in color to 
that of the lamp under measurement. The absorption of each screen for the 
light of the standard lamp must be determined by means of the flicker pho- 
tometer, but the inconvenience of using the latter instrument is limited to the 
process of calibration, | 


Sector Disk, — The sector disk affords a most convenient means of reducing 
the intensity.of the light received from an illuminant on the photometric screen. 
It consists of two or more disks with sector apertures revolving on a common 
axis. By advancing one disk with respect to the other the net aperture may be 
altered at will. By Talbot’s law the intensity of transmitted to incident light 
equals the ratio of the total angular opening to 360 degrees. "The sector disk 
has the advantage over other absorbing media in that it is adjustable, is not 
affected by time, and is independent of color. 


Photometric Bar. — The devices above described are best suited for use in 
connection with a photometric bar or bench, which should be level and straight, 
and preferably greater than 100 inches in length. A plan 
of the layout is shown in Fig. 6. For convenience the p p 5 plo p 5n 
sight box and at least one of the lamps should be mounted iE 
on movable carriages. The bench should be provided UU HCM t 
with a series of screens D of dead black material hav- Fig. 6 
Ing graded apertures along the photometric axis and with : 

Solid screens at the ends. These screens should completely occlude from the 
sight box all extraneous light, and should protect the eye of the operator from 
the direct light of the lamps. If these conditions are met_the photometric 
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room need not be blackened. ‘The sight box should have a dark background, |“ 
however, and all light in the room should be well diffused. The bar should x rins 
provided with a scale of equal divisions and a scale reading directly the ratio | 7*4 
of the inverse squares of the distances from the ends of the bar. For use with Pen 
a standard lamp of definite value in a fixed position a direct reading scale o : i 
candle-power is readily obtained from the ratio scale. n T 
Connections for Testing Incandescent Electric Lamps. — In tet: w 

ing incandescent electric lamps the effects of voltage fluctuation must be reduced |... 
to a minimum. fA storage battery or special generator ib 
of very close regulation should be employed if possible. nilo 
The effect of variations in line voltage is minimized by P 
the method of connection shown in Fig. 7. L; and La a 
are two lamps under test. i, Re and R; are rheostats = 
capable of fine adjustment. V is a voltmeter or po- wi 
tentiometer. Si, S» and Sz are instrument switches. Pur 
The voltmeter may be made to measure the voltage at E E : 
Li, at Lo or the difference between the two. The former a n i 
connections are for initial adjustments and checks, the latter for holding the 
proper relative voltages. D 


Manipulation of Photometric Bar. — Direct comparison between the Nu 
test lamp and the standard may be made with the two in fixed positions by mov- 
ing the sight box to a point of balance. In this case half the observations bebe 
should be made with the sight box reversed. For the substitution methoda | ~;, 
fixed socket is provided at one end of the scale. The second socket and the ~. 
sight box are on movable carriages coupled at a fixed distance. A well-seasoned 
lamp is placed in the movable socket and adjusted to a suitable voltage, which | .... 
is subsequently held constant. The standard lamp is placed in the fixed socket}; 
and a balance secured by setting the movable carriages. The standard lamp bo 
is then removed and test lamps substituted in turn, a balance point being ob- — .. 
served for each. "The intensity of each test lamp equals that of the standard l 
multiplied by the direct ratio of the squares of their distances from the screen 
at the times of balance. Reversals are unnecessary in the substitution method. 
The comparison lamp should be checked against the standard at intervals. 


MEASUREMENT OF PHOTOMETRIC DISTRIBUTION. — Men 
horizontal intensity is measured with the lamp rotating about its vertical axis 
Special mountings, driven by motor or hand wheel, are provided for this pur- 
pose. Rotators are made universal by provision for the turning of the lamp 
by definite angular steps about its luminous center in a vertical plane includ- 
ing the photometric axis. The speed of horizontal rotation should be only 
sufficient to equalize differences in intensity. 


Mirror Rotators. — In testing the light distribution of arcs, heavy reflector 
units, gas lamps, etc., which must remain in an upright position, mirror rotators 
are generally employed to direct the light from any desired vertical angle toward 
the photometer. A three-mirror device is shown schematically in Fig. 8. å 
two-mirror arrangement could also be used. In either case 
the lamp remains stationary, or is revolved about its vertical 
axis only, while the mirror system is turned by steps about ss ot Ü ys 
the photometric axis. Numerous other devices for this Bl f 
purpose are described in standard works on photometry. 


INTEGRATING PHOTOMETERS. — An integrat- : 
ing photometer enables the measurement of mean spherical Fig. 8. 
or mean hemispherical intensity, or of the total flux of light from an illum 
nant, to be made by a single observation. 


A 
CM 


eT 
1 
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Ulbricht Integrating Sphere. — As shown schematically in Fig. 9, this 


:77 apparatus consists of a hollow sphere whose inner surface is coated with a white 


* verse square and cosine laws, and reflected light, which tends 


material giving approximately true diffusion. A window of milk glass is placed 
in its horizontal axis. With a true spherical diffusing 
surface the light of an illuminant within the sphere is 
distributed as two components, viz., direct light, giving an 
intensity at any point on the surface according to the in- 


to spread itself uniformly over the entire surface if nonc is 
absorbed by obstructions. If then the direct light is screened 
from the window and it receives only the reflected component 
its brightness viewed externally is proportional to the total 
light ux emitted within the globe. The arrangement indicated is well adapted 
to a substitution method in which the errors due to non-sphericity, imperfect 
diffusion and to absorption in screens and lamps are minimized as much as pos- 
sible. The calibrating lamp, whose mean spherical intensity is known, is first 
lighted and the resulting brightness of the window measured by a photometer. 
The calibrating lamp is then extinguished and the test lamp lizhted, when a sim- 
ilar observation is made. The mean intensity of the test lamp equals that of the 
standard lamp multiplied by the ratios of the observed brightnesses of the win- 
dow. A sphere intended for use with arc lamps and other large units should be 
not less than 5 fect in diameter; for work with incandescent lamps the sphere 


. may be about 2 feet in diameter. The screens should be no larger than necessary 


to protect the window from direct light and should be coated with the same 
material as the spherical surface. For convenience the sphere may be divided 
vertically and at least one-half mounted on wheels. A removable circular section 
may be provided at the top. A thick paste of barium sulphate and zapon 
lacquer is largely used for the interior coating. The sphere is well adapted to the 
photometry of large and asymmetrical light sources. It is not a highly accurate 
device, but the final error involved need not exceed 5 per cent. 


PORTABLE PHOTOMETERS. — Weber Photometer. — Portable 
photometers exist in great variety and have for their purpose the measure- 
ment of illumination and of the intensity of light ¢ 
sources in place. The great majority are modifica- ;^, — 7r pic- L, 
tions of the Weber photometer, shown schemat- 
ically in Fig. 10. This comprises two cylindrical d 
tubes of blackened interior, one fixed and the P, 


other attached to it at right angles by means of a d 
sleeve to allow rotation. A Lummer-Brodhun A j 
prism device is placed at the junction of their Lac» 

axes, and permits the brightness of two translucent Fig. 10. 


glass plates P1 and P» to be compared at the cye- 
piece E. Pi is illuminated by an external source Li at a distance di. Ps 
is movable along the tube by a knurled head and is illuminated by a small 
standard lamp Z: mounted in a convenient housing. Assuming both plates to 
be illuminated by light incident normally at a state of balance, then 
I.T» " di? 

Ti © d? 
where Tj and Ts are the respective transmission coefficients of the two plates. 
A calibration for intensity measurements is readily obtained by the use of a 
standard lamp as J1, and by observing the scale readings dz giving a balance with 
various values of di, keeping J2 constant. 

Two methods are available for the measurement of illumination. In the first 
the terminal tube T is removed and a Aush test plate of depolished milk glass 


1 = 
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fitted in its place. This test plate is placed in the position where the illumination 
is to be tested and the instrument balanced as usual. 

For the second method of illumination measurement the terminal tube is not 
removed, but the plate Pi is omitted. A large, white, diffusely reflecting ardis | 
placed in the position where the illumination is to be tested and the tube T 
pointed in its direction so that the entire cone of light entering T arises from "qe 
the test plate. So long as this condition is met the inclination and distance oi an 
T is not important. . | fa 


The first method is preferable where it is possible to make the attached test 
plate coincide with the position of the test. In the second method it is dificult 
to avoid interference with light which should reach the test plate. lh 

Sharp-Millar Photometer. (Fig. 11.) — This photometer is a modified |a. 
Weber instrument which is extensively used in America. It comprises an is » 
elongated wooden box divided into two com- E 
partments, one of which contains a fixed Lum- 
mer-Brodhun photometric cube and the other a 
lamp carriage movable along the box by turning 
a knurled head H. Observations are made at 
E at one side of the box. The two compart- 
ments are separated by a milk glass window 
whose brightness is balanced against illumination 
from an outside source admitted through an 
elbow tube 7. Stray light in the lamp compart- 
ment is screened from this window by a series of diaphragms with central apt- — i 

tures. The elbow tube T is fitted on a collar and may be turned to any desired 3.1 
inclination. At the elbow is a circular, reversible plate one side of which is 4 Ww 
. mirror for measurements of illumination and the other a white diffusing suriac n s 
for measurements of candle-power. In the former case the end of the tubeis >" 
fitted with a flush plate of depolished milk glass. The range of the photom- S 
eter is controlled by a pair of glass absorbing screens mounted in the com- bi 
partment with the Lummer-Brodhun cube. These plates are respectively of ^ 
high- and low-absorbing power. They may be turned so that either one may 

be used to reduce the illumination of either part of the field. But one may 
employed at a time. In this way a range from 0.004 foot-candle to 2000 foot- 
candles may be secured. In the most recent design the need of a voltmetet 

or ammeter to keep the standard lamp constant is obviated by a small Wheat- 
stone bridge arrangement with a telephone receiver, whereby the lamp may be 
kept at constant hot resistance. The Sharp-Millar photometer may be u 

with a detached test plate similar to that described for the Weber photometer. — , 


COLORIMETRY. — The Ives colorimeter is an instrument for tri-chto- 
matic color analysis. (See Vision, Laws of.) It consists essentially of an oblong 
box, at one end of which are placed four slits, one clear, and the three others 
equipped respectively with red, green and blue screens. By means of levers the 
openings of the three colored slits can be altered to read by scales from o to 199. 
By rotating a wheel of lenses the three colors are mixed. The observer views 
a divided field, one part consisting of the mixture of the three primary colors 
and the other of the color to be matched as viewed through the clear slit. To 
make a measurement, the three colored slits are opened until white is matched, 
and the scales are set to read roo for each color. Then any color matched by 
moving the levers can be read off in terms of the per cent of red, green an lue 
necessary to match white. The precision of the instrument is from 2 to 5 pe 


cent under favorable conditions. 


REFLECTING POWER OF SURFACES. — See section on Reflection of 
Light in the article on Photometric Quantities. 


- 
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myz PRECAUTIONS IN PHOTOMETRIC OBSERVATIONS. — The cyes 
of the observer should be constantly shaded from bright light to maintain their 
<.> Sensitiveness in a state of dark adaptation. For best photometric sensibility a 
-z Screen illumination of about 2 foot-candles is desirable. At low intensities the 
.:. Purkinje effect (see Vision, Laws of) may prove disturbing. The precision of 
«x photometric settings may often be improved by a process of narrowing down 
_ between points equally out of balance. Many good photometricians reject their 
first observation in a set as untrustworthy. As the best conditions cannot 
-c Teduce the uncertainty of observations below 0.2 per cent (in many cases it is 
. 8 per cent or more) not more than three figures in the result are significant. 
-A photometer bar should be at least 100 inches long for good results with ordi- 
..: nary illuminants. The distance from a large unit to the screen should not be 
. » les than 10 feet if the inverse square law is to be applied. 
The voltage of clectric lamps, or current, in the case of series lamps, should be 
measured by the most accurate device obtainable. In life tests of incandescent 
- lamps exact regulation of voltage is of the utmost importance and a sensitive, 
i automatic regulator is most desirable. In measurements oí illumination by 
— portable photometers the sources of error to be guarded against are: occlusion 
— of light from the test plate by observer or instrument, uncertainty of standard 
~~ lamp due to poor electrical regulation, faulty diffusion by the test plate, and 
=” low sensibility and Purkinje effect in weak fields. In tests of illuminants in 
place, the voltage, current or power, or the gas consumption and pressure should 
be ascertained and recorded if possible. In tests of gas illuminants the volume 
. Consumed should be reduced to the corresponding volume at a temperature of 
_ 60° F., and a barometric pressure of 3o inches. 


E BIBLIOGRAPHY. — Palaz-Paterson, Industrial Photometry; Liebenthal, 
_E,, Praktische Photometrie; Johns Hopkins University, Lectures on Iuminating 
Livins: Vol. 1, Baltimore, 1910; Barrows, W. E., Light, Illumination and 

a Photometry; Wickenden, W. E., Illumination and Photometry, N. Y., 1910; 

.. Phil. Meg., Vol. 24. Numerous paper in Trans. Jil. Eng. Soc.; Ill. Eng., Elec. 

« Wid; and Bull. Bur. Stand. 

[W. E. WICKENDEN.] 


PI (7), VALUE OF. — The letter w is used to represent the ratio of the 
circumference of a circle to its diameter; it is an incommensurable quantity. Its 
value is 3.14159265. . . . The value 3.1416 is sufficiently accurate for all 
ordinary purposes, and for rough calculations the value 22/7 is convenient. The 
following factors frequently occur: 


= 3.14159 ) a 
2x * 6.28319 f Bu ^ "sto 


3r = 9.42478 | rus 8 
4 = 12.56637 6 v a." 00957 


wiz= 9.86960 


f 4x 
Varu 1.77245 
i 

w= 1.46459 


T I 
~ æ 1.04720 — = 0, 3183IO 
3 T 
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PIPES AND PIPING. —- (See also Boilers ; Electrolysis of Grounded Siru- 
tures; Hydraulics, Principles of; Power Stations; Valves.) In the following 
table is given a list of the metals ordinarily used for steam, gas and water 
pipes, together with their average weight per cubic inch, their tensile strength 
and the expansion per 100 feet for various temperature differences. The 
expansions are based on data given in Gebhardt’s Steam Power Plant 
Engineering. 


TENSILE STRENGTH, WEIGHT AND EXPANSION OF PIPE 
MATERIALS 


Tensile 


strength, 
Ib. per sq. 


Expansion (in. per 100 ft.) 
Temp. rise above 60° F. 


Material 


100° 200° 300° | 400° 
Brass, wrought. 


Copper, wrought 
Iron, cast....... 


1.15 2.41 3.80 | 5.38 
1.08 2.26 3.56 5.05 
o.72 1.50 2.38 | 3.36 
Iron, wrought... 1.65 


EPEN. : 1.65 


Of the above materials mild steel is most widely used for general work. Wrought 
iron is more expensive but is sometimes preferred. Cast iron is largely used for 
water service and sanitation, and also to a limited extent where many connec- 
tions are required, due to the fact that the flanges are cast with the piece. 
Copper and brass are used only to a limited extent, on account of their high 
cost. Lead is used to a limited extent for water pipes. Fittings are usually 
made of brass, cast iron, malleable iron or pressed steel. Wooden stave pipe 
is also much used in the western part of this country for water supply and 
power. 


DIMENSIONS AND WEIGHT OF COMMERCIAL PIPE. — The 
size of iron and steel pipes is usually specified in terms of the “nominal” inside 
diameter. The actual inside diameter is usually-greater than the “nominal,” 
the percentage difference being the greatest for small sizes. The thickness of 
wall and weight per lineal foot of a given size of pipe varies over a considerable 
range, due to processes of manufacture. Manufacturers specify that “full 
weight" pipe may have a variation of from s per cent above to 5 per cent 
below nominal or table weight, but “merchant pipe,” which is the ordinary 
pipe carried by jobbers and manufacturers, is almost invariably from 5 to 10 
per cent under the nominal weight. 

In drawing specifications for pipe, engineers should be careful to state what 
grade of pipe is desired, whether “ merchant," full weight, or extra strong, and 
in the case of cast-iron pipe the class according to the table on the next page. 


Cast-iron Pipe. — The following dimensions and weights are taken from 
the catalogue of the U. S. Cast-iron Pipe and Foundry Co. (1908). The weights 
are figured on the basis of a pipe length of 12 feet, and include proportional 
part of weights of standard sockets. 


E 
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DIMENSIONS AND WEIGHT OF CAST-IRON PIPE 


Class B Class D 


Class A 


mae Thick-| Lb. | Thick-| Lb. | Thick- Lb. | Thick-| Lb. 


N 
ry 
[*] 
da 
N 


59925 D 5959 |] 2 er 


| 
diam., 
in: ness, per ness, per | ness, per ness, per 
in. ft. in. ft. | in. ft. in. ft. 
| E 2 
3 0.39 14.5 0.42 16.2 | 0.45 17.1 0.48 18.0 
4 0,42 20.0 0.45 21.7 0.48 23.3 0.52 25.0 
6 0.44 30.8 | 0.48 33.3 | 0.51 35.8 | 0.55 38.3 
8 0.46 42.9 | O.5I 47.5 | 0.56 52.1 | 0.60 55.8 
Io 0.50 57.1 | 0.57 63.8 0.62 70.8 o.68 16.7 
I2 0.54 72.5 | 0.62 82.1 | 0.68 91.7 0.75 100.0 
14 0.57 89.6 | 0.66 102.5! 0.74 | 116.7 o.82 129.2 
16 0.60 108.3 | 0.70 125.0: 0.80 143.8 | 0.89 158.3 
18 0.64 129.2 | 0.75 150.0 0.87 175.0 | 0.96 191.7 
20 o.67 150.0 | 0.80 175.0 3 
24 0.76 | 204.2) 0.89 | 233.3 E 
3o o. 88 291.7 1.03 333.3 eo) 
36 0.99 391.7 | 1.15 454.2 8 
42 1.10 512.5 1.28 591.7 ).9 
48 1.26 666.7 | 1.42 750.0 3 
54 1.35 800.0 1.55 933.3 7 
60 1.39 916.7 | 1.67 1104.2 E 
92 1.62 | 1283.4 | 1.95 | 1545.8 2 E E 


The safe working pressures recommended for the four classes are: 


SAFE WORKING PRESSURES, CAST-IRON PIPE 


Unit of Pressure 


Pounds per square inch 
Head of water, feet 


Welded Pipe. — The first table following is based on Briggs’ Standard for 
sizes up to 10 inches, and upon the National Tube Co’s Standard above ro 
inches (1910). Weights per foot, up to and including 15 inches internal diameter, 
are based upon a length of 20 feet including the coupling; weights given for 
larger sizes are for plain end pipe. 

The second table gives the dimensions of “Extra Strong” and “Double 
Extra Strong” welded tubes (National Tube Co., 1902). 
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Size, 
nominal 
internal 

diam., 
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DIMENSIONS AND WEIGHT OF WELDED PIPE 


Diameter in inches 
Thickness | Number of 
of metal, threads 
Actual Appror. in. per in. 
external internal 


8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 


Weight of 
pipe per 
lin. ft., 
Ib. 
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DIMENSIONS OF “EXTRA STRONG” AND " DOUBLE EXTRA 
STRONG" WELDED TUBES 


Actual Thickness, | Thickness, 
outside extra double extra 
diam., strong, 


Riveted Pipes. — Large pipes are frequently made of sheets of boiler steel 
with riveted joints, with longitudinal, circumferential or spiral seams. The 
following tables give the necessary data regarding dimensions, rivets, etc. 
The first table is taken from a catalogue of the Abendroth & Root Mfg. Co. 


SHEET IRON AND RIVETS REQUIRED FOR RIVETED PIPES 


No. sq. ft. of iron re- 
quired to make roo lin. 
ft. punched and formed 

sheets when put together 


No. sq. ft. of iron re- 
quired to make roo lin. 
ft. punched and formed 

sheets when put together 


and formed sheets 


I in. apart required 
for roo lin. ft. punched 


for roo lin. ft. punched 
and formed sheets 
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THICKNESS AND WEIGHT PER FOOT OF SHEET IRON 


EB! 
en 
g ra. By 
No. of | Thick- um 
[sis 
gauge, | ness, S i| 
B.W.G. in. "ik BN 
SHU 
| a ———M—— RU 
ano 
0.049 a 
ds td 
0.083 . | 
| 1 
| tf 
Met 


Wooden Stave Pipes are usually built up in place. Staves of redwood, ft, zz; 
yellow pine, and spruce are used. The staves range from 114 to 2% inchesin zi: 
thickness and from 6 to 8 inches in width; these are held in place by steel bands -,,, 
ranging from 3% to 34 inch in diameter. The interior surfaces of thestaves We iy; 
smoother by the action of the flowing water and do not become fouled. Stave  ..; 
pipes have been installed in sizes ranging from 18 to 144 inches in diameter, 


and for heads up to 300 feet. m 
FORMULAS FOR WEIGHT, CIRCUMFERENCE, SURFACE, COR- i 
TAINED VOLUME AND SAFE PRESSURE. — Let ia 
A = external surface per lineal foot in square feet, Sd 

C = external circumference in inches, ul 


D - internal diameter in inches, iu 

Do = external diameter in inches, "fs 
f = factor of safety, 

H = safe head in feet of water, 

P = safe pressure in pounds per square inch, "xt 
S = tensile strength in pounds per square inch, A 
T = thickness of wall in inches, A 
V = volume of contents (water, steam or gas) per lineal foot in cubic feet ~- 
w = specific weight of metal in pounds per cubic inch, $ 


W = weight of metal per lineal foot ju pounds. m 
'Then X 
A -— 0.262 Do, C = 3.14 Do, Do D +2T, ` ^ui 

H- 4.62 ST 2 2ST E 

Df Df ’ ^s 


Do—-D DfP | DfH 


V = 0.00545 D?, W = 9.42 w (Dê = D?) = 37.7 wT (D +7). 


The values of the specific weight w and tensile strength S are given in the table 
at the beginning of this article. The tensile strength of riveted pipe is about 
7o per cent of the tensile strength of the metal. 


PIPE FITTINGS. — For dimensions and weights of various pipe fittings 
see Kents Mechanical Engineers! Pocket Book, pp. 196-207 (8th Edition). 
See also article in this book on Valves. 


PIPE COVERINGS. — To prevent loss of heat by radiation, steam and 
feed-water pipes are usually protected with a cover, x inch or morc in thickness, | 
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"* of loose non-conducting material. About 3 B.t.u. per square foot per hour 
—- per degree difference in temperature is radiated from a bare pipe under ordinary 
;- conditions. By the use of any good commercial covering from 75 to 35 per cent 
of this loss may be prevented. Pipe covering is usually applied in sections, 
moulded to fit the pipe, and held in place by bands. The covering for fittings 
and valves is usually applied in plastic form. 


FLOW OF WATER THROUGH PIPES. — The pressure required to 
force a stream of water through a pipe is usually expressed in terms of the height 
. of a column of water which would produce a static pressure equal to this pressure. 
. À pressure of 
1 pound per square inch = 2.31 feet of water column, 
I foot of water column = 0.433 pound per square inch. 


re 14A Ot 


di Friction and Velocity Head. — The hcad required to overcome the 
.. ‘Tesistance of a pipe is called the “friction head," and for a given pipe and 
. Velocity of flow is proportional to the length of the pipe. The head required 
.. to overcome the resistance at the entrance to a pipe is called the “entry head; ” 
. inthe case of long pipes the entry head is negligible in comparison with the 
friction head. In addition to these two heads, a certain pressure, and therefore 
a corresponding head, is required to produce any change in the velocity of flow, 
as, for example, when water enters a pipe from a reservoir. This velocity 
EET " Vè- Va 
jj head is equal to —_——— 
64.4 
Second. A decrease in velocity gives rise to a megative velocity head. In long 
pipes the velocity head is negligible. 

Hydraulic Grade Line.— Imagine a horizontal line drawn over a 
pipe line from a reservoir, and let this horizontal line be at the same elevation 
as the surface of the reservoir. From each point of this horizontal line drop 
perpendiculars equal in length to the loss of head between this point and 
the reservoir. The locus of the foot of these perpendiculars is called the 
"hydraulic grade line." In a pipe leading from a reservoir no part of the 
length of the pipe should be above the hydraulic grade line. If the pipe has 

_ Vertical curves, valves should be provided at the high points to permit the 
:- escape of the air which tends to collect at the top of such curves, otherwise 
the pipe may become *' air-bound, ” i.e., water will not flow although the supply 

is higher than the outlet. 


Formulas Connecting Velocity, Discharge, and Head. —Various form- 
vs have been proposed to express the relation between velocity, discharge and 
ead. Let 


d= diameter of pipe in inches, 

D = diameter in feet, 

H = loss of head in pipe in feet of water, 

L = length of pipe in feet, 

p = loss of pressure in pipe in pounds per square inch, 
Q = discharge in cubic feet per second, 

V = velocity of flow in feet per second. 


, when the velocity changes from Vi to V2 feet per 


Unwin gives the following formula: 


T DH 
V = 4.012 p , 


E Where f is the coefficient of friction. This coefficient depends upon the smooth- 
. Ness and cleanness of the pipe and also upon whether the pipe is straight or 


. 
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crooked, and upon the velocity. (See Kent's Mechanical Engineers’ Pockd " Mt 
Book.) Rankine gives the following formula for f for smooth, clean, straight 5i 
pipe: | 
"E. 
= 0.005 | 1+ —— |- . 
Í 5 ( EC 5) 
This formula is approximate only, since it does not take into account the velocity 


of fow. It is sufficiently accurate, however, for velocities up to 6 feet per second. eg 
Combining these two formulas the following are obtained: i 


H p | 
ati au EL 
Pose lucos Y XO | | 
CT 
H b | 
at ur 
V= 57 L(D +0083)’ OV ripa oos pe 


| 

H " 
- o. PV = 0080 M ceca M | E 
goose nA dq PN pagers E 


H p 
=O. 8 DV mE is Ds VANS RR = 3 rum . 
Q 7 0.785 uf L (D + 0.083) cd L (D + 0.083) 


When the pipe is not completely filled with water, the same formulas hold — 
provided d and D are taken as 4 times the hydraulic radius. The “hydraulic "Ws 
radius" is defined as the ratio of the area of the cross section of the water to = į 
that portion of the perimeter of the pipe in contact with the water. E 

These formulas apply approximately to any kind of clean, straight pipe, Hs 
provided the interior surface is smooth. The formulas involving the head 1 
also apply approximately to any kind of liquid or gas, provided H is taken as 
the height of a column of the given liquid or gas which will produce a static 
pressure equal to the fall in pressure in the pipe. The coefficients in the formulas 


involving the drop of pressure p should then be multiplied by V t, where 


w = weight in pounds of 1 cubic foot of the given liquid or gas, and 62.4 = weight... ` 
in pounds of x cubic foot of water. `, 
These formulas are for new, clean, straight pipes. For cast-iron pipes that ij 
have been in service a number of years the loss of head will be 
larger on account of corrosion and incrustation, and the value MEE 
of H in the formulas should be multiplied under average con- | 1° 3 Eoi ee | 
ditions by the factors opposite; but they must be used with | ^ 23 


e : « 0 ! 

much discretion, for some waters corrode pipes much more B u jf j 
rapidly than others. . me ; E 
The same figures may be'used for wrought-iron pipes which | ^? i i 


are not subject to a frequent change of water. 
From the above formulas for velocity the loss in head due to pipe resistance 


is 
H= LV? (d 4- 1) IV? (D + 0.083) 
270 d? 3250 D2 
William Cox (Amer. Mach., 1893) gives the following formula for pipes ove 
6 inches in diameter: 
H = LO? 1.25 V -os). 
300d | 
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_, The Pelton Water Wheel Co. advocate the following formula for riveted pipe 
for pipes over 6 inches in diameter: 


L(V*4 1.25 V — 0.3) 
Har cg 
250d 
Effect of Curves and Valves.— The resistance of curves and valves may 
be allowed for approximately by taking for L in the above formulas the actual 
length of the pipe plus a length equal to 


D + 0.055 


Ka 9 49 9 96 148 | 
_ These coefficients are based on data given by Gebhardt (Steam Power Plant 
Engineering). Variations of 100 per cent or more from the valves given may 

_ be expected, depending on the radius of the bends and design of the valves. 


Water-Hammer. — From the formula given by Prof. I. P. Church the pres- 
.- Sure developed by the instantaneous closing of a valve in a water pipe is 


pounds per square inch, 


- where M = modulus of elasticity of the pipe material and the other symbols are 
` as above. 


FLOW OF AIR AND GAS THROUGH PIPES. — (See also preceding 
| section.) Let 
xi d = internal diameter of pipe in inches, 
| L = length of pipe in feet, 
€ p = fall of pressure in the pipe in pounds per square inch, 
] Q = discharge in cubic feet per second, 
V = linear velocity in feet per second, 
w = weight of 1 cubic foot of air or gas in pounds. 


. Then from Unwin's formula, using the same coefficients as for the flow of 
.. Water, when the fall of pressure is small, 


b 
y= sed) P , Q) 
| T 
Q= 1.08 d? = (2) 
io 270P. om 2.70GP 
For air: w = ott’ for any other gas: w 46048 
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where P = absolute pressure in pounds per square inch and / = temperature in d Ba 
degrees F and G = the specific gravity of the gas referred to air as unity, =k; 
For ordinary illuminating gas G = o.65. Te tke 

Various authorities give different values of the numerical coefficients in the — 
formulas for V and Q (see Kent's Mechanical Engineers’ Pocket Book). Te . ity 
values given above, which are the same as for the flow of water (w = 62.4), are n : 
sufficiently accurate for rough calculations. The formula for Q may also be ‘ 


written | =N 
dp iE 
Q=C#? G) izis 
wL’ “Date 
M 
where C = 1.08 ri ne , Corresponding to the coefficient 1.93 in equation (2. ^ — 
Ug 
C is frequently taken as unity for all sizes of pipes. bod 


When the fall of pressure is large, the above formulas for Q give appror- i 
imately the quantity per second at the average pressure in the pipe, provided cM 
the weight per cubic foot is taken corresponding to this average pressure. Or, 10? 
putting P = the pressure in pounds per square inch at the outlet of the pipe, and nu 
w = weight per cubic foot at this pressure P, p being the fall in pressure, then `13) 
the discharge in cubic feet per second at the pressure P is approximately (from -= 
equation 2) 


Q = 1.08 d? p (P +o.s p). | 
PwL (d 4- 1) E 


. e d * 
For d large compared with unity, Tyi be taken sensibly equal to unity, 
and this expression may be written 


p(P+o0.5 pd e 
! - oso PETEA, 
gar PwL 


For P = 14.7 pounds per square inch, and ¢ = 60° F., then for air 


P+0.5 p)d 
Qa = 1.02 d? VATTI. , cubic feet per second, 


and for illuminating gas of 0.65 specific gravity, 


P+o.5p)d 
Qg = 1.262? Vretesne cubic feet per second. E 


Instead of the coefficients 1.02 and 1.26 the following values correspond to the '* 
coefficients in the formulas used by the authorities named: * 


Wm. Cox (Am. Mach., 1902) 
J. E. Johnson (A m. Mach., 1899) 
E. A. Rix (Pac. Coast Gas Assoc., r905).............. 


X 


nd 
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Effect of Bends, Valves, etc. — The Norwalk Iron Works Co. give the 


a following table; radius of elbow and length of pipe are both expressed in terms 


of the pipe diameter: 


Radius of elbow í 1% 


Equivalent lengths of 


š 8. me) lo. 12.72 17.51 
straight ipe 7.85 24|9.03 36 7 7.5 


W. L. Saunders (Compressed Air, 1902) gives the following figures for the length 
of pipe in feet equivalent to each of the items listed: 


FLOW OF STEAM. — The formulas given in the preceding section apply 
only approximately to the flow of steam. Putting v = volume of r pound of 
steam in cubic feet (see tables under Steam), the above formula for flow in 
cubic feet per second becomes 


tp 
= 3 —————* 
Q = 1.08 d EN 


and the corresponding flow in pounds per second is 


V p 
W = 1.08 d? vL (d 4- 1) 


G. H. Babcock, in Steam, gives the flow in pounds per minute as# 


W = 87 


The corresponding flow in cubic feet per second may be written 


p 
Q= 1.450 V= (d 4 3.6) 


Fora given drop in pressure this formula gives a less flow for pipes under 2 inches 
in diameter and.a greater flow for pipes over 2 inches in diameter than is given 
by the corresponding formula for air or gas. 

Effect of Bends, Valves, etc. — According to Briggs the effect of each 
right angle bend is equivalent to increasing the length 4o diameters, and the 
effect of each globe valve is equivalent to increasing the length 6o diameters. 


BIBLIOGRAPHY. — Gebhardt, G. F., Steam Power Plani Engineering, 
N. Y., 1909; Kent’s Mechanical Engineers’ Pocket Book, N. Y.; Kimball and 
Barr, Elements of Machine Design, N. Y., 1909; Latta, N., American Gas 
Producer Practice, N. Y., 1910; Norris, W. L., Steams Power Plant Piping 


Systems, N. Y. twas, Kx] 


* w is pounds per cu. ft. at entrance pressure. 


1062 Poles for Overhead Lines 


POLES FOR OVERHEAD LINES. — (See also Cross Arms; Distribution = Tes 


Lines; Insulator Pins; Insulators; Transmission Lines.) The following is a brief EST 
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Methods of Specifying Pole Dimensions. — A pole for supporting 38 i. 
overhead line is usually specified by its total or “nominal” length and by the in 
diameter of its top; e.g., a 40-ft 7-in. top pole. When set, the distance à pe -i 
stands above the surface of the ground is less than the nominal length by the > 
amount it sets in the ground. Poles are standard in lengths which are mu" . ` 
tiples of 5 feet. The ordinary range of length is from 30 to 6o feet. " 

The top of a pole is sometimes specified by inches circumference instead of b $ 
diameter. Polesare standard in diameters which are even multiples ofonemc —.. 
The ordinary range of top diameter is from 7 to 8 inches except on the Paciic fe 
‘Coast, where from 8 to 10 inches is common. 

Taper of Poles. — The taper of various kinds of poles, Hie 
ence, measured ih inches, between two circumferences 1o feet apart, 15 given 85 
follows in Forest Service Bull. No. 84: Chestnut (Maryland), 3-8 to 49 
Northern white cedar (Michigan), 5.2; Western yellow pine (California), Mu tr 
Lodgepole pine (Montana), 3.9; Loblolly pine (Texas), 2-4; Western red cedat —. 7 
(Washington), 3.5. Trees grown upon à high elevation have a greater taper n - 
the trunk than trees grown lower down. eh 


specified as the differ 


WOODS USED FOR POLES AND CROSS ARMS. — (Basel o» pub 
lication of the Forest Service, see Bibliography.) Of the timbers used for poles, ES 
chestnut and northern, southern and Idaho cedar easily rank first. M ul 
and shortleaf pine, red cedar, cypress, red wood, locust, catalpa and seve tis ‘ 
the oaks are used, but in much smaller numbers, and their employmen 
generally confined to the region of their growth.. Still other timbers are U^ 
but in numbers insignificant in comparison with those mentioned above. x 
For cross arms, longleaf, shortleaf and loblolly pines of the South and NO 
pine of the North are most largely used, while the demand for cedar, at ] 
spruce and red fir is but little less. Again, as in the case of pole tim iw p 
third group may be formed of those timbers used in small numbers 40 
locally. T 
In 1911, of the 3,418,020 poles used in the United States, 61.5 per cen ett 
cedar, 20.4 per cent were chestnut, the remainder being oak, pine, s e 
m 


Desirable Timber for Poles. — The several qualities which tim a 
possess to adapt it to use for poles are stated to be: Durability In contàt ud 
the soil, minimum weight, straightness coupled with relatively small size 
little taper. The wood must be sott, so that the spikes of a climbe A 
readily and at the same time it must have strength to support consi 


— 
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. Weight. These qualities are admirably combined in cedar and in juniper, which 
commercially is a cedar; no other woods possess so many. 


Uncertainties in Names of Timber Trees. — The terms cedar, pine, etc., 
used in describing poles and cross arms and even the apparently more exact 
terms, such as white cedar, yellow pine, etc., each cover several kinds of trees 
and have different meanings in different localities. 

There are at least eight pines (of the thirty-five native ones) in the market, 
some of which so closely resemble each other in their minute structure that they 
can hardly be told apart; and yet they differ in quality and should be used 
separately, although they are often mixed or confounded in the trade. 

Referring to the use of yellow pine as the material for cross arms the Committee 
on Overhead Line Construction of the N. E. L. A., says: " Yellow pine is under- 
stood to cover what is commonly known as longleaf pine. It is understood that 
the term is descriptive of quality rather than of botanical species." Forestry 
Bulletin No. ro states: “ ‘Yellow pine,’ is applied in the trade to all the Southern 
lumber pines; in the Northeast it is also applied to the pitch pine; in the West 
it refers mostly to bull pine. ‘Yellow longleaf pine,’ ‘Georgia pine,’ chiefly 
used in advertisement, refers to longleaf pine." 

Timbers Ordinarily Used for Poles and Cross Arms. — The principal 
timber trees from which poles and cross arms are obtained are brietly described 
below in accordance with the names used in the publications of the Forest 
Service. 

Chestnut, — Chestnut ranks next to the cedars in the quantity of poles 
used. The reported number purchased in 1909 was 608,000. The sapwood is 
very narrow, usually from about 4 to 38 of an inch wide. Chestnut is widely 
distributed throughout the entire Appalachian mountain region. A small terri- 
tory embracing parts of Pennsylvania, Maryland, Virginia and West Virginia 
furnishes nearly all the chestnut poles. Chestnut is not so straight as cedar 
andisliable to be knotty. It has greater strength, but this advantage is more 
than counterbalanced by its greater weight, which prohibits long shipments. 


Northern White Cedar or Arborvite. — This species is very com- 
monly used for poles throughout the central and eastern portion of the United 
States. The principal source of supply is in the states bordering the Great 
Lakes. It makes a very desirable pole on account of its durability but is high- 
priced. The sapwood varies from 42 to 1 inch in thickness. A very large por- 
, tion of northern white cedar poles have unsound butts. Northern white cedar, 
common in the northern woods of New England, New York and the Lake States, 
occurs as far south as North Carolina and Tennessee, but only in the mountains 
where the elevation is sufficiently great to permit northern species to thrive. 

On account of its strength, lightness, durability and form it is the most desir- 
able pole timber. Arborvitz is extremely slow in growth. The sapwood zone 
is narrow at the butt and gradually widens as the top is approached. The 
average time it takes to produce a 30-foot arborvita pole is about 190 years. 


Southern White Cedar. — The number of southern white cedar poles i 


purchased in 1909 was 44,000. The woods known under the general name of 
“cedar” comprise a number of distinct species which ditfer in their durability, the 
white cedar of the southern swamps being somewhat less durable than the cedar 
of the Lake States. The sapwood, which is usually from ¥% to 1 inch wide, 
decays very quickly. Southern white cedar, though sometimes found as far 
Dorth as southern Maine, is of commercial importance chiefly south of Delaware 
and New Jersey. 


Red Cedar. — A small to medium-sized tree scattered through the 
forests, or, in the West, sparsely covering extensive areas (cedar brakes). The 


`~ 
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red cedar is the most widely distributed conifer of the United States, occurring 
from the Atlantic to the Pacific and from Florida to Minnesota, but attains a 
suitable size for lumber only in the Southern and more especially in the Gulf 
States. 

Juniper. — The term Juniper is commonly used by telephone men for 
southern white cedar; the term also is applied to red cedar. Juniper poles come 
from Virginia, the Carolinas and other South Atlantic States. 


Western Red Cedar. — The light and durable western red cedar is 
much used for poles on the Pacific coast and throughout the Northwest. Also 
it competes to a certain extent with northern white cedar in the East, its form 
and size making it especially desirable for the larger classes of poles. The 
principal points of production are northern Idaho and western Washington. 
The relative durability of western red cedar and northern white cedar undet 
similar conditions is not known, and the testimony by pole users on this point 
is somewhat contradictory. 


Cypress. — The cypress is a large deciduous tree, occupying much of 
the swamp and overflow land along the coast and rivers of the Southern States. 
Cypress is usually considered a durable wood, and the heartwood is, in fact, one 
of the most durable of our native species. The sapwood, however, decays 
quickly and this seriously weakens the pole. The width of the sapwood on 
pole-size trees is from 54 of an inch to 114 inches. Cypress frequently is too 
large for use as a pole and has greater value for lumber. Even when its general 
diameter is small enough the butt will often be so big that it adds too much 
weight. 


Longleaf Pine. — Large tree; forms extensive forests and furnishes 
the hardest and strongest pine lumber in the market. Coast region from North 
Carolina to Texas. The longleaf pine is strikingly heavy, hard and resinous, 
and usually very regular and narrow ringed, showing little sapwood, and differing 
in this respect from the shortleaf pine and loblolly pine, which usually have 
wider rings and more sapwood, the latter excelling in that respect. 


Shortleaf Pine. — Resembles loblolly pine; often approaches in its wood 
the Norway pine. The common lumber pine of Missouri and Arkansas, North 
Carolina to Texas and Missouri. 


Loblolly Pine. — Large-sized tree; forms extensive forests; wider-ringed, 
coarser, lighter, softer, with more sapwood than the longleaf pine, but the 
two often confounded. This is the common lumber pine from Virginia to South 
Carolina and is found extensively in Arkansas and Texas, Southern States, 
Virginia to Texas. 

This pine is not durable when used as a pole unless treated with preservatives, 
but because of its cheapness and ease of impregnation is very desirable if pre- 
servative treatment is contemplated. Its distribution, ease of reproduction and 
rapidity of growth insure a steady and cheap supply. When this timber is used 
it is necessary to treat the entire pole instead of only the butt, especially in the 
- warmer and more humid localities of the South. 


Norway Pine.— Large-sized tree; never forming forests, usually scattered 
or in small groves, together with white pine; largely sapwood and hence not 
durable. Minnesota to Michigan; also in New England to Pennsylvania. The 
Norway pine, which may be confounded with the shortleaf pine can be dis- 
tinguished by being much lighter and softer. It may also, but more rarely, be 
confounded with heavier white pine, but for the sharper definition of the ann 
ring, weight and hardness. 


Western Yellow Pine. — Western yellow pine is used for poles to 3 
limited extent in certain parts of the Southwest, where the high cost of mor 


"Mer 
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durable pole timbers makes it necessary to find a cheaper substitute. The life 
of this timber, untreated, is very short. In the upper part of the San Joaquin 
Valley of California, where a study of this species was made, untreated pine poles 
last only two or three years; but since the wood when not exposed to the soil 
is fairly durable, it is believed that a butt treatment with a good wood preserva- 
tive will result in a pole that will give good service. A butt-treated pine pole 
costs considerably less than an untreated cedar pole in this locality. 


Lodgepole Pine. — Lodgepole pine is cut to a limited extent for poles, 
It grows at high altitudes in the Rocky Mountains. It decays quickly in contact 
With the soil, but is durable when not so exposed. "The tree grows tall and 
straight, with very little taper and makes a well-shaped pole. In certain parts 
of the West, where there are large bodies of fire-killed lodgepole that remain 
Standing for many years, sound and thoroughly seasoned, conditions for effective 
treatment are excellent. If given a butt treatment, this dead timber makes a 
durable pole, and in many localities the cost of the pine pole plus the cost of the 
treatment is less than that of the Idaho cedar untreated. The sapwood of pole- 
sized timber may be an inch or an inch and a quarter thick. 


DEFECTS IN WOOD USED FOR POLES AND CROSS ARMS. 
— (See also Timber.) The following are the defects in timber which are fre- 
quently referred to in specifications for poles and cross arms. 


Pith. — The pith of a tree is the central core about which the annual 
rings are formed. It goes through the tree from top to bottom and branches 
into the limbs. The pith is quite thick, usually % to 4% inch in Norway pine and 
in the southern species, though much less so in white pine and is very thin Ag 
to 44s inch in cypress, cedar and larch. The pith of the tree is the wcakest part 
on account of the many knots which it invariably and necessarily contains. 


Sapwood. — The sapwood of a tree is a zone of wood next to the bark, 
I to 3 or more inches wide and containing 30 to 50 or more annular rings (in 
coniferous trees). It is of lighter color than the inner, darker part of the log 
which is the heartwood. Sapwood changes to heartwood as the tree grows. 

The width of the sapwood is small for longleaf and white pine and great for 
lobloly and Norway pines. In old trees of longleaf pine the sapwood forms 
about 4o per cent of the merchantable log, while in the loblolly and in all young 
(coniferous) trees the bulk of the wood is sapwood. 

Sapwood, being the normal condition of the outer rings of a tree, is not a 
" defect" in poles, where the whole cross section of the tree (except bark) is used. 
Being weaker and more liable to decay it is considered a “ defect” in pins and 
cross arms, which are better if made from the heartwood only. 


Cup-Shakes. — These are cracks extending circumferentially at one or 
more places, caused by the separation of the annual rings. 


Doatiness. — This is a speckled stain found in beech, American oak 
and other timber, due to incipient decay. It is produced by imperfect season- 
ing or by exposure for a long period to a stagnant atmosphere. 


Heart-Shakes.— These are splits or clefts occurring in the center of the 
tree. They are common in nearly every variety of timber and are very serious 
When they twist in the length, as they interfere with the conversion of the tree 


Into boards or scantlings. They sometimes divide the log in two for a few feet 
from the end. - 


Star-Shakes. — When several heart-shakes occur in one tree they are 


called star-shakes from the appearance produced by their radiation from the 
center. 
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Wind-Cracks. — Shakes or splits on the sides of a balk (a log which has 
been squared off) of timber, caused by shrinkage of the exterior surface, are 
called wind-cracks. 


Dry Rot. — Dry rot is a special form of decay in timber caused by the 
growth of a fungus which spreads over the surface like a close network of threads, 
white, yellow or brown, and causes the inside to perish and crumble. Cause 
which render timber favorable to the growth of this fungus are; large proportion 
of sapwood; felled at wrong season when full of sap; if cut down in the spring 
or fall of the year instead of in midwinter or midsummer, when the sap is at rest; 
stacked for seasoning without sufficient air spaces being left; fixed before 
thoroughly seasoned; painted or varnished while containing moisture. (Six pre 
ceding definitions from Carpeniry and Joinery by Paul N. Hasluck.) 

Sound Knot. — A sound knot is one which is solid across its face and 
which is as hard as the wood surrounding it; it may be either red or black, and 
is so fixed by growth or position that it will retain its place in the piece. 


Loose Knot. — A loose knot is one not firmly held in place by growth 
or position. 


Pith Knot. — A pith knot is a sound knot with a pith hole not more than 
one-fourth of an inch in diameter at the center. 

Encased Knot.— An encased knot is one which is surrounded wholly 
or in part by bark or pitch. Where the encasement is less than one-eighth of 
an inch in width on both sides, not exceeding one-half the circumference of the 
knot, it shall be considered a sound knot. 

Rotten Knot. — A rotten knot is one not as hard as the wood it is in. 


Pin Knot.— A pin knot is a sound knot not over one-half inch in 
diameter. 


Spike Knot.— A spike knot is one sawn in a lengthwise direction. The 
mean or average width shall be considered in measuring these knots. 

Pitch Pocket. — A pitch pocket is an opening between the grain of the 
wood containing more or less pitch or bark. 

Pitch Streak. — A pitch streak is a well-defined accumulation of pitch 
at one point in the piece. When not sufficient to develop a well-defined streak, 
or where the fiber between grains — that is, the coarse-grained fiber, usually 
termed "spring wood” — is not saturated with pitch, it shall not be considered 
a defect. 


Wane.—Wane is bark, or lack of wood from any cause, on edges of timber. 


Shakes. — Shakes are splits in timber which usually cause a separation 
of the wood between annual rings. 

Checks.— Checks are splits in timber, which usually cause a separation 
of the wood across annual rings. (Last twelve definitions are those used in the 


timber-test work of the Forest Service in describing defects. Forest Sereke 
Circular 38, Revised.) 

Wind Shake. — A crack or incoherence in timber produced by violent 
winds while the timber was growing. 


Wind. — A turn or bend. A piece of timber is out of wind when it is 
perfectly straight or flat. 


Warped.— Twisted out of shape by seasoning. 


Cat-Faces. — Old wounds, partially overgrown, leaving a long. narrow, 
dead surface exposed. 


VOLUME AND WEIGHT OF POLES.— A quick way to find the approri- 
mate volume of a pole is to multiply the area of the circle at the center of gravity 
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by the length of the pole. The formula for the volume, considering a pole as a 
frustrum of a cone is z 
v= — — (di? + dido + d2?)h, 
1728 


where v= volume in cubic feet; di = diameter at butt in inches ; dz = diameter 
at top in inches; A= length of pole in feet. 
The following table gives the volume of some standard poles: 


Nominal size 


Volume, 
Diameter, Length, cubic feet 
inches | feet 


Kind of pole 


Northern white cedar 
Western red cedar 


The weight of a pole may be found by multiplying its volume in cubic feet 
by its weight per cubicfoot. The following table gives the weight per cubic foot. 


WEIGHT PER CUBIC FOOT OF POLES 


When cut When seasoned 
Kind of pole Weight,* | Moisture, | Weight,* | Moisture, 


pounds per! per cent of| pounds per iper cent of 
cubic foot | dry weight|cubic foot |dry weight 


Southern white cedar......... 38.9 88 25.0 2I 
Chestnut (N. C.)............. 56.5 IOI 43.2 

Chestnut (N. J.)........... 51.8 85 42.2 50 
Chestnut (Pa.)................ 54.0 92 40.7 

Chestnut (Md.)............... 56.4 86 44.9 48 
Northern white cedar. ........ 34.2 9o ; 22.9 27 
Western red cedar............. 42.4 133 23.5 29 
Western yellow pine........... 66.6 154 30.3 16 


* Including contained moisture. 


SEASONING.— Poles should be seasoned because it increases their resist- 
ance to decay, increases their strength and decreases their weight. The strength 
of partially seasoned timber, other things being equal, increases as the amount 
of moisture it contains decreases. Thoroughly seasoned timber of small sizes 
is sometimes three or even four times as strong as the same timber, when green. 

Seasoning of poles reduces their weight, commonly from 16 to 30 per cent, and 
even more for some species, with a corresponding decrease in the cost of trans- 
portation. Thorough seasoning is essential if the poles are to be treated with 
Preservatives. The percentage of moisture in a pole when cut varys with the 
season when cut as shown ig the table at top of p. 1068. 

In general, poles cut during the spring and summer lose weight most rapidly, 
Poles cut during autumn and winter lose weight less rapidly, but more regularly, 
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Too rapid seasoning may be detrimental to the timber by causing excessive — 29mm 
checking. Shrinkage of poles during seasoning is very slight and does not “sup 


exceed x per cent on the circumference. "rdiet 
dg. 

| 
MOISTURE CONTENT WHEN CUT, PER CENT OF DRY WEIGHT "img 
Ts] 


Kind of pole Autumn Winter £t 


OS | |) || uis 
Southern white cedar (N. C.). io " 
Chestnut (N. C.).............. o 
Chestnut (N. J.).............. B : 
Chestnut (Pa.)................ rad 
Chestnut (Md.)............... "s th 
Northern white cedar (Mich.). | 3d 
Western red cedar (Cal.)....... e Pts pt EUST 
Western yellow pine (Cal.)..... E 

um 

The time in months required for poles cut at different periods of the year "ts 

to season to approximately air-dry weight is as follows: Ust 

E 

TIME REQUIRED FOR SEASONING = 

mis |S 

1 Li Sum- . ture 2 

Kind of pole Spring Mer Autumn | Winter Sinten E 

seasoned) — ^w. 

——d————|-———— Ub 

Months | Months | Months | Months | Percent} = 

Chestnut (Md.)............ . SM 

Southern white cedar 5 * 8 7 55 E: 

(N. C.) E E ee € =a 

Northern white cedar 3 3 8 % S8 

(Mich). «casio cte recs 12 9 7 58 g | 

Western red cedar (Cal.).... i hae s gus 43 ty 

Western yellow pine (Cal.).. 5 3 9 6 25 A 

* The average amount of moisture remaining in the poles after seasoning as aboveia — 
per cent of the weight of the dry wood. 


ROOFING. — If the top of a pole is lef flat rain water will not run of 
rapidly and will penetrate the pole by following the grain, causing early decay 
of the pole top. Poles are accordingly ‘“‘roofed’’ by cutting the top to give an 
inclined surface which is sometimes conical but usually is merely two inclined 
planes meeting in a horizontal ridge. The angle of the planes with the horizontal 
is usually 45 degrees. Where a bracket is to be bolted to top of pole a flat strip 
from 43 to 1 inch in width is sometimes left, instead of a sharp ridge, in order to 
leave more material in the pole top where the strain from the upper bracket 
bolt comes. Roofs should be painted to close the grain which is porous, in order 
to prevent the entrance of water. 


PRESERVATIVE TREATMENT. — The forest service estimate that it 
requires 190 years to grow a 30-foot cedar pole whose average life, when set in the 
ground in its natural state, does not exceed 15 years. They also estimated in 
1907 that 800,000 miles of pole line were then in operation containing 32,000,000 
poles and requiring 2,650,000 poles per annum for maintenance. They condudt 
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in that the enormous demand must soon deplete the supply and have made extensive 
.. experiments on preservative treatment as a means of conserving the pole supply. 
Preservative treatments are used to increase the resistance of poles to decay. 

The advantages of such treatment are: 


_7 L It increases the life of the pole. 

— 2. It makes possible the use of smaller poles as less allowance need be made 
. t for decay. 

» E 7 

-- $ It makes possible the use of species of timber not naturally durable. 


The butt of the pole near the ground line is most subject to decay and treat- 
' Went of the butt alone is usually deemed sufficient. In some of the Southern 
states the whole pole is subject to decay, in which case the whole pole is treated. 


Cause of the Decay of Timber. — Decay of wood is due to low forms of 

plant life called fungi. The germs of decay are not inherent in the wood. The 

. Wood-destroying fungi start from the outside, either from adjacent rotten wood 

_ 9t by spores, which correspond to seeds, being carried by the wind and deposited 

on the surface. While the fungi from these spores begin at the "outside" of 

the wood, this surface must be understood to include all holes or cracks which 
-= the spores may enter. 

Fungi require for their growth and development air, heat, moisture and food. 
Warmth, preferably between 60° and 100° F., favors decay. Cold retards it and 
temperatures above 150° F. prevent it. Under water or deep under the surface 

— of the ground where the air is excluded, decay does not take place. Ordinarily 
+ wood which is seasoned until it is air-dry does not contain sufficient moisture to 
‘ support the growth of fungi. 


Preservatives. — The best method of checking the growth of fungi is to 
deprive them of food. This can be done by injecting poisonous substances into 
the timber. These substances are called preservatives. Of the many anti- 
. Septics which have been proposed for the preservation of timber only four have 

_ been largely used with success in the United States. These are creosote, zinc 

chlorid, corrosive sublimate and copper sulphate. Copper sulphate has fallen 

. into almost total disuse. At present creosote and zinc chloride, pure or in mix- 
ture, are the only preservatives which are in general use. 


Corrosive Sublimate (Bichlorid of mercury). — This is used in the so- 
. Glled "kyanizing" process. This process consists in steeping the timber in a 
dilute solution of corrosive sublimate long enough to insure thorough pene- 
tration. 


Zinc Chloride. — Zinc chloride is an excellent antiseptic; it is obtained 
by dissolving metallic zinc in hydrochloric acid. This is further diluted by 
water before it is used for wood preservation. Zinc chloride is much cheaper 
than creosote, and since it is shipped in the form of a solid the freight charges 
are considerably less. Zinc chloride is soluble in water, being in fact, injected 

" into the timber in water solution and so when timber treated with it is exposed 
to moisture the leaching out of the salt is only a question of time. Hence zinc 
chloride is most commonly used in comparatively dry situations. 


Creosote. — Creosote is a by-product of coal tar, which is produced at 
most plants for the manufacture of illuminating gas and at by-product coke- 
oven plants. Wood tar, when distilled in a similar manner, gives “wood creo- 
sote,” which like that derived from coal tar, possesses strong antiseptic proper- 
ties. There is also on the market a so-called creosote, a by-product of water-gas 
* tar or tar manufactured from kerosene oils, which, for wood preservation, is 


^ Probably inferior to the true creosote, In general, however, by “creosote” is 
meant the dead oil of coal tar, 
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Creosote is not a single chemical compound but a mixture of a number of SICT 
compounds. Not only does the relative proportion of the several constituents :j 
vary, but some may be absent or other compounds, not normally constituentsof ii], 
creosote, may be present. Creosote proper is the fraction of oil passing ovt. =: 1 
between 240° C. and 270° C. during the first distillation of the crude coal tar. — 
In practice, however, many of the creosote oils of commerce contain considerable 
amounts of materials having boiling points higher than 270? C. and lower than 
240? C. Some commercial creosotes are rather thin oils, some are almost . 
entirely solid with naphthalene and some are heavy oils with a large proportion TRAC 
of high-boiling constituents. . 


An analysis of creosote in well-preserved timbers (Forest Service Circular 98), Tali 
led to the conclusions that light oils, boiling below 205° C., will not remainintim- `=: 
ber, but that heavy oils, containing a high percentage of anthracene oil, will re — 22! 
main almost indefinitely and protect the wood from decay and boring animals. — i 

The cost of creosote in carload lots (including transportation) is (1911) about — 3j 
10 cents per gallon for points east of the Mississippi River and in the vicinity of — 
the Gulf ports west of the Mississippi. West of the Rocky Mountains the cost — 5: 
is about 20 cents per gallon. A gallon of creosote is estimated to be 844 pounds. 5: 

Patented Preservation. — There are many other patented substances — 7 
known by various names, but most of them have for their base creosote or zinc — 
chloride. Sus 

Carbolineum.— Carbolineum, like creosote, is derived from the distila- — 
tion of coal tar. The compounds included in carbolineumare derived fromthecoa —. ^ 
tar at a higher temperature of distillation and are therefore somewhat different. Ph 

Crude Petroleum. — Crude petroleum has been experimented with but EST 
there is little definite knowledge of its value as a wood preservative. x 

Methods of Treatment. — The methods of applying the preservatives to the ` E 
pole are the brush treatment, open tank treatment and pressure tank treatment, m 

The brush treatment is applied to a part of the butt at the ground line, the — ?. 
open-tank treatment to the whole butt and the pressure-tank treatment to the — 1. 
whole pole. | " 

The brush treatment is least expensive and gives the least protection and the — 7^ 
pressure tank is most expensive and gives the most protection. 

For a full description of these methods of treatment and estimates of cost se 
U. S. Forest Service Circulars, Nos. 84, 147, etc. 


An estimate in 1911 for 3o ft. 7 in. poles for a two-coat brush treatmentofthe — y, 
butts with creosote was from 15 to 20 cents per pole in the East and from 20!9 — 
30 cents per pole in the West. An estimate for the open-tank treatment of the 
butt was 67 cents per pole with creosote and 65 cents per pole with zinc chloride 
LIFE OF POLES. — Statistica compiled by the National Electric Light 
Association give the following figures for the average life of untreated poles 


the figures for butt-treated poles are according to estimates by the U. S. 
Forest Service. 


Untreated 


. Butt-treated 


NE P eee Chestnut............. ud 
mercem Western cedar............. 


eooeneren anon 
eee ree wne enero e ef 8 =Paow 8 | || SNWALELEL IS WLO UU. wet 


ec cct £155 
eo 9S 8*9 »9tí12]2it]|- "o£ o [|| DO "ew 59 MK y WHEE Vt ee ete 


ece64o098 9990959299 


Records of the German Postal and Telegraph Department covering 52 ya" 
- an average life of 20.6 years for crcosoted pine poles. 
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_- SPECIFICATIONS FOR POLES. — In the report of the Committee on 

- - Overhead Line Construction of the National Electric Light Association (abbre- 

- viated N.E.L.A.) are given very complete specications for chestnut, eastern 

white cedar and yellow pine poles. Space does not permit of the incorpora- 

tion of these specifications here; copies may be had from the Secretary of the 

National Electric Light Association. The report is also given in the Proc. 
N.E.L.A. for 1911, Vol. II, p. 374. 


FORCES ACTING ON A POLE. — A pole is subject to the following 
forces: 


.. (1) Vertical forces duc to weight of pole, wires, slect, etc., and to downward 
pull of guys. 
(2) Lateral horizontal forces due to wind across line on pole, wire, slect, etc. 
(3) Longitudinal horizontal forces due to unbalanced pull of wires. 
(4) Torsional forces due to unbalanced pull of wires. 


À pole is strong as regards the vertical forces but weak for horizontal forces 
and the cross arms are weak for the torsional forces. The theory of good line 
- work is, therefore, first to reduce the horizontal and torsional forces as much as 
possible by balancing the stresses and second to convert remaining unbalanced 

. horizontal stresses into vertical stresses on the pole by the use of guys. 
In practice the lateral horizontal force of the wind is one which cannot ordi- 
.. Darily be provided for by guys. Calculations for strength of poles, when made, 

. are ordinarily limited to the effect of side wind. 


Breaking of Pole by Cross Wind. — The principal forces tending to break | 
' & pole are wind pressures on pole and conductors when the wind blows trans- 
versely. These tend to break it by cross bending. 


Let M, = moment of the wind on the pole, 
Ms = moment of the wind on the wires, 
M = moment of resistance of the pole. 


A 


^ Then the condition that the pole shall not break is that 
Mi M; <M. | 


The calculation of Mi, M» and M is given below. 


Moment of Wind on Pole (3/1). — Moment at ground level due to 
wind pressure on pole is 
Pih? (Di + 2 D?) 
72 


Mı = 


Mi = moment at the ground in pound-feet, 

Pı = wind pressure in pounds per sq. ft. of projected area of pole, 
Hi = height of pole in feet, 

Dı = diameter of pole at ground in inches, 

D: diameter of pole at top in inches. 


The maximum bending moment due to horizontal forces at the top of the pole 
is ordinarily assumed to be at the ground level; it is really a little below ground 
. leveland opposite the center of pressure of the resistance furnished by the ground. 


A Moment of Wind on Wires (M2). — Moment at ground level due to 
` Wind pressure on the wires is 


i M:= P:Hend (Si + S2) 


24 
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M3 = moment at the ground in lb.-ft., 


: : s , Vut 
P= wind pressure in pounds per sq. ft. of projected area of wires, by "s 
H: = height of wires above ground in feet, i the 
n = number of wires, ub imi 
d = diameter of wires (including ice) in inches, inii 
Sı and Ss = lengths of adjacent spans in feet. dw 
Where wires are of different diameters or at different levels the formula isto ‘Sth 
be applied to each size and each level separately and moments summed. Jim 
Moment of Resistance (M) . — The moment of resistance or strength ssi 
of a circular pole for cross bending is Pei 
frD* fD* E CM 
=—— or =~. Pali 
384 122 P i 
M = moment of resistance of the section considered in lb.-ft., : a 
f= fiber stress in pounds per sq. in., r k à 
D = diameter of pole in inches. jim 
The maximum allowable moment M is found by using the maximum allowable $: ix 
value for the fiber stress f. DN 


Fiber Stress (f) and Actual Tests of Strength. — The following E 
table gives the value of the fiber stress for various kinds of timber and the actual 752 
breaking load from tests of a number of poles. 1 Abe 


FIBER STRESS AND BREAKING LOAD E 


Fiber 


stress at pon Actual 29 

stress at | foceat | | 
Kind of timber E 
EST 


Arbosvite (1)......... 
Cedar: 


Red, western (3)....| 25- ft. pole......... 1310 
Red, western (4)....| 25- to 35-ft. poles. . 2215 
Red, western (4)....| 25- to 35-ft. poles.. 1930 | 
Oregon (4).......... 25- to 35-ft. poles.. 3040 
White, Maine (2)....| 29- to 31.5-ft poles. 

Chestnut, Conn. (2)...| 29- to 31. 5-ft. poles. taxes 

Cypress (1)... een] eH en | 

Pine: | 
Lodgepole (1)........| 2 by 2 by 3o 1n..... TE 
Lodgepole (3)........| 25-ft. pole.......... up | 
Longleaf (1)......... 2 by 2 by 3o in..... T 
Shortleaf (1)........ 2by2by 3oin..... l 


ec occ| 4 My d IIJ JA AREA. 5 


"ac em 5 t9 * s 


(x) Forest Service Cir., No. 213; green, clear pieces. 

(2) L. W. Winchester, Elec. W., March 16, 1011; top circumference 17 to 24.5 inches, 
poles set in ground from 4 to 6 ft., force applied 22 ft. to 26 ft. above ground. 

(3) Forest Service Cir., No. 204; 7 in. top diameter, force applied at top. 

(4) Pac. Tel. & Tel. Co.; from 6 to 9 in. top diameter, force applied at top. 

* Modulus of Rupture. 


e TL 


m 
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Weakest Point of a Pole. -— A pole is approximately a truncated cone 
in shape. For a bending force applied at one end such a conc is weakest at the 
point where the diameter is 34 the diameter at the point (near the small end) 
where the force is applied. A pole with 8-inch diameter at the cross arm is, there- 
fore, weakest where it is 12 inches in diameter and may be expected to break at 
this point provided this point is above the place where maximum bending occurs. 
If it is less than 12 inches in diameter at the point of maximum bending then 
the break may be expected here. This rule must be considered approximate as 
it neglects the fact that the pole is not homogeneous, i.e., outer annual rings are 
Sapwood and inner are heartwood, and also neglects effect of knots, etc. 


ATTACHMENT OF CROSS ARMS TO POLES. — Wooden cross arms 
are attached to wooden poles: 

(1) By gaining the pole, see below. 

(2 By one or two lag screws or bolts. 

(3) By one or two cross-arm braces. 

The forces at the point of attachment which these fastenings must resist are: 

(1) A force vertically downward, equal to weight of cross arm, pins, insulators 
and wire (including sleet). 

(2) À horizontal force parallel to axis of arm, equal to pressure of wind blow- 
ing across line on wires. 

(3) A horizontal force at right angles to axis of arm: (a) toward pole or (b) 
away from pole and equal to difference in pull of wires on two sides of arm. 

(4) A couple in a vertical plane parallel to arm, equal to difference in moments 
of weight on the two ends of arm. 

(5) A couple in a horizontal plane parallel to arm, equal to difference in 
moments of wire pull on the two ends of arm. 

(6) A couple in a vertical plane at right angles to arm, equal to difference in 
moments of wire pull (caused by pin leverage) in the two directions. 


Fig. 1. Pole Top Framing, Single Arm 


Framing and Hardware. — Typical framing and hardware for the three 
principal combinations of arms (single arms, double arms and buck arms on 
corner poles) are shown in Figs. 1, 2 and 3, respectively. "These are standard 
framings of the Stone & Webster Engineering Corp. The arms used are shown 
in detail in Fig. 1 of the article on Cross Arms. The arms shown are all 6 Din, 
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but the framing would be the same, except for length of arm for 4-, 8- or 10-pia 
arms. 

Gaining. — A gain is a notch cut in the side of a pole to receive a cross arm. 
The width (vertical dimension) of the gain should be just large enough for the 
cross arm. The depth of gain varies from % to 1 inch. With gains shallower 
than ¥% inch the cross arm has insufficient support below and the flat bearing 
surface at the back is inadequate unless the pole is of larger diameter than usual. 
Deep gains greatly weaken the top of the pole especially when double arms are 
used. Gains should be painted before arms are attached to prevent moisture 
entering the wood through the cut surface. 7 


Fig. 2. Pole Top Framing, Double Arms 


Not less than 8 top on pole 
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Fig.3. Pole Top Framing, Corner Poles 


Specification for Framing. — Gaining shall be as follows: 


Top of pole to center of top gain, 12 inches. 
Center to center of gains, 24 inches. 
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Gains for buck arms shall be located centrally between gains for main arms. 

Gains shall be cut not over 1 inch deep. 

Arms shall be fastened to pole by one through bolt. Back of pole shall be 
flattened to give true bearing surface for washer under head of bolt. Each arm 
shall be braced by two braces fastened to back side of arm. Ends of double 
arms shall be separated by spacing blocks and shall be bolted together. 

Specification for Hardware. — All hardware shall be galvanized iron. 

Bolts. — Arms shall be fastened to pole with one 5¢-in. machine bolt. 
Double arms shall be fastened together by one S5-in. machine bolt at each end. 
Above bolts shall have 6-in. thread to allow for variation in thickness of poles. 
For fastening double arms to poles stud bolts having a nut at each end shall 
be used. Braces shall be fastened to arms by 35-in. machine bolts. 

Washers. — Square-cut iron washers shall be used at both ends of bolts 
fastening arms to poles and at both ends of bolts fastening double arms together. 
Round-cut washers shall be used with machine bolts for fastening braces to arms. 


Nuts. — Square nuts shall be used. 

Braces. — Two braces shall be used on each arm. Braces shall be 
28 in. by 114 in. by 14 in. except on corner poles, where 24 in. by 114 in. by 14 in. 
braces shall be used. 

Lag Screws. — Braces shall be fastened to pole by 1% in. by 4 in. lag 
screws. 


DEPTH OF SETTING IN GROUND. — The following table gives the 
depth of setting recommended by the National Electric Light Association. 


Total Depth of setting, feet Total Depth of setting, feet 


length of length of . 
pole, feet | Straight Curves and || pole, feet | Straight | Curves and 


line corners line corners 
3o 5.0 6.0 6o 7.0 7.5 
35 5.5 6.0 65 7.5 8.0 
40 6.0 6.5 79 7.5 8.0 
45 6.5 7.0 75 8.0 8.5 
50 6.5 7.0 80 8.0 8.5 
55 7.0 7-5 


GUYING OF POLES. — A guy is ordinarily composed of guy wire, clamps, 
strain insulators, turnbuckles (sometimes) and guy stub or guy anchor, 

Guy Wire. — Iron wires are used for guy wires but should always be gal- 
vanized (see Galvanising). Solid wire was formerly common but stranded cable 
(called “strand ”) is now generally used. Various sizes have been used but the 
%-inch is probably the best. The N.E.L.A. specification for the two sizes 
recognized by them is: f 

Size of indi- SE 
vidual wires, | Ultimate break- 
B. W.G. ing strength 


Pounds 


2300 
5000 
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Strain Insulators. — Strain insulators are placed in guys to prevent the 
lower part of the guy wire, which is accessible to the public, becoming charged 
through leakage or contact with a conductor. Two strain insulators should be 
used, one located about 5 feet from the pole and the other 8 feet above the 
ground. 

Two types of strain insulator are used. In one the insulation (usually im- 
pregnated wood) is in tension, while in the other (usually porcelain) it is in com- 
pression. The former has the disadvantage that failure of the insulation causes 
mechanical failure of the guy. The latter has the disadvantage that the insulator 
may fail and the guy become charged without the failure being readily apparent. 
The N.E.L.A. specification favors the latter type and requires a mechanical 


strength of twice the strength of the guy wire and a wet flash over electrical test 
of four times the line voltage. 


Fig. 5. 


Guy Stubs and Guy Anchors. — A common guy stub is shown in Fig. 4 
This is made from parts of defective poles and is fastened together with a cross- 
arm bolt. Fig. 5 shows another common form of guy stub and a common guy 
anchor. 


There are also various forms of patented anchors which screw into the earth 
or are placed or driven into small holes and then expanded. These are designed 
to economize labor of installation of standard anchors. 
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. REPAIRING DECAYED POLES. — Where poles have been weakened at 
.. theground line by decay the strength may be restored by cutting off the decayed 
. butt and resetting pole, thus reducing its height by six to cight feet. When 
` reduction of height is not permissible, the pole may be stubbed by setting along 
side of it a short pole or stub extending a few fect above ground to which the old 
pole or the undecayed part above ground is bolted or otherwise fastened. This 
method does not look well and is unsuitable for city distribution lines but has 
been used for transmission lines. A more recent method is to reinforce the 
decayed pole by a sleeve of concrete (usually reinforced) extending above and 
' below the decayed portion. (See Electrical World, April 1, 1909 and Aug. 25, 
1913 for Orr patented process.) 


COST OF POLES. — The cost of wooden poles varies between wide limits, 
depending upon the part of the country in which they are purchased. The 
following figures are rough approximations and are exclusive of freight. 


APPROXIMATE COST OF POLES 


Length, Chestnut, | Cedar, Cedar, 
feet Pennsylvania Iowa Minnesota 


ew aA 


25 
30 
3S 
40 
45 
$0 
SS 
60 


* z-inch top. 
t &nch top. 


BIBLIOGRAPHY. — Spencer, P., Line Construction for Overhead Light and 
Power Service, Trans. N.E.L.A., 1906; Report of Commitice on Overhead Line 
Construction, Trans. N.E.L.A., 1911; Ryan, W. T., Important Calculations for 
Wood Pole Transmission Lines, South. Elec., March, 1913; Lundquist, R. A., 
Transmission Line Construction, N. Y., 1912; Gear & Williams, Electric Central 
Slation. Distributing Sylems, 1912; Papers on Timber and its Treatment in 
Forest Service Circulars, Nos. 10, 32, 80, 84, 98, 101, 103, 104, 115, 136, 137, 139, 
147, 151, 204. 
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POTENTIOMETERS. — (See also Cells, Standard; Galvanometers; Re The ur 


sistors, Standard.) A potentiometer is primarily an arrangement of resist 
ances for the accurate comparison of two potential differences by balancing 
one against the other. In connection with suitable resistance standards (se 
Resistors, Standard) it may also be used for the accurate measurement of electric 
currents. The accessories for making ordinary d-c. measurements are a standard 
cell (see Cells, Standard) and a galvanometer (q.v.), and suitable keys or switches. 
For making a-c. measurements certain additional apparatus is required; see be- 


low under Alternating Current Potentiometer. 


USES OF THE POTENTIOMETER. — For the calibration of current, 
voltage and power-measuring instruments, both d-c..and a-c., the potentiometer 
is the most accurate and satisfactory instrument available. A technical labor- 
atory relies almost entirely upon the standard Weston (or Clark) cell and a set 
of standard resistances as its ultimate or primary standards, leaving the testing 
of the accuracy of these latter to a central standardizing bureau, such as the 
Bureau of Standards at Washington. It is, of course, convenient to have suitable 
“precision” ammeters, voltmeters and wattmeters as secondary laboratory 
standards but, as such secondary standards tend to “lose their calibration,” 
they should be frequently checked against the standard cell and standard 
resistances by means of a potentiometer. 


PRINCIPLE OF THE POTENTIOMETER (Figs. 1 to 3). — The 
potentiometer in its simplest form consists of a uniform wire stretched over a 
scale divided into a number of even parts, say 1500. A battery B (Fig. 1) baving 
an e.m.f. of about 2 volts and 
rheostat R are connected in 
series with this wire and two 
contact points A and S are 
provided, one contact S being 
movable. G is a galvanometer. 
At P there may be connected 
at will a standard cell or any 
other source of potential differ- 
ence. 

At P is first connected a 
standard cell, say a Weston cell, 
having an e.m.f. of 1.01830 volts 
and the contact A is placed at 
o and the contact S at 1.0183 on the scale. By varying the rheostat Rit ts 
possible to so adjust the current in the slide wire that the fall of potential be- 
tween A and S due to the current from the battery B is exactly 1.0183 volts. 
This can be determined by closing the switch K; if R is properly adjusted thet: 
will be no deflection of the galvanometer. Care must be taken that the posi- 
tive terminals of both B and the standard battery are connected to the same end 
of the wire. 

To measure any other p.d. the standard cell is taken out of circuit and the 
terminals between which the p.d. is to be measured are connected to à and 
respectively. The contact S is then moved until the galvanometer shows à 
balance. The corresponding position of the contact S, as read on the wire, 
then gives the value of this p.d. in volts. 


Increase of Range by Use of Volt Box or Multiplier. — To measur 
voltages above 1.5 one must resort to the “volt box” or “multiplier,” which is 
simply a standard high resistance, Ri (Fig. 2) being provided with taps 9? 
arranged that a definite fraction of the total drop can be measured on the poten- 


Fig. 1. Simple Potentiometer 
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_ ing would then be multiplied by 1o or roo depending 
. on the position of the switch D. The resistance Ri 


`. the circuit being tested. 
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. tiometer. The unknown p.d. is connected at E, Fig. 2, the terminals a and b 


being the same as the like-lettered terminals in Fig. 1. The potentiometer read- 


must be sufficiently large so that the current taken by 
Ri does not appreciably affect the value of the p.d. in 


Increase of Accuracy by Use of Additional Series 


Resistance. — The accuracy of measurement may be Fig. 2. Volt Box 


. increased by inserting in series with the slide wire a known multiple of the re- 


sistance of, say, 1000 divisions of the slide wire. This is equivalent to increasing 
the length of the slide wire, and therefore, each division on the scale represents 


à cortespondingly smaller fraction of a volt. 


Current Measurement. — If it is desired to measure current, the drop 
&cross a known low resistance r is measured as shown in Fig. 3. The resistance 


ris usually so adjusted that its resistance ketween the poten- T 
tial terminals PP’ is an even fraction of an ohm, in which case 
.  thepotentiometer reads the current directly, with the exception P p' 
.. Of the proper pointing of the decimal. For instance, using a 
0.01 ohm standard the potentiometer reading is to be multiplied P 
by 100. a b 
Fig. 3. 


CNN UM 


Caution. — In using any form of potentiometer a balance 
with the standard cell in circuit should always be obtained just before and 
alter a balance with the unknown p.d. in circuit. In other words, the poten- 
tiometer current should always be checked both before and after a measurement. 


TYPICAL DIRECT-CURRENT POTENTIOMETERS. — Potentiom- 
eters are made in such varied forms that it would take considerably more space 
than is available to describe them all. The most génerally used direct-current 
types are the high-resistance "null" type, the low-resistance ‘‘null” type and 
the Brooks deflection type. 

The Brooks potentiometer is partícularly well adapted to the requirements 
of a large electrical engineering laboratory, where many instruments must be 
Checked and kept in ad- 
justment, and where it is 
imperative that the work 
be done with great speed, 
combined with a degree 
of precision ample for en- 
gineering work. 

Low-resistance Null 
Type (Fig. 4). — A dia- 
gram of the connections 
of a Leeds and Northrup 
low-resistance null-type 
potentiometer is shown 
in Fig. 4. 

Fifteen 5-ohm coils are 
connected to the studs of —— . 4. Leeds & Northrup Potentiometer 
a dial switch, the contact 
M arranged to make contact with any stud. The slide wire DB consists of rr 
turns of manganin wire wound on a marble cylinder 6 inches in diameter. 'The 
contact M' is mounted on the inside of a light aluminum hood, which serves to 
protect the slide wire from dust. It moves over the entire length of the slide 


p | 
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wire and carries a scale from which the number of turns and the fraction of a 
turn can be easily read. l 

This potentiometer is designed for use with commercial “standard” Weston 
cells, which differ slightly in e.m.f. Each one, however, is accompanied by a 
certificate giving its e.m.f. 

The switch T should be set at the stud corresponding to this stated emf. 
In other words, the switch T is used for adjusting the potentiometer to the 
particular cell which is used. The rheostat R is then adjusted until no current. : 
flows through the galvanometer with the double-throw switch U thrown acos 
the contacts marked Std. Cell. : 

In closing the galvanometer circuit close the keys Rs, Re, and Ro in the order 
stated. Rs puts the galvanometer in series with a high resistance, Rs puts the 
galvanometer in series with a medium resistance and Rp puts the galvanometer 
in circuit without series resistance. If the potentiometer is considerably of 
balance this may thus be detected without causing a violent deflection of the 
galvanometer, and a closer balance obtained before. the other keys are closed. 


Range of Low-resistances Null Type. — With the rheostat R ad- 
justed to give a perfect balance the current through the potentiometer is Y 
ampere, and the drop across each coil and across 1ooo divisions of the slide 
wire is consequently o.1 volt and across 1 division of thé slide wire 0.0001 volt. 


Range-lowering Device. — The shunt S serves as a range-shifting 
device, by which the range may be reduced to o.x the normal, one division of 
the slide wire in this case being equal to o.oooor volt. This shunt has such a 
resistance that when the plug opposite K is shifted to the lower hole the drop 
over AD will be 14o its previous value. Uus 


High-resistance Null Type (Fig. 5). —A diagram of the connections of a P 
Wolff high-resistance null-type potentiometer is shown in Fig.5. Inthisimtr ~" 


—nÀÀ— — o À— MÀ 


Fig. 5. Wolff's Potentiometer 


ment the slide wire is dispensed with altogether. The double-dial switches are 
so arranged that the total resistance between the terminals B is constant 

equal to 15,000 ohms irrespective of the position of the switches. The means 
whereby this is accomplished is evident upon tracing out the circuits in the 
diagram. By using this high resistance and keeping it constant, the effect of 
à the contact resistances in the various switches is rendered negligible. 10 
adjustments are made in the same manner as for the simple slide-wire potent 
ometer, except that instead of moving a sliding contact along a wire, one m3- 
nipulates the various dial switches. The potentiometer circuit proper and all 
necessary keys and switches, are provided in this instrument. The accessories 
necessary for making measurements up to 15 volts are a regulating rheostat 
| of about 5000 ohms total resistance, a standard cell, a suitable galvanomet 


- 


and two cells of storage batteries or other source of e.m.f. of about 4 volts. 
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Range of High-resistance Null Type. — This potentiometer has a 
range up to 15 volts in steps of 0.0001 volt and up to r.5 volts in steps of 0.00001 


E volt. 


Brooks Potentiometer (Fig. 6). — In this instrument no attempt is made to 
obtain an exact balance; the dial switches are set so near to the null point that 


"E Pus "Volt Box Shunt Std.Cell 
C) O =0 Q4 -0 —0O+ ou bto 
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Q d e 
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eis E T 
0.5. 


20.86... 16 x0.la. 
Fig. 6. Connections of Brooks Potentiometer 


the galvanometer deflection is small. The galvanometer is so graduated that 
t gives the amount that must be added to the reading of the slides in order to 
give the unknown p.d. The potentiometer proper, regulating rheostat, gal- 
vanometer and necéssary keys and switches are mounted in one box, making 
the instrument semiportable. The only accessories required to make measure- 


ments within the range of the instruments are a standard cell and storage battery. 


Range of Brooks Potentiometers. — The instrument is made in two 
types, one model 3 for general laboratory work and the other model 5 for photo- 
metric work. The model 3 potentiometer has a range of from o to 1.5 volts 
(which may of course be extended by the use of a volt box), one step on the 
hand-operated dial corresponding to o.os volt and one division of the galvanom- 
eter scale corresponding to 0.001 volt. The model S potentiometer is similar 
to the model 3 but has a range of from oto 6 volts, one step on the hand-operated 
dial corresponding to o.2 volt and one division of the galvanometer scale corre- 
sponding to 0.004 volt. Volt boxes having ranges up to 750 volts are made for 
use with either of these potentiometers. 

The model 3 potentiometer may be used for current measurements up to 400 
amperes with shunts that are not necessarily bulky or expensive. The model 5 
instrument is not suitable for heavy-current measurements as the shunts require 
a large drop and are bulky and expensive. 

For complete description of these instruments see Bulletin of the Bureau of 
Standards, Vol. 8, No. 2. 


ALTERNATING-CURRENT POTENTIOMETER. — The principles 
involved in the use of the potentiometer for alternating-current measurements 
are the following: Referring to Fig. 1, a balance is obtained with a battery at 
B, a standard cell at P and the contact S at the point on the scale corresponding 
to the e.m.f. of the standard cell, and the current flowing in the potentiometer 
arcuit noted by means of an electrodynamometer or a.c.-d.c. ammeter connected 
between Band A. The battery B is then replaced by a source of alternating 
Current and the rheqstat R adjusted until an alternating current of the same 


| 


4 
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effective value, as read on the electrodynamometer or ammeter, flows through 
the potentiometer. The standard cell at P is replaced by the unknown alternat- 
ing p.d. to be measured and the galvanometer by an alternating-current gal. 
vanometer (see Galvenometers). To obtain a balance, however, it is now net 
only necessary that the contact S be moved along until the drop between A 


and S has the same effective value as the unknown p.d., but also that this drop = 


and the unknown p.d. have the same frequency and are in the same phase. Con- 


sequently the p.d. at B must be supplied from the same source as the p.d. tobe r; 
measured, and means must be provided for shifting the phase of one with respet lzi 


to the other. 


The coils of an a-c. potentiometer are wound non-inductively, and conse- ; 
quently the p.d. due to the potentiometer current is in phase with this current. .. 


Hence the phase adjustment consists in bringing the potentiometer current into 
phase with the unknown p.d. 


Phase-shifting Device. — One means of shifting the phase of the potentiom- — 


eter current with respect to the unknown p.d. is to use two small alternators 
mounted on the same shaft, with the field frame of one adjustable with respect 
to the other. This, however, can be more conveniently accomplished by using 
a device similar in construction to a polyphase-induction motor, the primary of 
which is supplied either from a two- or three-phase circuit, or from a two-phase 
circuit derived from a single-phase circuit by connecting a resistance and con- 
denser in series, and tapping off the p.d. across the resistance for one phase and 
the p.d. across the condenser for the other phase. By setting the secondary 
of this phase shifter at a fixed angle with respect to the primary, a p.d. can be 
obtained from the secondary at any desired phase with respect to the source of 
supply. A phase-shifting device based on this principle, and so designed that 
the change of phase resulting from shifting the position of the secondary does not 
alter the effective value of the secondary e.m.f., has been recently devised by 
C. V. Drysdale (Phil. Mag., 1909, Vol. 17, p. 402). With this instrument the 
phase of the potentiometer current and p.d. to be measured may be adjusted to 
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Drysdale-Tinsley Alternating-current Potentiometer (Fig. 7). — A di- 
gram of connections is shown in the figure. A vibration galvanometer is used 
as an a-c. detector and is tuned to the impressed frequency. The potentiometer 
is first balanced with an ordinary battery and standard cell and the reading of 


the electrodynamometer noted. By means of the change-óver switch, alternat- 
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- ing is substituted for direct current and the reading brought to the same point 
. and held there. The phase of the potentiometer current is thea roughly adjusted 


- < and the unknown p.d. is balanced as nearly as possible by shifting the poten- 


tiometer slides. The balance is then improved by shifting the phase of the 

- potentiometer current and by resetting the slides; thus, by a process of double 
adjustment, the vibration galvanometer is brought to rest. 

As the vibration galvanometer is a tuned instrument, the frequency of the a-c. 

— supply must be kept constant. Also, the wave shape of the potentiometer current 

- and that of the unknown p.d. must be the same, as the vibration galvanometer 

shows a balance for the fundamental frequency only. 
Current and Power-Factor Measurements. — Dy the use of suitable 


, . hon-inductive shunts alternating currents may also be measured with this 


: potentiometer. Also, by noting the reading of the phase-shifting device corre- 
sponding to a balance first of the given p.d. and then for the given current, the 
phase angle between the p.d. and current can be obtained by taking the differ- 
ence of the two readings. 

Range of Drysdale-Tinsley Potentiometer. — This potentiometer has 
a range of from o to 1.5 volts in steps of o.oor volt. With suitable non-induc- 
tive volt boxes its range may be extended to 750 volts. It may also be used, in 
conjunction with suitable shunts, for measuring alternating currents of any value. 


PRECISION OF POTENTIOMETER MEASUREMENTS. — The 
precision obtainable with a potentiometer depends upon the accuracy to which 
the e.m.f. of the standard cell is known, the accuracy to which the various 
resistance coils in the potentiometer circuit and shunts are adjusted, and the 
relative magnitude of the various contact resistances, and the proportion of 
- the total resistance in the potentiometer circuit. For a-c. measurements the 
` accuracy is also dependent upon the inductance and capacity of the coils. The 
Bureau of Standards calibrate the Weston cell to 450 per cent. The various coils 
^ of a potentiometer are adjusted to different degrees of accuracy, little attention 
- being paid to the absolute accuracy of coils as long as they bear definite relations 
to each other.* Instruments are calibrated as potentiometers to give the fol- 


7 lowing accuracies. 


PRECISION OF POTENTIOMETER MEASUREMENTS 


Degree of precision, per cent 


Kind of potentiometer 
Voltage Current 
measurements measurements 
Low-resistance null type....... TP 150 190 
High-resistance null type................ 150 150 
Brooks. .......... pedal cignus eee. Yo5 lio 


COST OF POTENTIOMETERS. — The íollowing are approximate 
Costs of the potentiometers proper, exclusive of the standard cell, galvanometer, 
volt box and shunts for current measurements: 


Low-resistance null type. ......... 00. cece eee cree rrr Se. $240 
High-resistance null type, rheostat not included....................... 250 
Brooks deflection type, including galvanometers. .............. suse. 350 


BIBLIOGRAPHY. — A complete bibliography on potentiometers is given 
in Circular No. 21, Bur. Stand., 1910; H. B. Brooks, Bull. Bur. Stand., Vol. 8, 


1911, p. 395. (H. PENDER AND H. R. RANKEN.| 
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Z0 
POWER-FACTOR INDICATORS AND REACTIVE VOL zn 
AMPERE INDICATORS. — (See also Alternating Currents; Generators, 
Alternating-Current; Watimeters.) A power-factor indicator is an instrument, 
designed to give a direct reading, at any instant, of the power factor in a circuit "dise 
or system of circuits as well as to indicate whether the current is leading or anl 
lagging; see Alternating Currents. The power factor.of a single-phase circuit ok 
may be calculated from the readings of an ammeter, voltmeter and wattmeter. zy 
The power factor of a balanced three-phase circuit can also be calculated directly — 34, 
from the readings of the two wattmeters used to measure the power (see Wat-  - n 
meters). A direct-reading power-factor indicator, however, is usually to be pre — ;... 
ferred for station purposes, since it gives the power factor directly and alo iiy, 
indicates directly whether the current is leading or lagging. | 

Under certain conditions it is more convenient to obtain a direct measure of — 
the reactive (wattless) power supplied to a circuit; ordinary wattmeters maybe ~.» 
thus used as explained below. ! 

MOVING-COIL TYPE. — Power-factor indicators of this type operate on zi 
the same principle as wattmeters of the electrodynamometer type, except that =), 
the coils are so arranged and so connected to the circuit that a differential — 
action is produced which depends only on the power factor of the load. zn 

Three-phase, Moving-coil Type. — Fig. 1 is a diagram of the three-phase ` 
power-factor indicator built by the G. E. Co. C and C 'are current coils in seris =œ: 
with one leg of circuit and Pı and Pz are 
potential coils connected as shown through 
the non-inductive resistances n and f». 
Connections into and out of the moving 
coils are made by light spirals having very 
small torque, or through the bearings, so 
that the final position of the moving system 
depends solely upon the relative forces be- 
tween the fixed and moving coils. 

If the instrument is connected properly, 
the current coil acts with the two potential 
coils like the two elements of polyphase 
wattmeter (see Waltmcters). The torques 
of the two moving elements are devcloped 
in opposite directions. The torque of each 
element depends on the position of its potential coil. The potential coils are fixed 
with relation to one another at such an angle that the torque of one elemental- —— 
ways increases when that of the other decreases, due to the movement. Hence — 5i 
the needle will come to rest where the two torques are equal, and willgiveasole — : 
reading dependent upon the ratio of the watts supplied to the two elements ic. 
in the case of a balanced load dependent on the ratio cos (30 — 0) + cos (30 * 9 
where 0 is the power-factor angle. Hence, for unity power factor, (= o), th 
moving element will take up a position which is symmetrical with respect to 
the two potential coils, i.e., the pointer will take up a vertical position. For 
so per cent power factor, lagging, (0 = 60°), the moving element will swing t? 
the right until the axis of the potential coil P; coincides with the axis of the 
current coil. Similarly, for 50 per cent power factor, leading, (8 = — 60°), the 
moving element will swing to the left until the axis of Ps coincides with 
the axis of the current coil. The character and range of the scale can be modi- 
fied by varying the angle between the two potential coils. 

Should the direction of flow of power reverse, the pointer would tend to take 
up the dotted position in Fig. 1. Some instruments are provided with sale 
to take advantage of this effect. 
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Fig. 1. G. E. Moving-coil Type 
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Another form of instrument of this type designed for unbalanced systems has 
three fixed coils, 120? apart, one for each phase. The movable clement has 
three Y-connected non-inductive coils. 


Two-phase Moving-coil Type. — Instruments for use on two-phase cir- 
cuits are similar to the three-phase instrument, shown in Fig. 1, except that for 
the same scale the relative position of the two coils is different. 


Single-phase Moving-coil Type. — Power-factor indicators are used only 
to a limited extent on single-phase circuits, this being in part due to the difi- 
culty in designing an instrument of this type which will not be atfected appreci- 
ably by even small changes in frequency. There is also but a limited demand 
for such instruments. 

In construction and principle of operation the single-phase power-factor in- 
dicator is similar to the three-phase indicator described above. One of the 
movable coils is connected in series with a non-inductive resistance, and the 
other in series with an inductance, and both circuits are connected across 
thetwo mains; inthis way the necessary phase relations are established in the 
two potential circuits. Since the current in the inductive circuit varies with 
the frequency, it is evident that the rcadings of such an instrument will be in- 
fluenced by changes of frequency and of wave form. To overcome this diti- 
culty various more or less successful modifications have been made in the simple 


arrangement described. 


MOVING-VANE TYPE. —In place of the movable coils this type of power- 
factor meter contains a movable soft iron vane, which, in the case of polyphase 
instruments, is magnetized through a stationary coil carrying a current in phase 
with the voltage of one phase of the circuit. There is one stationary serics coil 
for each phase, the arrangement being such as to produce a rotating field. The 
iron vane then takes up a position in which the direction of the flux produced 
in it by the potential coil when at a maximum is coincident with the direction 
of resultant flux due to the current coils. In the three-phase instrument three 
current coils, placed 120? apart, are used; in the two-phase meter two current 
coils at 9o? are used. In the single-phase type the iron vane is magnetized by 
a stationary coil placed in series with the line, while the rotating field is produced 
by two potential coils 9o? apart, one of which is connected to the line through an 
inductance, the other being connected to the same line through a non-inductive 
resistance. For the purpose of damping the deflections, an aluminum disk 
moving in the field of two permanent magnets is attached to the movable 
System. 


REACTIVE (WATTLESS) VOLT-AMPERE INDICATORS. — Oper- 
ating conditions on polyphase circuits are sometimes such that the reactive 
component of the volt-amperes in the circuit does not vary through wide limits 
of load between light load and full load, whereas the power factor may vary 
greatly. Under such circumstances it is frequently more convenient to have a 
direct measure of the reactive volt-amperes rather than the power factor; as, 
for example, in a railway substation employing synchronous converters (see 
Converters, Synchronous). This may be secured, as noted above, by using watt- 
meters suitably connected to the circuit. On a balanced three-phase circuit either 
a single-phase wattmeter, connected as shown in Fig. 2, or a two-element poly- 
phase meter, connected as shown in Fig. 3, may be used; the instrument 
transformers are omitted when the voltage and current do not exceed the 
range of the wattmeter. The only difference between the connections shown 


in Fig. 3 and those for the two-element polyphase wattmeter for measuring power . 


(Fig. 5 in article on Wattmeters) is that the two potential circuits are inter- 
changed. 
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A wattmeter connected as in Fig. 2, reads EI sin 0, where E is the voltage 
between wires, J the line current, and @ the power-factor angle; to obtain the 
total reactive volt-amperes of the load this reading must be multiplied by V5. 
A two-element wattmeter connected as in Fig. 3 reads 2EI sin 6, and to obtain 
the total reactive volt-amperes of the load this reading must be multiplied by 
v3/2; see article on Wattmeters. The instrument in either case may be cali 
brated to read the volt-amperes directly. 


Fig. 2. Connections for Single-phase Fig. 3. Connections for Polyphase Reactive 
Reactive Volt-ampere Meter Volt-ampere Meter 


RANGES OF THE VARIOUS TYPES. — The largest capacity of instru- 
ment of the moving-coil type for direct connection to the circuit is roo amperes 
and 300 volts for the single-phase and 200 amperes and 600 volts for the two- 
phase and three-phase types. The range of power factor on standard instr 
ments is from 0.60 leading to 0.60 lagging, although instruments with ranges as 
low as o.oo leading to o.oo lagging have been made. 

Instruments of the moving-vane type have a current capacity of 5 amperes. 
They are made for direct connection to circuits of 110, 220 and 440 volts. Fot 
all other capacities and voltages the 5-ampere, rro-volt instrument with suit- 
able current and potential transformers is used. The instruments are made for 
frequencies of either 25 or 60 cycles per second. The range of power factor on 
the moving-vane type of meter is unlimited. 

Power-factor indicators of either type may be connected to instrument trans- 
formers which are used in connection with other meters. 

Five amperes and 115 volts are standard for wattmeters used as reactive 
volt-ampere indicators, with transformers for higher ranges. However, single- 
phase instruments for direct connection, are furnished up to 200 amperes and 
600 volts, and polyphase instruments for direct connection, up to 6o amperes 
and 600 volts. 


COSTS. — The approximate prices of polyphase power-factor indicators 
of the moving-coil type, for current capacities of from 5 to 100 amperes and fot 
voltages from 100 to 600 volts, range from $45 to $75. The price of the corre- 
sponding single-phase instruments, including the phase-splitting reactor, B 
approximately $10 more. Power-factor indicators of the moving-vane type for 
voltages from 110 to 440 cost approximately from $30 to $40, exclusive of current 
or potential transformers. 

Single-phase wattmeters calibrated to read reactive volt-amperes cost about 
$45 each and polyphase wattmeters thus calibrated cost about $65. 


BIBLIOGRAPHY. — See Bibliography in article on Synchronizers. 
[L. T. RosiNsow and O. R. Scausio] 
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POWER STATIONS, GAS-ELECTRIC. — (See also Gas; Gas Engines; 


Gas Producers; Generators; Power Stations, Slteam-Idectric; Power Stations, 


Hydroelectric.) 


Number and Capacity of Units. — As gas engines have little overload 
capacity a total rating of engines should be installed sufficient to carry the ex- 
treme peak load and afford ample emergency reserve. In many cases the kilo- 
watt rating of generators is made but 60 to 65 per cent of the horse-power rating 
of the engines, in order to provide overload generating capacity. This is not 
always wise, as the most efficient load of a gas engine is quite near its maximum 
capacity. The units in very large plants are usually of the horizontal, twin, 
tandem type and range from 4000 to 6000 h.p. in rating, the latter size being the 
largest available. Producers are quite tlexible in capacity, but heavy forcing 
is apt to produce clinker and impair the quality of the gas. The total producer 
capacity usually corresponds with the total engine capacity, unless the load 
fluctuates greatly and considerable tank capacity for gas storage is available. 
In most cases not less than three engine and producer units should be provided. 


Buildings. — The practice in this field follows quite closely that described in 
the article on Power Plants, Steam- Electric (q.v.). In a few cases producers are 
set in the open air. Producers and engines are sometimes in separate buildings. 
In the usual design the engine and producer rooms are parallel and electrical con- 
trol galleries are provided on the side of the engine room opposite the producer 
room. The engine room should be spanned by an electrically operated crane 
with capacity sufficient to handle the heaviest engine part. In some important 
plants the producer room is also provided with a crane. 


Producer Room Lay-out. — The gas producers are usually set in a single 
row extending the length of the producer room. Each unit comprises one or 
two gas generators, an evaporator, a scrubbing tower, a gas pump and tar filters 
grouped so that the path of the gas is toward the engine room. A coal bunker 
is often provided above the producers, preferably along the outside wall. Down- 
spouts to the charging bells of the several producers should be somewhat inclined 
and should have cut-off valves. When desired, automatic weighing hoppers 
may be attached between the bunker and each down-spout to record the coal 
consumption of each producer. In some producer rooms a shallow pit is pro- 
vided along the front of the gas generators so that ashes may be raked into this 
pit. In other cases ashes are raked out onto the main floor to be carted away. 
À skeleton gallery of steel connecting the producers at their charging levels is 
often a convenience. 


Engine Room Lay-out. — Horizontal engines are usually sct in a single 
row with piston rods across the engine room. The power end of each unit is on 
the side of the gas supply and the electrical end on the side nearer the control 
gallery. In a-c. plants a group of independently driven exciters is placed near 
the middle of the room. The spaces between units and the clearances at their 
ends are determined by the room needed for erection, dismantling, making re- 
pairs and access during operation. 

Piping. — The piping scheme is usually a simple parallel plan. A main gas 
header is provided and runs the length of the wall between the engine and pro- 
ducer rooms. Branches from this header run to each producer unit to each 
engine and to the storage tank. Piping may be of relatively light weight and 


, heeds‘no special provision for expansion, but all joints should be secure, as pro- 


ducer gas is of a poisonous nature. The storage tank may properly be at one 
end of the building. Each producer is usually set beneath a vent pipe or short 
steel chimney run a few feet above the roof to discharge the smoke and raw 
Bases produced when starting up. 


| 
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Space Required. — The following table shows the floor space provided per 
kw. of plant capacity in modern stations. 


feet per kilowatt 
Plant capac- | Number of | Number of | ^ re feet per Wo 


ity, kilowatts | engine units | producer units 


Engine room | Producer room 


6.0 
4.5 
5.5 
3.7 
3.0 


(a) Blast-furnace gas plant. 


COST OF GAS POWER PLANTS. — The cost per kilowatt of gas power 
plants varies with the capacity of the plant, the number of units installed and 
the source of gas supply. The construction cost of engine plants using natural 
gas ranges from $65.00 to $100.00 per kw., depending on the size of plant. The 
construction cost of blast-furnace gas plants, including the necessary gas-clean- 
ing equipment, ranges from $85.00 to $120.00 per kw., and of producer plants 
from $90.00 to $125.00 per kw. according to capacity. The cost per kw. dimin- 
ishes very slowly above a plant capacity of 12,000 kw. The division of the 
construction cost per kw. in a 16,000-kw. producer-gas plant having eight engine 
units is approximately as follows: 


Building and foundations. ............. ccc seceeeee $ 15.0 
Prodticerss 4... des nw eye ey Pozo ineat Mesa 19.50 
Xu o4c52 wind oth owen eater tamed awe done T 40.00 
Generators. escolar uM E EEUEAU Eee E xe IO.00 
Piping and auxiliaries.......... 00... . ce cece eee esses. 3.00 
Wiring and switchgear... 0.0.0.0... . 0. ccc cee cece eee 2.50 
Service equipment. .... 0.2... cece ec ce cee eee eens 2.50 
Engineering and contingencies... /.............2.0000- 7.50 
Totali 229i abe ELA ursa MELOS fd ce $100.00 per kw. 


Fuel. — Assuming the coal to have 12,000 B.t.u. per ib., about 1% Ib. coal 
are required per kw-hr. generated at full load; 1% ib. per kw-hr. at % load; 
and 15 lb. per kw-hr. at % load. For coal of any other heating value the weight 
required is approximately inversely proportional to the B.t.u. per Ib. 

Water. — About 9 gallons of water per kw-hr. are required when the supply 
water is at 5o? F., and about 13 gallons per kw-hr. when at 70? F. 

Oil and Supplies. — Cost ranges from 0.06 cent to o.1 cent per kw-hr. 

Labor for Operation. — x fireman required for each producer in operation aad 
1 oiler for each engine in operation. Supervision, switchboard attendance, coal 
handling, etc., as for a steam-electric station. The total cost of labor for opers- 
tion is usually about 50 per cent of the fuel cost. 

Maintenance. — Total maintenance cost per annum ranges from r.75 per cent 
to 2.25 per cent of the first cost of plant, depending upon the load factor since 
larger plants involve only an increased number of similar units and a propor- 
tionately larger building. 

Fixed Charges. — 'These range from 10 per cent to 12 per cent of the first cost 
of the plant. 


BIBLIOGRAPHY. — Convention Reports, Nat. El. Light Assoc., 1908, 1999, 
1910; Reports of Gas Power Section, Jour. Am. Soc. Mech. Eng.; Snell, J. F. Cs 
Power House Design, London, 1911. Numerous papers in Power and in tbe 


Electrical World. (W. E. WickENDEN] 
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POWER STATIONS, HYDROELECTRIC. — (See also Power Sta- 


tions, Gas-Electric; Power Stations, Steam- Electric; Dams; Generators; Hydraulics, 
Principles of; Hydrology; Pipes and Piping; Switchgear Equipment for Power 
Stations; Transformers; Water Wheels; etc.) This article deals primarily with 
those features in which a hydroelectric plant ditfers from a steam electric plant; 
these features arise chiefly from the nature of the prime movers and from the 
use of the very high voltages (up to 150,000) at which power from hydroelectric 
stations is transmitted. The individual constituent items, such as generators, 


' water wheels, transformers, switchgear, etc., are treated in the separate articles, 


dealing with these subjects. The following is a brief table of contents of this 
article: 


Location of Power House... cessio ese ev yt e n E eh atus p. 1089 
Design of Building 25. osten weis theca Sr xor EROR PEXERERERMEM A TS 1089 
Location al Apparatus. sscosio s a equ ER A P RV RE PNEU P Kl woke ds 1093 
Water Wheels and Governors........ eee 1096 
Generators and Their Connections.........s esses nnn 1096 
Excitation and Exciter Systems... esses e en 1096 
Automatic Voltage Regulation... ....... cc... cece cece eet e eee ee eee eens 1099 
Transformers and Their Connections. 0.0.0.0... 000 cece ee nnne L100 
Switching Equipment and Electrical Connections.................66. IIOI 
Lightning Arrester Equipment and Connections............. lessen 1103 
Station Wiring 255.045 cse Metro CORE A TUE EEUU ERAN ane ae eae 1106 
Operation and Operating Records........... cece eee ecco teen n 1107 
Capital Costs and Approximate Dimensions............ eee 1108 
Operating Costs and Fixed Charges. ........ esse e IlI4 
Capital and Annual Costs of Some Typical Plants.................... IIIS 
BIDBOREADIV. os Fe ors crei URS ROCHE cane des od Smee ee equal III7 


LOCATION OF POWER HOUSE. — The location of the power station 
of a hydroelectric plant is determined primarily by the head utilized and by the 
location of the dam (see Dams). In the case of low head developments the sub- 
structure of the power station is usually a portion of the dam itself or a wing" - 
offset from it. In choosing the location of both the dam and the position of the 
power station relative thereto, particular attention should be paid to the liability 
of ice and débris clogging theintakes. For high head developments, using pen- 
Stocks, the power station is so located as to give the maximum head consistent 
with economy of construction and availability of a suitable natural channel for 


. carrying off the discharge. Available sites for storage reservoirs should also be 


considered. 


. The location of the development generally has to be such that high-tension 


transmission is necessary, so that provision must also be made for housing the 
transforming and high-tension switching apparatus. 


DESIGN OF BUILDING. — (See also Water Wheels and Their Setting.) 
The design of power houses differs greatly, depending on the conditions which 
are to be met. Itis affected to a very great extent by natural conditions, such 
as the location with respect to the stream, the condition of the soil, etc. Low 
and high head developments require different types of turbines and these may 


p furthermore be of horizontal or vertical construction, necessitating entirely 
^. different lay-outs. 


A hydroelectric power-house building is generally divided into two longitudi- 


, hal bays, a front or main bay, containing the turbines and generators, and a rear 
^ bay containing the transformers, switching apparatus, etc.; see Figs. 1 and 1a. 


* 


The two bays are separated either by a wall or by a row of supporting columns. 


: The rear bay is divided into two or more floors and these, in turn, into various 


rooms or compartments to accommodate the step-up transformers, switches, bus- 
bars, lightning arresters, etc. 


i , 
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Bearing Power of Soils. — The most important part of the building is the 
foundation, and careful soundings must be made to ascertain the underlying 
strata. If bedrock is found within moderate depth, the foundation should be 
carried down to the same. The safe bearing loads usually allowed for soils in 
this country are given in the following table: 


SAFE BEARING POWER OF SOILS 
(From Baker “Treatise on Masonry Construction "') 


Load in tons per sq. ft. 
Material 


Rock, hardest kind 

Rock, equal to Ashler masonry 
Brick, equal to Ashler masonry 
Brick of poor quality 

Clay in thick beds always dry 
Clay in thick beds moderately dry 
Clay, soft 

Gravel and coarse sand 

Sand, fine and compact 

Sand, clean and dry 

Alluvial soils and uncertain sand 


ON B® OHH SS 46e 
bd 
OD A ON 


a a 


For foundations it is considered good practice to use somewhat lower values. 
About one-half is a good working basis for such work, thus allowing a maximum 
load of about 1000 Ib. per sq. ft. for ordinary alluvial soils. Clean sharp sand 
is considered to be a good bearing soil, and it may only be necessary to cover 
it with a concrete mat, which requires a minimum amount of concrete. For 


soft or'alluvial soils piling is almost always required. These may be of wood, 


wor 


although in the last few years much use has been made of concrete piles, both 
plain and reinforced. Such piles are less apt to decay and their bearing power is 


* higher, due to their greater friction. They may also be made of larger diameters 


x 


than can be obtained with wood piles and a less number is therefore required to 


- Support a given load. 


ENS 


Design of Foundations. — The weight on a foundation includes the ma- 
chines, fittings, the weight of the foundation itself, and, in the case of the tur- 
bines, the weight due to the water thrust unless this is balanced. Separate 
foundations should be provided for the different units so as to isolate any failure 
as far as possible. Concrete is always used for the foundations. 

Machinery foundations should be solid, but buildings may be supported on 
columns or arches so as to economize the concrete (see Concrete). Where there 
is danger of high water in the tail race, the outside foundation walls should neces- 
sarily be made water-tight so as to prevent water from entering the basement. 
For such cases a sump is generally provided into which the seepage may collect 
and from which it can be pumped out. 

Basements. — A basement should be provided below the generator room 
When vertical turbines are to be used. That part of the floor on which the 
turbine discharge casings rest should be reinforced by heavy I-beams, and pro- 
vision should be made for supporting the penstocks and draft tubes. There 
must be provided an intermediate basement floor which is generally made of 
Concrete and should be carried on I-beams supported by the concrete piers 


. Which also support the generators and the main floor. With horizontal tur- 
- bines no basement is needed. Ventilating and cable ducts for the generators, 
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and tunnels for piping, etc., are, however, often installed below the main 
floor. 


Floors. — No combustible material of any kind should, if possible, be used in x 
the construction of a power house. As the sub-structure of the building is gener- ~-; ipy 


ally built of concrete, it is but natural that the floors should also be of concrete. 
A dark color is preferable so as to render drops of oil inconspicuous. A tile or 
mosaic floor is smooth, easy to keep clean and has a very handsome appearance 
if made to conform with the general interior finish of the station. 

Walls. — The walls may be either of reinforced concrete construction or af 
brick with a steel skeleton frame work. Where future extensions are contem- 
plated a false wall is provided on one end of the building. The interior should 
be kept as light as possible and it is therefore advisable to apply a smooth surface 
of cement plaster and whitewash or paint the same. For more important stations 
the walls may be faced with pressed brick and up from the floor to about ten feet 
with enameled brick so that they may be readily washed and cleaned. Where 
the extra expense is warranted, the walls may be entirely lined with enamel 
brick and a wainscoting of contrasting color, preferably olive-green. 

Roof. — The roof of the building should always be supported on the sted 
trusses, carried on the side walls or on steel columns. ` The slope sh 
excessive, two inches per foot being sufficient with gravel covering. ^9. 
hen the transmission wires 


are to enter the station through roof entrance bushings, or where the lightning 


tar and gravel. Reinforced concrete is sometimes used in place of 
to make an absolutely fireproof construction. Roofs covered 


to keep out the heat. With tile or metal roofs it is necessary to provi ss 
inclines than with gravel roofs so that the water may Fut off rapidly. Monto? 
are sometimes provided so as to give additional ventilating 

Roof trusses with a raised chord, shown in Fi a ies 
great advantage in that they provide an increased headroom without un? the 
sarily raising the walls of the building. This is of special importano? ^. for 
high-tension part of the station, where ample headroom must be prov 


the busses. as are thet doit 


Windows. — ighting is i i large windo M 
ows. — Good lighting is imperative, and larg M pe generating ` 


essential. They should be symmetrically located with regard to the, arc 
units and their design should be such as to harmonize with the ane rool 
windows being very generally used. Skylights of glass tile placed Preferably 
will also add considerably to the lighting. The window sashes should Der 
be metallic and the glass reinforced with wire netting so as to P use it 
when broken. Ribbed or non-transparent glass is also desira lation pre 
keeps out the intense rays of thesun. In order to provide for venti 2 sho 
vision should be made so that the windows can be opened, ; r appart 
be taken so that rain, snow or dust will not blow in on the machinery » piring E 
tus. This is especially important on the switchboard side where p ; 
exposed and it is therefore better practice not to provide any me aie liab* 
the windows on that side. For tropical climates the windows wh! 
to be opened should be equipped with mosquito screens. ditio 
Doors. — The location of the doors is naturally governed by local wt whic 
One of the openings should be of sufficient size to admit a railroad caf, 


g. la, are in many instances i - 


RM 


— 


Power Stations, Hydroelectric 1093 


«t. tracks should be provided. Very often these doors are of the rolling type, this 


design being most economical as regards space. 
Traveling Crane. — Provision should always be made for supporting the 


-- track for a traveling crane, which should span the generator room and run 
. . the full length of the Station, The track is generally supported on pilasters in 


the outside wall and on the steel columns separating the generator and switch 
rooms. There should be ample headroom allowed so that the various machine 
parts can be readily removed when repairs are to be made. This is especially 
important with vertical units where the water-wheel rotor is mounted on the 
same shaft as the generator field, and in which case it should be possible to lift 
out the whole revolving element by simply removing the top bracket and bear- 


ing of the generator. 
Miscellaneous Rooms, — Repair rooms, store rooms, offices, toilets, ctc., 
. Should be provided. Ample stairway provision is essential so as to permit a 


teady access to important points, such as between the generator room and the 
switchboard gallery. 


LOCATION OF APPARATUS. — The arrangement of the apparatus 


' - Should be very carefully considered from the standpoint of simplicity and re- 


liability of operation. The purpose of the station being to give reliable service 
consideration must also be given to the causes of disturbances and means for 
minimizing their effects. In anticipating these abnormal or so-called emergency 
j conditions, the failure of every piece of apparatus must be considered as a pos- 
sibility, and a definite plan worked out for limiting the magnitude and area of 


—- such disturbances. 


Location of Generators. — The turbo-gencrator units are located on the 
main floor and are almost always arranged in a line along the long axis of the 
station. They should be spaced far enough apart so that ample space for passage 
IS provided between them. Horizontal sets may be installed cither at right 
angles or parallel to the long axis, the latter method being necessary for high 
fads where impulse Wheels are used. The arrangement of the rest of the equip- 
ment, such as the transformers, may also be a determining factor in regard to 
Which direction the sets should be installed. If one transformer bank, consist- 
Ing of Single-phase units, is to be installed for each generator, the space occupied 
y them may be of such a length that it would be more economical to install the 


pue eenerator Sets parallel to the long axis, thus reducing the width of the 
ullding, : 


Location of Turbines, — (See Waler Wheels.) With horizontal sets the 
turbines may be located together with the generators in the generator room or in 
. Separate wheel chambers built in the dam. The latter practice is only used for 
very low head developments, where one of the power-house walls forms part of 
e dam structure, With vertical units the turbines are always located in a 
asement, the thrust bearing being supported on an intermediate floor below 
* main floor, unless Suspension bearings are used, these being mounted on top 
of the upper 8enerator-bearing bracket. 


Location of Exciters. — The exciters are as a rule installed on the same 
at the main generators and in the center of the station. The advantage of 
uch an arrangement is that the exciters will be located close to the operating 
Switchboard and the amount of copper required for the exciter leads is thus a 
minimum. The System may readily be sectionalized, one exciter serving the 
 Eftérators located in one-half of the station, and the other the generators on 
€ Opposite side. This does not, of course, refer to direct-connected exciters. 


4oeation of Transformers. — Due to their weight, the step-up transformers 
Should Preferably be located on the main floor. They are generally installed 


aek 7 spe UTI 


p 
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in isolated compartments in the rear bay, separated from the generating room sued 
by fireproof steel curtains. These compartments should be sufficiently large itis 
to allow a good ventilation. A car track is provided on the generator-room flot ci 
in front of the transformer compartments whose floors are raised so that the £a. D 
transformers can be run out on the car and moved to some convenient placen zume 
the station where repairs can readily be made. For large units it may be neces — oil 
sary to provide a hole in the floor above the repair room £0 as to enable the trans =z: i 
former core to be lifted out of the tank, or a pit may be provided into which the citu 
transformer may be lowered so that sufficient headroom is obtained for lifting out m 

the core, Sometimes the repair room i$ so situated that the main crane cannot zd 
be utilized for dismantling the units. In such a case a chainfall supported from ^» 
a heavy I-beam in the floor above may be provided. iu 


Transformers Installed Out-of-Doors. — Considerable activity has g 


recently taken place in installing transformers and associated high-tension 
he transformers for 


apparatus outdoors. With the exception of the bushings t | 

such installations differ comparatively little from the indoor type; the only — Wi 

feature out of the ordinary being the necessity of keeping the moisture from | a 
To prevent this the : 


entering the transformer cases under the covers and leads. 


joints have been made with waterproof gaskets and breathing chambers have | 


been provided. 

Special precautions must naturally be taken to prote j 
outdoor type both from the extreme heat and from the cold in the winter. eod 
former can readily be obtained by providing sunshades, and in certain instance 
very good results have been obtained by simply painting the cases white. It B og 
more difficult, however, to provide for the cold winter temperatures especially 3 
with water-cooled transformers. With the transformers in service there d i 
to be no danger of freezing and if such should be the case some sort of heatins — 
grids could readily be provided in the bottom of the tanks. The main die 
lies in the formation of moisture which takes place when the temperature of t 7 
transformer is allowed to fall below that of the surrounding air; this applies t : 
to indoor transformers. Precautions must therefore be taken that this does m ~ 
happen, and may be accomplished by either reducing the water rate at times 
cold weather, or by using the cooling water over and over again. Ae : 
oil may be used in such transformers, but its cost is so high that it 15 almost - 


b 


prohibitive from a commercial standpoint. f 
also Switchdoards: the 


Location of Switchboards and Switchgear. ^ (See v 
Switchgear Equipment for Power Stations.) The different pieces of aD i 2 
comprising the switching equipment are distributed on the various E i: 
switch-section of the station, each story being partitioned to suit the uen d us 
purposes. Theoperating room with the control switchboard is generally en i 
on the second floor and in such a position that the operator may have # n » 
obstructed view of the station, and be able to readily communicate with the 
bine operators. A balcony, somewhat overhanging the generator room i 
of the switchboard, is often provided or the operating room is built with à 
front wall extending out over the generator room. eal 

Location of Oil Switches. — The low-tension oil switches are genet’ 
of the enclosed type and, together with the low-tension bus-bars (set A ed 
and Bus-bar Structures), are located generally in compartments on the 
floor back of the transformer compartments. The switches themse 
preferably be set opposite the generator and transformer ban 
trol, so as to call for as short a connection as possible a 
connections may be of equal length. The high-tension oil s ns 
pirs, and also as a rule the lightning arrester tanks, are installed e 
above. 


ct transformers of the 


— — s 


2 
. switches on both sides of an oil switch so that they may be entirely disconnected 
- from the circuit when fepairs are to be made on them, when the oil tanks are to 


ww 
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» Disconnecting Switches. — It is customary to install disconnecting 


be refilled, etc. Disconnecting switches may also be used in a number of cases 
for changing connections, when this is not to be made under load. Such switches 
should be provided with locking devices, as experience has shown that the 
magnetic fields caused by short-circuits may cause disconnecting switches to 


, open, which in turn may cause serious disturbances by the arcs set up. 


Spacing of Bus-Bars. — (Sec also Bus- Bars and Bus-bar Structures.) 


- The following spacings may be used in laying out bus-bar structures: 


Distance in inches 


| 
E ! 
Voltage of P pia | Min. be- |, Min. be- 
circuit i iy aes f tween live | tween live 
sateeite ' parts of oppo- , parts and 
| site polarity  , ground 
polarity i | 
3.300 6 ala 2 
7,500 9 
15,000 9 
22,000 12 
35,000 18 
45,000 24 
70,000 36 
90,000 48 
110,000 6o 


Location of Lightning Arresters. — (See also Lightning Protectors; Switch- 
gar Equipment for Power Stations.) The aluminum arrester is now generally 
used in all high-voltage stations. Both the arrester tanks and the associated 
horn gaps may be located within the building, or the horn gaps may be placed 
outside and the tanks inside, or both may be placed outside, provided there is no 
danger of the electrolyte freezing. Standard equipments of 27,000 volts and 
below are usually designed as complete units to be installed inside the station, 
Whereas for those above 27,000 volts the horn gaps should preferably be installed 
outside the station and the tanks inside. Exception to this rule can be made 
Where there is sufficient space in the station over the gaps. 

The arrester tanks should naturally be located close to the line entrances. 


The horn gaps, when installed out-of-doors, may be placed on the roof of the 
' building if roof-entrance bushings are used, or on a separate structure at the side 


of the building if wall-entrance bushings are used. The location of the arresters 


should also be such that the path for the discharge from the line conductors to 


the arresters and ground will be as straight as possible. 


_ Clearance over Horn Gaps. — Wherever horn gaps are mounted in- 
side the building sufficient clearance should be allowed over them. There is no 


_ appreciable arc at the gaps, but in abnormal cases where the film has been allowed 


^ to get out of order, the arc may be of considerable size. Where there are no 


busses or inflammable apparatus, the following are the minimum clearances from 


` the tops of horns to be allowed: 


- mans -—-— = æ- 
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These clearances should be materially increased when there are wires, cables, oe 
busses or any inflammable material over the horn gaps. 2 
Above 70,000 volts, the horn gaps should never be placed indoors. avs 


Effect of Climatic Conditions on Arresters Installed Out-of-Doors. ...... 
— The objection to installing arrester tanks out-of-doors comes from the in- 
creased liability of freezing the electrolyte in cold weather and the abnormal --... 
film dissolution when exposed to the sun on hot days. The electrolyte my `: v; 
not be injured by freezing, but when frozen the internal resistance of the arre» 
ter is considerably increased and hence its discharge rate is materially lowered. | 
Where warm climatic conditions prevail, the arrester should be in as cool a 
place as possible and protected from the direct rays of the sun. A high initil 
temperature will reduce the available heat-storage capacity of an arrester and 
its ability to care for long continuous discharges. A high operating temperature 
also increases the rate of dissolution of the films which would necessitate more ul 
frequent charging. In some cases it may be found advisable to charge two ot . ^^ 
more times a day. When operating under conditions of high temperature, any ^ 


failure to periodically charge the arrester increases the liability of damage ton." 
a heavy charging current. E 


WATER WHEELS AND GOVERNORS. — The available typesof watet >> 
wheels and governors and the conditions under which they should be used are `: 


treated in detail in the articles on Water Wheels and Their Settings, and Westa E 
W heels, Speed Regulation of. : - 


GENERATORS AND THEIR CONNECTIONS. — (See also Generatrs, ... 
Alternating-Current.) Water-wheel-driven alternators are always of the revolving : 
field type. Machines of this type are generally direct-connected to the water ^ 
wheel. The horizontal construction has been used mostly, but recently the E à 
vertical construction has been used to a great extent, especially in low bead | 


developments. The choice is usually determined by hydraulic conditions; stt 
Water W heels and. Their Settings. 


Use of Power-limiting Reactances. — See article on Reactance Coils. 


Operation of Generators in Parallel, Synchronizing, etc. — (See Ger- 
erators, Alternating-Current; Synchronizers.) 


EXCITATION AND EXCITER SYSTEMS. — It is a good practice 
have the combined normal capacity of all the exciters correspond to the exits- > 
tion required for all the generators, when these are operating at their maximus 
overload, and at the actual operating power factor. As the exciters are generally 
designed for a 25 per cent two-hour overload rating, a safe margin in capacity 
will thus be left for operating auxiliary station apparatus, such as pilot lig 
switch and circuit-breaker solenoids, motors, etc. A spare unit to be kept ? 
reserve in case of the break-down of any exciter should generally be provide: 
This is especially desirable where an uninterrupted service must be secured 2° 
any cost and where the exciter units are few in number, as in such a case Ù 
shutdown of one exciter would seriously cripple the system. 


ER] 


“Time Element” of Exciters, — £ 99 
The "time element" of the cxciters lE 
should be such that the insertion into £7 

- its field circuit of an external resistance = 
, qual to about three times the resistance 7 6000 

` ofits field circuit, will cause the voltage 3 
to drop from 125 to 25 volts infrom4to S 5009 

6 seconds. This is particularly impor- 6 
tant when automatic voltage regulators $ Aone 

., rt used (see below), for the exciter volt- £8 

age must respond quickly to the short- E 
circuiting of the field rheostat by the c 3900 


- . regulator. 


. lions a 250-volt system of excitation 
- will generally be found more economical 1000 


1 
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Amount of Excitation. — The curves in Fig. 2 give approximately the 
average excitation required for water-wheel-driven alternators of high and slow 
speeds. It is seen that, as compared to 10.000 
the rating of the generator, the exciter i 
capacity ranges from 0.75 per cent for sio 
large high-speed machines to 3 per cent 
for small slow-speed machines. 


Exciter Voltage. — For large instal- 2000 


than a 125-volt system. This higher 
Voltage will permit the use of smaller ex- 
citer and field switches, leads of reduced 
size may be used between the exciters 


0 
0 10 20 30 40 50 60 70 80 90 100 
Exciter Capacity in Kilowattg 


- and the generator field, and the crossy Fig. 2. Excitation Required for Water 
. Section of the exciter bus-bars will be 


wheel-driven Alternators 


. reduced. À considerable saving can also generally be accomplished in the 


exciter itself. 
Methods of Driving Exciters. — Although the exciters can be either belt- 


' driven or direct-connected to the machines driving them, the latter practice is 


^, tion may be either to the main generators, 


- tor is carrying the load, and the motor 


Sometimes (although rarely) an exciter 


almost exclusively used except in the very smallest plants. The direct connec- 
to separate water wheels, or to motors. 


is connected to both a motor and a tur- 
bine, the latter running idle when the mo- 


running idle when the turbine is doing the 
work, 


Exciters Direct-connected to 
Main Units. — The practice of install- 
ing for each main generator an exciter 
direct-connected to this unit, Fig. 3, has 
een used to a considerable extent, espe- 
cially for small and moderate-size plants. 
dei larger installations this method is, Fig. 3. Exciters Direct Connected to 
owever, now giving place to other sys- Main Units 
tems. When there are not more than 
three main units in the station, each of the direct-connected exciters should 


` Preferably have a capacity sufficient to excite two of the units, so as to pro- 


Vlde for reserve in case of damage to one of the exciters. With more- than 


"— — r ya 
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three units, there seems to be no reason why extra capacity should be pro untthe: 
vided, and any reserve capacity is then best provided by installing a motot 34. (y 
generator set. ating 

Three-exciter System, — The system which is the most widely wed "t 
and which offers the greatest reliability, is that in which the excitation is o “a 
tained from a common source, con- ‘ids 
sisting of as few exciters as possible, Blot 
Fig. 4, Three units are then gen- 


ins 
erally provided, of which two are dd 
all that are needed for supplying = Th 
the required excitation, the third “ony 
unit being held in reserve. Some- + Rta 
times the two exciters normally in zih 
service are driven by water wheels, Wm 
the reserve unit being motor-driven. oe 
From the point of view of economy, kir 
however, it is evident that two Ps 
motor-driven units with a water- a 
wheel driven set as the spare will = 


cost less. In the latter case, how- 
ever, the exciter trouble with the 
exciter driven by the prime mover ; : ; 
would prevent starting up the sys- Fig. 4. Three-exciter System n : 
tem, unless a storage battery were provided, which, however, is usually the <x... 
case in large stations. ai 
Individual Motor-driven Exciters. — In some of the latest hydm- <<: 
electric developments an entirely new and quite novel system of excitations `x 
being used, one small motor-driven exciter set being installed for each generator <. | 
unit, Fig. 5. The exciter has a capacity corresponding to that required by its `- 
generator, and its terminals are connected directly to the generator field. The x, 
motors of the various exciter sets are fed from one or two low-voltage generators <x; 
driven by independent turbines. In addition, means are provided so that Ù ~.: 
necessary the motors may be connected to the main bus through transformers 
two separate sources being thus provided for driving them. This arrangement 
avoids the objection to motor-driven exciters on the ground that tbey are liable 
to fall out of step when a short-circuit occurs on the system. __ ; 
Electrical Connections of Exciters. — The general practice is to provide ` 
one or two sets of common bus-bars to which all the exciters are connected in. ` 
parallel and from which the fields of the different generators are excited, a the 
stat being inserted in each field circuit. 


Exciters Direct-connected to Main Unite. — The diagram shown in " 
Fig. 3 represents a system where every generator is provided with a director — 
nected exciter. There are two sets of bus-bars, one for excitation and the othet 
for auxiliary service. Switches are provided so that the exciters can be connected 

to either set as desired. The advantage of this system is that one exciter can be 
connected to the auxiliary bus while the others are operating on the excitet bus- 
Any fluctuation in the exciter voltage caused by an automatic regulator, (or 
example, will therefore not be felt on the auxiliary or lighting bus, the pressure 
of which can be kept constant, 


Three-exciter System. — The arrangement shown in Fig. 4 is ott? 
used for the exciter system when a combination of motor-and water-dnve 
exciters is used. Only one set of exciter bus-bars are shown, although fre 
quently an auxiliary set is also provided as in the previous case. There st 

e exciters, two of which are driven by induction motors fed from the m? 


sow 
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bus-bars, and the third unit, which is held in reserve, is driven by an independent 
water wheel. Only one starting compensator i» needed for the two motors, a 
common starting and running bus being provided. ‘Fhe system can be section- 
alized in two parts if desired, and switches are provided so that the water-wheel- 
driven exciter can be connected to either side. 

Individual Motor-driven Exciters. — Fig. 5 represents the practice 
when an individual motor-driven exciter is used for each main unit. Each ex- 
citer is connected directly 


^ i n Ura Gaye 
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Va B 4 Die cunestiog daithe 
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all l . l het Ba itolin N Y Dionna tugz Selt;bes 
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tors driven by separate 
water wheels, or alterna- 


Exciter Mutor Geuerator 
Sete 


440 Volt Busses 


tively from the main alter- Maas e 
nating - current bus - bars cola 
through stepdown trans- Fig. 5. Individual Motor-driven Exciters 


formers. The auxiliary 

low-voltage generators are the normal source; the exciter system is thus entirely 
free (rom voltage fluctuations or disturbances on the allernating-current system. 
In another installation of this kind the auxiliary generators are provided for com- 
bination drive, one end being connected to a water wheel and the other to an 
induction motor, which in turn can be connected to the main alternating-current 
busses through stepdown transformers, unless the voltage will permit of a safe 
operation of the motors without the transformers. In such an arrangement the 
exciter sets are not provided with independent group connections to the main 
bus, as shown in the illustration, as it is considered that a breakdown would 
most commonly be caused by a clogging up of the turbines, in which case the 
alternating-current units could be driven by the motors. It would seem, how- 
ever, that the scheme shown in the diagram is more flexible and reliable. 


Storage Battery on Exciter Bus. — The use of storage batteries in connec- 
tion with exciters has been increasing of late. The advantages of such a com- 
bination is obvious, as with the failure of the exciters for any rcason, the storage 
battery would automatically keep up the excitation. The storage battery is 
generally floating on the exciter busses, the pressure of which is kept constant. 
A separate exciting bus is provided and between this bus and one of the exciter 
bus-bars a booster is installed which can be operated to either raise or lower the 
voltage, its field being controllod by an automatic voltage regulator. In case of 
failure of the exciters the excitation would be furnished by.the storage battery, 
and the booster in connection with the regulator would take care of the voltage 
regulation. 


AUTOMATIC VOLTAGE REGULATION. — Without some form of 
automatic voltage regulator it is impossible to take care of the heavy swings in 
the voltage caused by fluctuating power and railway loads. Even in the case 
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ofa purely lighting load it is exceedingly difficult to properly take care of thevolt sity 
age by hand regulation, especially at peak loads. The present tendency of de si h 
signing generators for a high internal reactance, in order to reduce destructive 


MEC TS 
short-circuit currents, results furthermore in a rather poor inherent regulation ziy. 
of the generators. EM 

Many different forms of automatic regulators have been devised. Some dl iny 


them have been designed to operate directly on the alternating-current generator 
field rheostat by varying the resistance. Such a system has, however, proved -— 
to be entirely too sluggish in operation. The most successful type of automatic : i 
regulator is the T. A. Regulator in which the regulation is effected entirely in Pun 
the field circuit of the exciter, by rapidly opening and closing a shunt dimit... ^" 
across the exciter field rheostat. See the article on Regulators. a 
TRANSFORMERS AND THEIR CONNECTIONS. — (See also orlide — ist 
on Transformers.) The number and size of the transformers depends entirely “sit 
on the nature of the development and on the conditions to be met. Witha — 
moderate voltage development it has in the past been the general practice to { 
install one transformer bank for each generator and having a capacity equal to ` 
that of the generator, even if this size was not the most economical. For present — 
modern high-voltage systems where it is undesirable to parallel transmission 
lines on the high-tension side, or to carry out any high-tension switching, it has 
become general practice to install the transformers in groups, each having a 
capacity corresponding to the line, the transformer group and the line thus 
being considered as a unit. Transmission lines generally have a carrying capac- 
ity ranging from 15,000 to 40,000 kw. As the most economical size of high-volt- 
age transformers is from 6000 to 10,000 kw., it is entirely feasible to provide 
one bank of single-phase transformers for lines up to about 25,000-kw. capacity; 
but above this capacity it, as a rule, becomes necessary to provide two banks in 
parallel for each line. 

In order to facilitate moving the transformers in or out of their compartments, 
wheels should be provided in the base or trucks may be installed on which the 
transformer will rest. The design should also preferably be such that the com- 
plete core and coils, with the covet and leads can be lifted from the tank asa 


unit. Eyebolts are provided for this purpose and also for lifting the entire 
transformer filled with oil. 
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Single- versus Three-phase Transformers. — No specific rule can be given 
regarding the selection of single-phase or three-phase transformers since both 
designs are equally reliable; local conditions will generally determine which 
type is preferable. See the article on Transformers. 


Use of Auto-Transformers. — (See also Auto-Transformers.) Autotrans 
formers are sometimes used in connection with Y-connected generators for 
obtaining a moderate rise in the voltage. Where such is the case a path must be 
provided for the flow of the triple-frequency exciting current, which is required 
for the normal magnetizing of the transformer. With a grounded generator 
neutral (see Generators, Alternating-Current, and Grounding of Electric Circuits), 
this can be obtained by also grounding the neutral point of the auto-transformess, 
although it is also highly desirable to connect the two neutrals together as any 
ground offers more or less of a resistance. If a sure path for the triple-frequency 
exciting current is not provided, a third harmonic will appear in the no-load 
e.m.f. from line to neutral and cause an excessive strain in the windings, which - 
under such conditions should in all cases be insulated for a higher voltage thao 
the normal. 


Cooling of Transformers. — Transformers for hydroelectric generating 
stations should obviously be of the water-cooled type. Ordinarily tbe wate 
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:: rate to keep a transformer of this type cool is approximately one-half gallon per 
minute per kw. loss, the temperature of the incoming water being 15? C. 
Cooling coils are generally made of extra heavy lap-welded wrought iron pipe 
. with electrically-welded joints. ‘These coils will withstand a hydraulic test of 
1000 pounds per square inch. In some cases the quality of water available for 
cooling purposes may make it necessary to use either brass or copper pipe, in 
order to avoid corrosion which would prohibit the use of iron pipe. 

Drying of Transformers. — It was formerly customary in shipping trans- 
formers to pack the cores separately from the tanks. Where the railroad clear- 
ances will permit, transformers are now shipped assembled with the oil in the 
tanks, the cores being securely braced in the tank. In this manner the trans- 
formers should arrive at the destination with the insulation and oil practically 
dry and free from moisture. Where transformers are shipped without the oil 
in the tanks it is almost invariably necessary to dry them out first. This may 
be accomplished in several ways, as explained in the article on ‘Transformers 
(q.v.). 

Transformer Oil. — The oil, whether shipped in the transformer case or 
separately, should always be tested before it is used in service (see the article on 
Oil, Transformer), and should be dried if it punctures at too low a voltage. Oil 
for transformers of 40,000 volts and over should be dried before using, if it 
punctures below 35,000 volts. For transformers having voltages less than 40,000 
volts, the oil must be dried if it punctures below 25,000 volts. Where oil is dried 
it may easily be brought to a puncture of 40,000 volts. If a sample contains 
sediment, it will puncture at a lower voltage than it would without the sediment. 


Transformer Connections. — With the three-phase system the transformers 
are usually connected in delta or Y,and when the Y -connection is used the neutral 
may be grounded or not. It isa much-disputed question which connection is to 
be preferred. In general it may, however, be said that in transmission systems 
where continuity of service is the most important factor, delta-connected trans- 
formers (both primary and secondary) are preferable on account of the in- 
creased reliability which such a system affords. Sce articles on Transformers 
and Grounding of Electric Circuits. 

For high-voltage systems it is, however, now being generally conceded that 
the Y-connected system with the neutral grounded is preferable, if not almost 
essential, The fact that any ground will then constitute a short-circuit followed 
by a shut-down, is outweighed by the limitations of the rise in voltage caused 
by such grounds. Modern transmission line apparatus must furthermore be 
designed to withstand the mechanical strains imposed by short-circuits. With 
a ground on a delta-connected system it is evident that the neutral is shifted 
from the center of the delta to one corner, and the charging current, which is a 
function of the voltage from wire to neutral, is therefore increased in proportion, 
or about 73 per cent. This increased charging current will in turn cause a 
corresponding increase in the voltage rise which may take place when the lines 
are cut in circuit at no load. Actual experience has shown that this voltage 
may reach prohibitive values which, of course, would not be the case with the 
Y-connected, grounded system. 


SWITCHING EQUIPMENT AND ELECTRICAL CONNECTIONS. 
— Continuity of service is the most essential part in the protection and opera- 
tion of a large high-tension power system. A maximum degree of reliability 
can naturally be obtained by providing reserve and duplicate apparatus, the 
maximum reliability thus being governed by the permissible investment in the 
&pparatus, by the price paid for the power and by the competitive situation. 

In small and medium-size power plants the switching equipment may be of 
the hand-operated type, mounted directly on the back of the switchboard panels 
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or on a separate framework and operated by hand by means of levers located 
on the front of the panels. For large modern power houses the switches should, 
however, always be of the remote control type. The centrol board is then 
located so that the operator may obtain the best view of the station, while the 
switches and bus-bar structure are installed with regard to convenience of wiring 
and safety. 
The switch and bus-bar structure for large stations may be either of the en- 
closed or open type, but is mostly a combination of the two. 
The entire subject of switchgear equipment is discussed in detail in the sepa- 
. rate article on Switchgear Equipment for Power Stations, which see. 
Sectionalized Low-tension Bus. — (See also Bus-Bars and Bus-bar Sirw- 
tures.) The generators should preferably be paralleled on a low-tension bus, and 
where the total capacity is large the bus should be sectionalized, it being the 
general practice to limit the normal capacity of each section to from 30,000 to 
50,000 kv-a. The sections may be connected by means of automatic switches 
provided with instantaneous overload relays which in case of trouble in one 
section will immediately disconnect the same from the other sections and thus 
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limit the power which the oil switches will have to rupture to the capacity of : 


one section. In some of the recent systems reactance coils have been inserted 
between the bus sections, and the sectionalizing switches have been made non- 
automatic. The reactances generally have such a value that on short-circuit 
in one section they will limit the total power rush from the two adjacent sec- 
tions to the short-circuit current of one generator. 

In sectionalizing the bus it is desirable to make such provision that sufficient 
generator capacity to supply the charging current of one transmission line can 
be entirely separated from the rest and used for testing out the lines. A ring bus 
will generally insure sufficient flexibility to accomplish this, although for large 
systems a double bus may be desirable if the extra expense is warranted. 


Generator Switches. — The generator switches are usually made nor 
automatic, as it is of the utmost importance to keep the generators in service, 
and the possibility of trouble between the generators and busses is rather remote. 
If, however, automatic protection is desired for the generator switches, the relays 
(see Relays) should be of the definite-time limit type, set very high so as to trip 
the switches as a last resort, after the automatic switches more remote from the 
generators have failed to isolate the trouble. Sometimes the generator switches 
are provided with reverse energy relays which will cut out a damaged generator 
on the reversal of the power, or the relay may be connected to an alarm bell 
which will indicate such a condition. 

Transmission-line Connections. — (See also Transmission Lines.) Double 
transmission lines are nearly always provided to important load centers, and it 
js then also desirable to so proportion the line conductors that in case of trouble, 
one line alone or together with a section of the other can take care of the greatet 
part of the load without causing too poor a regulation. The lines should nor- 
mally be operated electrically apart from each other, the paralleling and switch 
ing being done on the low-tension side of the transformers in both generating and 
substations. This is in order to avoid high-frequency surges caused by high 
tension switching, and also to prevent communication between the lines of dis 
turbances started from any other cause, such as lightning, arcing grounds, etc. 

All feeder switches should be pravided with instantaneous overload relays 
(see Relays) as it is of course necéssary to immediately cut out any damaged 
feeder and confine the interruption to the smallest area possible. 

The diagram of Fig. 6 represents a system in which each transformer bank 
forms a unit with one line. The high-tension line switches Ly and Le are no 
automatic and are only intended for sectionalizing purposes, as are the te 
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switches S which should be open under normal operation. The transformer 
switches Tg and T4 in the generating and substations respectively should be of 


- the automatic type, the former being equipped with inverse time-limit relays 
- andthe latter with reverse-energy relays. A short-circuit in one of the lines will 


cause switches Tg and Ta, belonging to this circuit, to open, thus disconnecting 
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it from the system. The load is then shifted over to the other line which remains 
in service, and may overload the transformers of this line. This will not cause 
any danger, as the transformers can readily carry up to 100 per cent overload 
for a few minutes until the operator has had time to open switches Lg and La, 
disconnecting the faulty line from its transformers, and close switches T'g, Ts and 
5, connecting the transformers in parallel again. 

In the system represented in Fig. 7 three transformer banks are provided with 
only two lines. The connections are similar to those in Fig. 6 except that the 
high-tension side of the third transformer bank is connected to the outgoing lines 
through the oil switches X. These should be of the automatic type provided 
with instantaneous overload relays. A short-circuit in any of the lines will thus 
cause these switches to trip out with a comparatively small disturbance, after 
Which switches T g and 7, will open, disconnecting the damaged line. 


LIGHTNING ARRESTERS, EQUIPMENT AND CONNECTIONS, — 
Aluminum cell electrolytic lightning arresters are now used almost entirely for 
lightning protection of high-voltage transmission systems, sce article on Light- 
ning Protectors, for description of the various available types of arresters. The 
arrester, however, is not a universal protector against all kinds of interruptions. 
For example, while it meets the usual, and most of the unusual, needs in pro- 
tection against disruptive potentials from lightning, an arrester located in the 
Station cannot, and is not expected to, protect an insulator out on the line from a 
lightning flash. Neither is it designed to protect against surges of compatatively 
low voltage. 


Arresters for Grounded and Ungrounded Circuits, — It is important 
to avoid the mistake of choosing an arrester for a thoroughly-grounded neutral 
When the neutral is only partly grounded; that is to say, grounded through an 
appreciable resistance. In an arrester for a grounded neutral circuit, each stack 
of cones normally receives the neutral potential when the arrester discharges; 
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but if a phase becomes accidentally grounded the line voltage is thrown across {upd i 
each of the other stacks of cones until the circuit breaker opens the circuit. + Opera 
Line voltage is 173 per cent of the neutral or normal operating voltage of the eis 
cells and therefore about 150 per cent of the permanent critical voltage of each mali 
cell. This means that when à grounded phase occurs this so per cent exess — .. 


: ; ids dnd : dr Sal the 
dynamic potential is short-circuited through the cells until the circuit breaker a 
opens. The amount of energy to be dissipated in the arrester depends upon "ele 


'the kilowatt capacity of the generator, the internal resistance of the cells and the x-i 
time required to operate the circuit breakers. It is evident that the greater ~., 
the amount of resistance in the neutral, the longer will be the time required for prr 
the circuit breakers to operate. "Therefore, in cases when the earthing resistance i-h 
in the neutral is great enough to prevent the automatic circuit breakers fom ~., i 
opening practically instantaneously, an arrester for a non-grounded neun! | 
system should be installed. It is difficult to determine these factors of ground n 
resistance and time elements in the operation of switches and therefore no mis- "" 
take can be made by adopting the 4-tank arrester even on grounded Y circuits. liis ; 

Wiring Connections for Lightning Arresters. — The wiring connections +.. 
of lightning arresters are an important consideration. The discharge dirut — ;;., 
should contain minimum impedance and hence must furnish the shortest and — . " 
most direct path from line to ground. The most severe disturbances whichan — .... 
arrester is called upon to handle are of high frequencies and it is, therefore, dod 
imperative to eliminate all unnecessary inductance. The features favorable 
for low inductance are short length of conductor, large radius bends and large — Tk 
surface of conductor. For wiring high-voltage arresters the use of copper tubing ~,- 
is therefore recommended. Such copper tubing has the advantage over either T 
copper-strip or solid conductors in that it is easily supported, requires fewer E 
insulators and is, therefore, cheaper to install. From arrester to ground itis °: 
sometimes more convenient to use copper strip than tubing. Copper strip == 
say 1.5 in. by 0.03 in., can be fastened to the station wall leading directly downto ~: 
ground. 5i 
Ground Connections for Lightning Arresters.— In all lightning ~~ 
arrester installations it is of the utmost importance to make proper grund `~) 

connections since many lightning-arrester troubles can be traced to bad grounds; — 
see article on Ground Connections. As noted in the article referred to, a vey ~ 
satisfactory method of making a ground is to drive a number of one-inch ion ^ 
pipes six or eight feet into the earth about the station, connecting all these pips — * 
together by means of a copper wire, or preferably, by a thin copper strip. À ~ 
quantity of salt should be placed around each pipe under the surface of the earth =~ 
and the ground thoroughly moistened with water. It is advisable to connect 
these earth pipes to the iron framework of the station, and also to any watet 
mains, metal flumes or trolley rails that are available. For the usual siz 
station the following recommendation is made: place three earth pipes equally 
spaced near each outside wall, making twelve altogether, and place three extra 
pipes spaced about six feet apart at a point nearest the arrester. When plates 
are placed in streams of running water, they should be buried in the mud 
along the bank in preference.to laying them in the stream. Streams with rocky 
bottoms are to be avoided. 

From time to time the resistance of these ground connections should be 
measured to determine their condition; see article on Ground Connections. 
'The resistance of a single pipe ground in good condition bas an average value 
of about 15 ohms. A simple and satisfactory method of keeping account of the 
condition of the earth connections is to divide the earth pipes into two groups 
and connect each group to the 110-volt lighting circuit with an ammeter in series. 
If there is a flow of about 20 amperes the conditions are satisfactory, provided 
the carth pipes are properly distributed around the station. 
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Charging of Aluminum Cell Arresters. — This is accomplished as follows: 

First. — Operate the charging mechanism so as to bring the charging contact 
securely against the horn gap and charge for five seconds. The contacts should 
be so adjusted as to eliminate arcing when gaps are closed. The closing and 
opening of the charging contact should be performed quickly so as to avoid 
unnecessary arcing. Note should be made of the size and color of the arc which 
forms when the contact is broken at the close of the charging period. 

Second. — With the horn gaps in normal position reverse the transfer device, 
thereby interchanging the connections to the ground stack of cones and one of 
the line stacks. 

Third. — The first E should again be repeated, thus charging the 
fourth stack of cones, which was originally the ground stack. 

When an arrester is first installed and also when one has been off the circuit 
for several days the initial charging current is sometimes above normal. Itis 
recommended that the cells be charged six or eight times the first day and three 
times a day during the remainder of the first week. This charging should be 
performed as just described. After the first week the regular daily charging 


. Will usually be found sufficient. It is important that the charging should be 


done at a time of the day when the line voltage is at à maximum value. The 
charging period should always be five seconds. 

In cases where aluminum lightning arresters are installed in places where the 
temperature is excessive, it is sometimes advisable to charge the arresters twice 
aday. This condition will be indicated by an increase in the charging arc and 
charging current from day to day. 


Charging-current Indicator. — The charging-current indicator is a 
device for measuring the current taken by an alternating-current aluminum 
arrester during charging; it also indicates the condition of the arrester cells. An 
arrester in good condition has a charging current of approximately 0.25 ampere 
on 25-cycle circuits, 0.30 ampere on 4o-cycle, and 0.40 ampere on 60o-cycle circuits. 
Should these values be doubled, the arrester must be charged more frequently 
and the current carefully measured until it comes down to normal. It is only 
when this additional charging fails to rodie the charging current that an in- 
spection of the cells is necessary. 

The essential parts of the charging-current indicator are an ammeter mounted 
on a specially-constructed switch stick and a set of jacks. These jacks are so 
connected in the arrester circuit that when the ammeter switch stick is inserted 
in them and the horn gaps short-circuited, the charging current flows through 
the meter. 


Discharge Recorders. — A knowledge of all discharges is of immense value 
to operating engineers in studying conditions of abnormal voltage on trans- 
mission and cable systems. For this purpose a discharge recorder has been 
developed, which will register the time and nature of discharges through an 
arrester. This recorder consists of four spark gaps so arranged that the dis- 
charges between lines or between lines and ground pass through the gaps. The 
spark gaps are assembled with a clock-operated drum in such a manner that a 
continuous record is obtained, showing all discharges by means of punctures in 
a moving roll of paper. This paper passes through the gaps at a rate of about 
one inch per hour which gives an accurate record of the time and duration of 
each discharge. 

Besides being valuable in recording discharges due to abnormal voltages on a 
system, the discharge recorder is of value in indicating and recording the daily 
charging of the lightning arresters. With such a recorder it can be told whether 
the arresters are or are not being properly charged by the station operator; and 
besides, the puncture gives some indication of the condition of the arrester. 
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Choke Coils. — Choke coils should always be installed in the power circuit a 
between the lightning arrester and the apparatus to be protected. All choke 775 
coils should be very rigidly supported as they are subject to severe mechanical — 3 
strains when short-circuits occur on the system.  Seé article on Lightning ^7" I 
Proteciors. 

Use of Arcing Ground Suppressor. — This apparatus is described in the — x d 
article on Ground Detectors and Arcing Ground Suppressors. One arcing ground — i: 
suppressor is sufficient for controlling the entire system. When several power — it 
stations feed into one transmission system special attention should be given “xt 


to the best location of the suppressor. , aia 

STATION WIRING. — The design and construction of the cabling and Mid 
wiring system of the station is of equal importance to the rest of the equipment. — ^^ 
Experience has shown that in a great number of instances the shut-down of == 


power plants was caused by defective installation of the station wiring. Every nf 
cable and wire should have a definite place provided for it in advance, justas ! :5 
much as any other piece of machinery, and wires carrying currents of different — = 
voltages should, as far as possible, be kept apart from each other. x 


Braided vs. Lead-covered Cables. — For generator and low-tension tran» =" 
former leads, braided or lead-covered cables are used, and may be run in ductsor — ^ 
exposed upon racks in cable-ways or tunnels. Lead-covered cables are nece- ~ 
sarily more expensive than braided cables, and their use seems to be justified — ^: 
only in places where protection against water and moisture is required. Asthe — 
lead sheath is necessarily grounded along its entire length, such cables are — 77 
more apt to be punctured. As a protection against fire the lead covering is ~~ 
obviously useless and due to its softness it is not very efficient in withstanding — 5 
mechanical injuries. ET 

Installation of Cables. — (See also article on Wires and Cables, Insulated.) — ^^ 
In many plants the cables are installed in ducts in the floor, and in such instances °" 
the cables should preferably be lead-covered to protect the cables from abrasion 
when drawn into the ducts. There are, however, several other objections to 
installing the cables in ducts. With high-voltage single-conductor lead-covered 
cables, static discharges may take place through the insulation to the lead, 7 
which rapidly injures the insulation and a breakdown soon follows. Ifthe cable — ^ 
is not lead-covered a stafic discharge may take place to the tile duct, this ako ` 
having a tendency to break down the insulation in time. In multiple-conductot - * 
cables this action does not occur, the static activity probably being neutralized. — 5: 
With cables carrying large low-voltage currents the lack of ventilation in the — -: 
ducts may furthermore cause overheating of the cables. x 

In a large number of stations the open method of cabling is used. Tunnels — 
or cable subways are then provided in which braided cables are supported in free ~: 
air upon insulators mounted on racks, these insulators themselves having su- — ~ 
cient insulation to withstand the operating voltage of the cable. Where single — 
conductor, high-voltage cables are used, they should be separated far enoughto — 
prevent static discharges between the cables, and also in order to obtain the 
best possible ventilation and to minimize trouble in case of short-circuits. The 
cables should also be rendered fireproof by wrapping them with asbestos tape. 

Size of Cables. — Due to the skin effect it is generally considered good 
practice to limit the size of single-conductor cables to 1,250,000 cir. mils for 25- 
cycle service and 700,000 cir. mils for 60 cycles. Where the value of currents > 
such that it can be carried safely by one three-conductor cable, this is preferable =~ 
in every respect to three single-conductor cables. If more than one cable has to 
be used to carry the current the difficulty of making connections will generally 
offset the advantages of three-conductor cables, and under such conditions it is 
usually found to be more advantageous to use single-conductor cables. 
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High-tension Wiring. — Bare wire or tubing supported on post insulators 
or hung from suspension insulators is generally used tor all high-tension wiring. 
High-tension station wiring is described in detail in the article on Switch-geur 
Equipment for Power Stations. 


OPERATION AND OPERATING RECORDS. — The selection and 
maintenance of an efficient and reliable operating force ts essential. Most 
modern systems of any size have a method of operation which corresponds to 
that of a train dispatcher on steam railroads, and where many different plants 
are attached to the same network, this becomes practically necessary. ‘Phe 
directions for operating the different stations and apparatus come from a central 
source, where the dispatcher has before him a diagram of the whole system and 
information regarding the capacities of the generators in use and the magnitudes 
of the loads at the different places of distribution. 


Organization of Operating Force. ~- The organization of the operating 
force of a hydroelectric generating station is necessarily less complicated than 
ina steam station. It is determined largely by the location and the arrange- 
ment, and there are so many diferent conditions in such systems that it is im- 
possible to recommend any exact form of organization, as really no two can be 
quite alike If the station is not too large, it is desired to have the hydraulic 
superintendent report to the station superintendent, but if the development is 
of such a magnitude as to require the entire time of a superintendent for each of 
the departments under consideration, a position is warranted for a man to whom 
both electric and hydraulic superintendents will report, thus still bringing the 
responsibility of operation of the two departments under one head. 

As a general rule, for the same capacity installed, a plant having horizontal 
units can get along with a smaller force than one using vertical units. It is a 
general practice to maintain one man at all times on each of the different levels 
or floors of the power house, such as the switchboard gallery, the main floor and 
the basement, where with vertical units the turbines proper as well as the oil 
pumps and other auxiliaries are located. The man in the basement could in all 
probability be dispensed with in plants using horizontal units. In addition to 
these men a chief operator should be provided for each shift, whose duties should 
carry him to all parts of the building. For a very large station the above force 
may be entirely inadequate, and for small plants the force may be reduced. 


Switching Operations. — The switching operations are determined by the 
general method of operation. It is desirable to eliminate all high-tension switch- 
ing under load, due to the fact that such switching may set up surges which may 
be dangerous to the transformers and other apparatus. 

When a line is to be cut into service, the hizh-tension switches in both the 
main and substations should be closed first, then the low-tension transformer 
switch in the generating station should be closed, energizing the transformers 
and the line, after which the low-tension transformer switch in the substation is 
closed and the load picked up. In case it becomes necessary to open a high- 
tension switch in a loaded line, the circuit should if possible first be parallel with 
another before opening the switch. If, on the other hand, transformers are to be 
paralleled on both high- and low-tension sides, the low-tension switch should be 
closed first, assuming that the low-tension bus is energized. Similarly, in cutting 
out the transformer the low-tension switch should be opened last. 


Operating Records. — One of the essential things in connection with the 
operation of hydroelectric generating stations is the keeping of accurate records. 
Record sheets should contain only the most important readings, as with com- 
plicated forms the attendant generally realizes that a large number of the read- 
ings are of no importance and for this reason he becomes very lax in his attention 
to the readings in general and as a consequence the important ones may suffer 
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The following description applies to an actual record sheet which has been 
found to give satisfactory results. The sheet is of the size of ordinary letter 
paper and is ruled for hourly records of *Water," “Main Units,” “Cycles,” 
“Power Factor," “‘Exciters,” “Transformers” and.*Floodgates." These items 
are listed vertically and the sheet is divided into 24 -vertical columns, one for 
each hour. At the top are given the “Forebay” readings and “Tail Race” 
readings, the difference between which gives the “Effective Head." Immedi- 
ately below are listed the indicated kilowatts and per cent gate opening of each 
generator in service, following which are given the “Total Indicated Kilowatts” 
and “Total % Gate.” The total kilowatt-hours during each hour, as read from 
the watthour meters, is plotted as a block-curve extending across the face of the . 
sheet. 

This serves as a better record for the actual station output than the indicated 
kilowatts. It has been found necessary, however, to follow the indicated kilo- 
watts to serve as a check on the efficiency and condition of the units in general, 
from time to time, as well as to determine what capacity would be required for 
short interval peaks. The station voltage is also plotted as a block curve across 
the face of the sheet. 

The exciters form an individual group, and for each exciter the voltage, cur- 
rent and per cent gate opening are recorded. 

Transformer records are limited to the temperatures. These are taken hourly, 
at which time the oil elevation is noted but not recorded. If the transformer 
is not in service the column in which the temperature is listed is left blank; if 
in service the temperature is taken and recorded. 

Under the item, “Floodgates” the total opening of the floodgates in feet is 
recorded, rather than each one separately. This record is maintained daily, 
the flow of the river at each of the stations being followed very closely. 

At the bottom of the sheet appear the daily readings of the various generator 
and feeder watthour meters taken at midnight of each 24 hours. The following 
items are also recorded at the bottom of the sheet: *'Total Generated,” or the 
total output of the station for 24 hours; the “Maximum Hour Time,” or the 
maximum kw-hr. of any particular hour during the day; the “Maximum Kw. 
Time," or the maximum indicated kilowatts at any particular instant; the 
* Average Load," obtained by dividing the total kilowatt hours generated by 24; 
the “Load Factor," obtained by dividing the “Average Load" by the “Mar. 
Kw. Time"; the “Average Flow of the River in Cubic Feet per Second,” cal- 
culated each day and converted into “Available Capacity of River,” which is 
shown in kw-hr.; the “Available Capacity of Power House," shown in kw-hr, 
and determined by calculating the capacity of the machines under the average 
head for 24 hours; the “Kw-hr. Lost," or the difference between what was 
actually generated by the machines and what could have been secured from the 
river during the same number of hours. 

Any important notes of operation are entered on the back of each day's log 
sheet. These notes, together with certain records for log sheets, are also entered 
each day in a log book kept on the operator's desk at all times, for reference pur- 
poses. Weather conditions and temperatures are recorded four times daily, at 
midnight, 6 A.M., noon and 6 p.m. A rain gauge is provided on the roof of the 
station, from which records of precipitation covering each 24 hours are obtained 


CAPITAL COSTS AND APPROXIMATE DIMENSIONS. — (Se also 
section below on Capital and Annual Costs of Some Typical Plants.) The cost d 
a large water-power development is generally very great. The estimates of the 
amount of power available are always subject to error and many times are greatly 
exaggerated. On account of unforeseen obstacles in dam construction, it 5 
always possible that the actual cost will exceed the engineering estimates, and 
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such elements of uncertainty must always be taken into consideration. More- 
over, as the large water powers of the country are generally more or less remote 
from power markets, there is necessitated the construction of expensive high- 
tension transformer equipments and transmission lines to transmit the power to 
the point of consumption. This additional cost is often greater than that of the 
dam and power-house construction. ‘The provision of large storage reservoirs 
is often necessary in order to meet the irregularities in the tlow of streams, 
while, on the other hand, the most economical utilization of water power often 
requires the erection of auxiliary steam plants. 

The main items entering into the cost of construction of a hydroelectric power 
plant are: (1) Dam, (2) Water Conductors, (3) Reservoirs, (4) Power house, 
(5) Land and Water Rights, (6) Transmission Lines. In addition to the cost of 
the above physical equipment certain overhead and organization expenses must 
also be included. "These may be classitied as follows: (7) Engineering and Con- 
tingencies, (8) Administration, (9) Organization, (10) Taxes and Insurance, (11) 
Interest during Construction, (12) Working Capital. 

Range of Total Capital Cost per Horse-Power. — Extensive investiga- 
tions by the Bureau of Corporations show that the cost of a hydroelectric power 
development, including the construction of dams, the erection of transmission 
lines and other equipment, ranged from $50 to $375 per horse-power delivered 
at the substations. ‘These figures represent extremes, as the usual cost will fall 
between $100, and $200 per horse-power, depending upon physical conditions 
and the length of the transmission lines. . 


Approximate Dimensions and Construction Costs. — It is obvious that 
there are certain minimum costs that can readily be approximated when the 
rough dimensions of dams, pipe lines, etc., are available, so that rough minimum 
figures can readily be made. Such rough figures cannot be expected to take into 
account expensive contingencies that must be anticipated. 


Dams. — Given the length and height of dam, the dam structure itself 
Will have a cost of material that can be estimated roughly, and the ordinary cost 
of placing such material — including tools and forms — can be added, but the 
extraordinary labor costs due to the construction of expensive foundations and 
coffer dams and the cost of placing dam material under difficult conditions can, 
of course, only be estimated by experienced engineers thoroughly familiar with 
the local conditions. 
Expressing the height of dam in yards as h, the approximate sections of dams 
and approximate costs of dams not used as weirs or spillways are: 


SECTIONS AND COST OF DAMS NOT USED AS SPILLWAYS 


Batter or slope 


Approx. | Approx. | Approx. 
Common | section | cost per | cost per 
down in sq. cubic lineal 
stream yards yard yard 
batter 


Common 
upstream 
batter 
horizontal 
to vert. 


re | as | ———MÓ —————À 


2tor 3tor $0.50 $1.25 h? 

Wto4| r4tol1 1.50 2.25 h2 

2tol 2toI 2.00 4.00 k3 

4 Masonry, straight...| Vertical Ko to I 12.00 4.80 h? 
5. Masonry, arched....| 0.15 to I 0.30 to O 15.00 3.50 i 
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It should be borne in mind that maintenance and depreciation on Types 1, 2 
and 3 are far heavier than on Types 4 and 5. 

These figures are intended to cover all costs under ordinary conditions, for the 
cost per cubic yard is taken sufficiently high; but they cannot be used for er- 
traordinary conditions, producing costs possibly four or five times greater. 

Low crib or masonry dams used practically throughout their length as weirs 
or spillways may easily cost many times these figures. - 

No figures are given for intakes, owing to the great variety of conditions to be 
met. 

Flumes. — The use of flumes of wood becomes less and less as hydro- 
electric work becomes more permanent in character. For estimate purposes it 
is then suggested that the cost of wood-stave or riveted-steel pipe be used instead 
of using the presumably lower cost of the flume. It is obvious that repairs and 
depreciation on flumes are heavy, and hence they would seem to have little use 
in permanent construction. 

Low-pressure Pipes. — (See also Pipes and Piping.) In hydroelectric 
work cast-iron pipes are seldom used. Wooden-stave and riveted-steel pipes 
have been widely used for low pressures. The approximate costs of these, a5 
compiled by A. L. Adams for Chicago, are given in the following tables. 


COST PER FOOT OF WOODEN-STAVE PIPE 
Including laying but omitting hauling 


Diameter 25-foot 
in inches head 


12 $0.42 
18 o.69 
0.79 
0.96 


1.19 
1.40 
1.55 
2.23 
2.85 
3.21 
3.65 


COST PER FOOT OF RIVETED-STEEL PIPE 
Including laying but omitting hauling g 


E Nee 


Jj 
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High-pressure Piping. — In high heads the high-pressure piping may be 
either riveted-stcel pipe or lap-welded pipe with bolted flanged joints. It is 
suggested that a percentage amount be allowed for this, as the cost must vary 
widely for different conditions. 

Tunnels. — Tunnels for hydroelectric work are usually lined. Naturally 
the cost per cubic yard varies, but for ordinary conditions an average unit cost 
of $15 per cubic yard will cover all expense including timbering and lining. 
Allowing a velocity of 10 ft. per second (except in the smallest tunnels), approxi- 
mate dimensions and costs ure as follows: 


COST AND DIMENSIONS OF TUNNELS 


i i 
Carrying | Dimensions ' Approxi- , 
oe ity i > : A 
capacity in Velocity in Net sec fattest, Louie slone, pproximate 
cubic feet feet per | tional area,, width b feet per Cobi Der 
d |square feet md d linear foot 
per second seron height 


1000 feet | 


- —————— 


Zum ice o aeui io. 


100 3.6 28 4by 7 0.46 $16.00 
500 10.0 50 7by 7M 2.0 28.00 
1,000 10.0 100 10 by 10 1.5 56.00 
1,500 10.0 150 12 by 1214 I.I 85.00 
2,000 10.0 200 14 by 14!4 0.9 115.00 
5,000 10.0 500 20 by 25 0.6 250.00 
10.0 1000 30 by 33 0.3 500.00 


Canals. — In ordinary earth a velocity too small to produce erosion and 
yet sufficiently great to prevent undue deposit of silt and other matter, and 
sufficiently great to prevent growth of weeds, should be used. For preliminary 
calculations a velocity of 2 ft. per second will give approximate results. For 
this velocity the following approximate figures will serve: 


DATA ON AND COST OF CANALS IN ORDINARY EARTH 


Approxi- | Approximate cost per 
Cubic feet mate slope running foot 
per gecond | per sec- in feet 

per mile 


2 
2 
2 
2 
2 
2 
2 
2 
2 
a 


In rock the velocity in a canal may be much higher, and if the canal be lined 
8 ft. per second may be used. For preliminary calculations this velocity will 
give approximate results. The following approximate figures are on this basis; 


a Bes 
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DATA ON AND COST OF CANALS IN ROCKS = 
Velocity | Area of Approxi- | Approximate cost per 


Cubic feet | in feet wet Water 
per second | per sec- | section, | 4ePth, 
ond, V sq. ft. feet 


mate slope running foot Ite 
in feet | —————————— 


per mile Low High PT 
Se ea eee, fug 
50 8 6.25] 2.5 $0.32 $23 | 75 
100 8 12.5 3.5 25 0.63 2.50 ER 
200 8 25.0 5.0 16 1.25 5.00 chu 
300 8 37.5 6.0 12 1.87 7.50 UHR 
400 8 50.0 7.0 Io 2.50 10.00 aL 
500 8 62.5 7.0 9 3.25 13.00 a E 
1000 8 125.0 10.0 6 6.00 24.00 Es 
1500 8 175.0 12.0 . (4% 8.75 35.00 zi 
2000 8 250.0 12.0 334 12.50 50.00 c 
3000 8 375.0 15.0 3 18.75 75.00 “TES 


Values are given for lined canals only, since a higher velocity will be allowable — ^: 
without producing too great a lost head and the cost will probably be more — =" 
favorable. a 

It must be considered that these figures are wholly approximate since even for — ^5: 
a desired useful section the amount of excavation per lineal foot of canal must 7 


vary with the character of the route — whether this be flat, rolling or side-hill. — ^* 


In this connection the following approximate costs based on the annual reports a 
of the United States Reclamation Service are of interest. 


APPROXIMATE COST OF EXCAVATION PER CUBIC YARD P 


Cost per cubic yard 


Fair value 


| 


Plowable with 4 horses 


. Plowable with 4 horses........... eese .18 zu 
. Plowable with 6 horses................ 0.1225 2.00 jp E: 
‘7 | 2. Indurated material.................... 0.29 2.00 0.60 A 
————"——— Peg en 0.35 3.00 0.75 E 
E EE E 0.60 5.00 2.00 X 

. Excavation below plane of saturation. . 0.20 3.00 1.80 

4b. Solid rock under water................ 4.50 


Tail Race. — Frequently the cost of the tail race is negligible, but for 
some developments the cost is an appreciable percentage of the total. No data 


are given for estimating tail race since those given for canals, pipes and tunnels 
can be used. 


Receivers.— No data are given for approximation of the costs of reser- 
voirs, vent-pipes and surge tanks on account of the varied character of these. 
Generally speaking the percentage of the total hydro-electric cost to be allowed 
for these is small and a lump sum or a percentage can be allowed for the same. 

Hydroelectric Power Houses. — The following figures upon the ap- 
proximate space and cost of hydroelectric power houses are wholly approximate, 
and will give only a rough idea of what may be expected under ordinary condi- 
tions, without any allowances for high freight, long haulage, unusually expensive 
labor charges, etc.; and a wide departure from these figures is to be expected. 
See sto the articles on Water Wheels, Generators, Transformers, Switchgear, dc. 
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ux 
v DIMENSIONS AND COST OF POWER HOUSES 
br 
nx. Item 
m - : 
cues Cu. ft. per kw. for hydraulic 
mE apparatus...............6-. 
ha Cu. ft. per kw. for generators, 
2 exciters and switchboards 
Ux (no transformers)........... 
pr Cu. ft. per kw. for generators, | 
US exciters, transformers and | 
E: sWitchboards............... 30} 25 { 20} 233, 20) 15 | Æ| 19| rs 
a Total cu. ft. per kw. for hydro- 
us electric power house (with- 
ae out transformers).......... 5o | 38) 25| 25) I19| r5 22; 17| 14 
ge 7 Totalcu. ft. per kw. for hydro- 
— electric power house (with 
ene transformers) ............... 6o | 45| 30); 35| 26; 20| 32| 24| 19 
eric Approx. cost of power-house 
building not including 
LO foundations (without trans- 
a formers) per kw: 
eter Eo uta e Eoi udi $5.00,$3.80.$2.50,$2.50 $1.90 $1.50) $2. 20'$1.70'$1, yo 
ye Iliphiseebindsd sos 15.00|11.40| 7.50 1.50! 5.70 4.50| 6.60| §.10] 4.20 
Approx. cost of power-house 
NT building, not including 
Bo» foundations (with trans- 
xm formers) per kw.: 
d DOW Seed cata dtum $6.00|$4.50 $3.0c $3. 5o $2.60 $2.00 $3.20 $2.40 $1.95 
a ie Ae E EOT oes 18.00| 13.50 9.09)10.50' 7.80! 6.00! 9.60| 7.20| 5.70 
ap E Approx. cost per kw. for hy- 
= draulic machinery.......... I5.00|12.00, 7.00/12.00,10.00, 7.00; 10.00) 8.00] 5.00 
j Approx. cost per kw. for ex- 


F citers, generators, switch- 

4 boards and cables (without | 
ge Ju transformers)............... 24.00) I5.00,10.00|20.00,12.00| 9.50 
E 
bi 


I5.00| 9.50] 7.50 
Approx. cost per kw. for ex- 


citers, generators, switch- 
boards, transformers and 


e cables. ic Youre orade uan 32.0122. 00} 16.00] 27.00) 17.00! 14.00) 22.00] 14.00] (2.00 
ae Approx. cost per kw. for 

ss ta complete power-house and 

S foundations (without trans- 

ps formers) ............. Less. 54.00,38.40/24.50|39.50|27.70|21.00| 31.60|22.60 16. 70 
hu a Approx. cost per kw. for 

oe complete power-house and 

a foundations (with trans- 


p formers) ...............ssss 65.00|47.50/32.00|49.50|34.80|27.00| 41.60/29.20|22. 70 
x * Low head = 50 to 200 ft. T Small capacity ^ = 200 to 1000 kw. 
M Medium head = 200 to 600 ft. Medium capacity = 1000 to 5000 kw. 
Laur High head = 600 and above. Large capacity = 5000 kw. and above 


" It is assumed that the large capacity stations with transformers will be for a line 
Co Voltage of from 60,000 to 110,000, the medium from 40,000 to 60,000 and the small 
; from 10,000 to 40,000. 
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Overhead and Organization Expenses. — In addition to the expenditures 
for the actual construction of the physical plant allowance must be made for the 
following items to cover overhead and organization expenses. 

Engineering and Contingencies. — This item should cover all the cost 
of engineering, drafting and supervision of construction and of all the items 
properly chargeable to construction engineering; 5 per cent of the construction 
cost is a conservative estimate for this item. Am equal amount (5%) is also 
generally allowed to cover contingencies, ertors, etc. 

Administration. — All items which go to make up the cost of adminis- 
tration for construction, general office expense, etc., come under this head. An 
additional charge of 5 per cent of the construction cost should also be ample to 
cover these expenses. 

Organization. — This item covers the cost of organization and promo- 
tion, such as legal expenses, allowance for brokerage connected with the disposal 
of the securities, discount on the same, etc., 5 to 10 per cent of the construction 
cost is usually allowed for this item. 

Taxes and Insurance. — Taxes must be provided for until the opera- 
tion is begun, and usually for some time thereafter, until the income is available 
for such expenses. Similarly with insurance, including fire, casualty, etc. One 
per cent of the construction cost is generally allowed to cover these items. 

Interest During Construction. — Allowance must also be made for the 
accrued interest on the idle capital during the construction period. 

Working Capital. — A certain amount of money should be provided for 
working capital, the amount depending on the nature of the business transac- 
tions. About 1 per cent of the construction rnay be allowed to cover this item. 


OPERATING COST AND FIXED CHARGES. — (See also section bdow 
on Capital and Annual Costs of Some Typical Plants.) The ‘cost of hydto- 
electric power can be considered as made up of two parts: the operating expenses 
and the fixed charges. The former consist of: (1) Labor; (2) Administration; 
(3) Oil, Waste, etc.; (4) Maintenance and Repairs; and the fixed charges of: 
(5) Interest; (6) Depreciation; (7) Taxes and Insurance. 

It is difficult to give any general figures as to the cost of gerierating hydro- 
clectric power, on account of the widely varying cost of such developments. 
The load factor also has a very great bearing on the cost, much mote so than 
with steam plants because the items making up the power cost are affected very 
Jittle by a change in the load. 

The annual operating cost per kilowatt of generator capacity in general (er- 
cluding transmission costs) ranges between the following values: 


Laboro uto. ius sea REOS LESE n iu Eti holed $1.00 to $2.00 
Administration. .............000c0e eee aee TUM 0.25 to 0.50 
Oils Waste, etes ceres 06 eT Ex ES on RR EE D IDEE 0.25 to 0.50 
Maintenance & Repairs. ............ 0. cece eee ,.. 1.00 fo 2.00 

Total operation...... Ree ate E E es ... $2.50 to $5.00 


Or, considering the annual cost items as percentage of the capital cost, the 
following figures are representative for à large station for which the capital cost 
is $125 per kilowatt, transmission costs excluded: 


Per ceat 
l E A E bhete eter drei E E EALANT evens et 1.00 
Administration. .... 0.0.0... ccc eee sess 0.25 
Oils Waste et Cus ad etc ila mod Ea bd ds 2e aps AS 0.25 
Maintenance & Repdirs....2........ llle eese eh 1.00 
Taxes & Insurance............ LSS SO eee eee wl d. e soie 1.00 
DeprecigliON sic scien ds ERQE EIN Sd cde dox vor DUIS 3.50 


TODA sae bota rc Ca aaa dr qu be Pate’ 7.90 


--———— x 
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The cost of power per kilowatt is thus 7 per cent of $125 or $8.75. Power at the 
bus bars of such a station could then be sold for $16, say, per kilowatt-year, 
leaving $7.25, or approximately 6 per cent for interest on the investment. 

Primary and Secondary Power. — Hydroclectric power is generally sold 
as primary and secondary power. The former must be supplied continuously 
and is usually marketed by the horse-power-ycar or kilowatt-ycar. — The 
secondary power is only available during certain months of the vear, and the 
price obtained for it is necessarily considerably less than for the primary power. 
To maintain the primary power at the most economical value a steam auxiliary 
station is usually required; this is frequently obtained by operating the hydro- 
electric plant in conjunction with an existing steam plant. 


CAPITAL AND ANNUAL COSTS OF SOME TYPICAL PLANTS. — 
Below are given data on some typical plants, ranging in size from 750 to 16,000 
horse-power. 

Minidoka Project. — The following data illustrate the development and 
power cost of the Minidoka project of the U. S. Reclamation Service: 


COST OF GENERATING STATION 


Capacity of station, 7000 kw. 
Transinission voltage, 33,000 
Hydraulic head, 46 feet 


p= -æ 


Item Total cost Cost per kw. 
nnnm TET $82,000 $11.70 
Hydraulic machinery........... sese 73,000 10.40 
Electric machinery............ enne 83,000 11.80 
Freight and hauling... aaeeeiai errea 26,200 3.75 
ea e o P EE E dE rtc i 55,500 7.90 
(pui T 60,000 8.50 
Roads and telephone lines............... sees 7,300 I.IO 
Camp and permanent quarters......... essere 23,200 3.30 
Engineering and incidentals................. sse. II,IOO I.55 
Administration charges, etC.........sceccececeees 15,000 2.10 


ning deuayeie la edes edu a veu dab tata aie $436,300 $62.30 


ANNUAL COST OF OPERATION 


Expense per 
year 


Operation: 


eile ~ 


Tow Y 


| | 
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A depreciation of 5 per cent ($21,800) has also been charged to this develop E 
ment. No taxes or interest is charged, the undertaking being done by the tyi 
Government. Assuming 7 per cent for interest and taxes the total operating xix 
expenses would amount to $62,000. A total of about rs million kw-hr. were irin 
delivered during the year, thus corresponding to a cost of $o.0041 per kw hr. — ijj 

Costs Reported by Ontario Commission. — The following table gives “tk. 
the estimated cost of development and yearly operating expenses of varios ——— 
plants from reports of the Ontario Hydro-Electric Power Commission.* 


E 
A F 
` wn I 
ə [^ s [33 v 8|py| mh 
a 4 8 5 2 q à | 4] xx 
s Be 3t og : pi Sig i| iius 
A 8s : 
Location of develop- | S |5&, 8 3 EE : i $lrilln 
ment Sod] y a isgal 91 — 
© | ay o "E oj ule 
bray [- w 43 ET] 3 a 
= 9 "d q Q a 
35 E = 33 a2) Al slg] m 
i Q * a 3 3 P 5 " 
4 a A Ó EE C f | LM 
$|s,$|s|9| X 
Healey's Falls, Lower Us 
Trent River........... 60 | 8,000/675,000| 84.38|16,875|13,500|13,500|27,000| 70,815 
Middle Falls, Lower zy 
Trent River.......... 30 | 5,200|475,000| 91.37 11,875 9,500| 9,500] 19,000) 49 B15 
Maitland River (a)...... 80 | 1,600|325,000,203.12| §,665| 2,754! 2,°755|13,000,24,173 
Saugeen River.......... 40 | 1,333|250,000|187.53| 4,840] 3,247] 3.247| 9,9842138) =% 
Severn River (Big 
chute) (5) ............ 52 | 4,000|350,000| 87.50|17,433| 8,571 8,571\14,000 885| `= 
South River............ 85 | 750[1r5,000|153.33| 4.100| 2,620| 2,620| 4,534 13,874) — 
St. Lawrence River, p 
Iroquois, Ont......... I2 | 1,200|179,000|149.16| 6,864| 5,119) 5,118] 7,151|24,252} ~% 
Mississippi River, High 
Falls “A ” (2)......... 78 | 2,400/195,000] 81.25| 9,391) 3,840] 3,841] TITAN — — 
e . a e Ri " Hi h 
erar AIVer, £218" | ^8 | z.100|123,000| 111.82 6,390| 2,491| 2,491| 4,908)16,28 =. 
Dog Lake, Fanunistie 1o 61.00|13,760|16,427|15,927|32.278\19.52| = 
qula River........... 310 91.00] 11,296] 10,6321 10,132|24,787/56,817| ~ 
: 39 50.00 16,375 17,327 16,727|32,561 82,990 
Rapids........ | 
HQ ME 39 73.00114,390 11,478 10,978) 24 008 60.854 
40 97.00] 6,000] 6,634) 6,334!14,303/ 33,27! 
Slate Falls.............. 10 |18431260 00 tias: co] 6.950173 868-3069 foco m 


(a) Expensive dam. ` 
(b) Inexpensive construction of canal and headworks. 
(c) Includes storage development. 


* Capital costs cover hydraulic development (such as dams, headworks, pipe lines). 
power house, hydraulic and electrical equipment, with one spare unit, and step-up trans- 


former station with electrical equipment. It does not include cost of vested rights and 
land damages or transmission lines. 


renee 


w 


BIBLIOGRAPHY. — Below are given references to some of the more im- 
portant hydroelectric stations. A great amount of valuable data on the control 
and transmission of energy from hydroelectric stations is also given in the report 
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. of the Engineering Data Committee of the A.LE.E., entitled Engineering Data 


Relating to High Tension Transmission Systems presented at the annual con- 
vention of the A.I.E.E., June 25, 1914. 


- | ie: 


State Voltage Journal Year 


88,000 !Elec. World 1912 
MEETS Arizona 45,000 |Elec. World 1910 


Colorado 100,000 |Elec. World 1910, “11, '12 
66,000 | Elec. World 1911, 'I3 
South. Elec. I9II 


$*sssoat6(etittisutititittt 


Vermont 66,000 |Pow. & Eng. 1909 
G .E. Rev. I9II 
Power I9II 


**98392495290 29 6 9 8 9 9? 9 9 9 * 9 


New York 60,000 |Elec. World 1912 
G. E. Rev. I9I2 


Michigan 140,000 |Elec. World 1912 


Eng. News 1912 
pst eios Georgia 110,000 |South Elec. 1912 
G. E. Rev. 1914 


Great Falls Water Power, 
& Town Site Co....... 


Montana 102,000 |G. E. Rev. I9II 


Elec. World I912 
Great Northern Power Co.| Minnesota 60,000 |Pow. & Eng. 1908 

Elec. World 1906 
Great Western Power Co. .|California 100,000 |J. El. P. & G.* I910, 1912 

Elec. World 1909 


North Carolina Electrical 


Cr ee 


No. Carolina | 66,000 |Elec. World 1912 
110,000 (Eng. Rec. I9II, 1912 


Elec. World I912 

G. E. Rev. I914 

Mohawk Hydroelectric Co.| New York 22,000 |Elec. World IQII 
Ontario Power Co.. ...... Ontario 110,000 |Elec. World 1912 
60,000 |Elec. World I912 

J. El. P. & G.* 1910 

Power 1912 

150,000 |Eng. Rec. I912 

& 60,00 |J. El. P. & G.* 1912 

Elec. World 1912 

66,000 |Elec. World 1912 


Pennsylvania| 70,000 |Elec. World 1912 


Cr ^85. t? n 


Portland Railway, Light 
& Power Co............ 


Oregon 57,000 |Elec. World 1908, '12 
J. El. P. & G.* I913 


* Journal of Electricity, Power and Gas. 
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Voltage Journal Year 
55,000 |Elec. World 192 | 
Eng. News 192 | 
Eng. Rec. 1912 | 
J. El. P. & G.* 192 | 
Rio de Janeiro Tramway, | 
Lt. & Pow. Co i 88,000 |Elec. World 1909 | 
69,500 |J. El. P. & G.* | 1908, '12 
Power 1012 
Shawinigan Water 
100,000 |Elec. World 1912 | 


104,000 |J. El. P. & G.* 1909, '12 


33,000 |El. Rev. II! 


| 
l 

Elec. World 1907 

Power I9It 

100,000 |Elec. World 1910, ‘II 

Elec. Jour. I9II 
G. E. Rev. 1909, "10 | 

Pow. & Eng. 1909 

Eng. Rec. 1909 
45,000  |Elec. World 1910, ‘IL 
Washington 60,000 |Elec. World 1908, '12 | 
Eng. Rec. 19012. | 


* Journal of Electricity, Power and Gas. 


In addition to the above the following articles on the subjects listed contain 
valuable data: Exciters and Excitation: Elec. Worid, 1907, Vol. 49, p. 880; 
1912, Vol. 59, p. 1247; Trans. A.I.E.E., 1912, Vol. 31, p. 1841; G. E. Rec, 1912, 
Vol. 15, p. 626; 1914, Vol. 17, p. 567. Voltage Regulation: G. E. Ra, 
1912, Vol. 15, p. 468, p. 530; 1912, Vol. 15, p. 44, p. 626; Trans. A.I.E.E., 1012, 
Vol. 31, p. 1841; Elec. Jour., 1911, Vol. 8, p. 943; 1912, Vol. 9, p. 609; Ele. 
World, 1912, Vol. 60, p. 996. Station Wiring: Elec. Jour., 1904, Vol. 1, p. 25; 
1906, Vol. 3, p. 412; 1907, Vol. 4, p. 43; G. E. Rev., 1913, Vol. 16, p. 361. Opert- 
tion: G. E. Rev., 1913, Vol. 16, p. 355. Ventilation of Station: G. E. Re. 
i914, Vol. 17, p. 572. See also Bibliography in articles on the component 
apparatus. 

[D. B. Rusmmore, assisted by E. A. Lor] 
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^ POWER STATIONS, STEAM-ELECTRIC. — (See also Power Sta- 


m 


tions, Gas-electric; Power Stations, 1l vdraelectric; Boilers; Condensers; Gener- 
ators; Steam Engines; Steam Turbines; etc.) The following is a brief table of 
contents of this article: 


Location. .... eese eene ht emen p. t119 
Foundations. ..... s seem] mt hte emet III9 
SuperstruCtuTe.... 0. ccc een hehehe eee temen nne II20 
Boiler-room Layout..... eee hmmm] 1120 
Generating Room Layout... hm hehehe 1125 
Piping Systems... ccce hehehe temen 1127 
Generator and Control Equipment........ een! n n 1130 
Costs, Capital and Operating .....ssseeeee mmn 1132 


LOCATION. — The selection of a site for a power plant depends on the fol- 
lowing factors: 

(1) The cost and availability of land, adequate in area and suitable in form 
for present and future needs. 

(2) Provision for the economical handling of fuel and ashes. The site should 
afford navigable water frontage if possible and railroad connection in every case 
unless the delivery of coal by water is assured at all seasons. In comparing sites 
the cost of dredging channels and of track construction, including right of way, 
should be carefully considered. 

(3) The nature of the water supply. Ample water supply from natural sources 
suited to all the needs of the plant is highly desirable. The life, efficiency and 
cost of maintenance of boilers and condensers depend greatly on the quality of 
the water supply. Water analyses should be made in connection with prelimi- 
hary surveys. 

(4) The bearing power of the sub-soil for foundations, the probability of costly 
difficulties in construction, the elevation of ground water, the normal, maximum 
and minimum stages of adjacent bodies of water. 

(s) The general character of the surroundings and the existence of restrictive 
ordinances relating to smoke, noise, vibration and the movement of coal cars. 

(6) Proximity to the load center of gravity, if power is to be distributed at 
low voltages. 


FOUNDATIONS. — (See also Concrete; Concrete, Reinforced.) The design 
of foundations depends on the bearing power of the soil, the concentration of 
loads and the necessity of suppressing vibration. For table of the bearing power 
of various soils see the article on Power Stations, Hydroelectric. 

The taking of borings is usually essential to the proper design of foundations, 
especially where the site is on alluvial soil near a water frontage. Concentrated 
loads may reach a maximum of 15 tons per square foot. Foundation footings 
should rest on rock whenever practicable. Soils of inadequate bearing power 
are reinforced by driving piles of wood or concrete at points of concentrated load 
or under the entire foundation, as the soil may require. Rafts of reinforced 
concrete resting on a soil stratum or on piling are often used to distribute loads, 
to prevent the flowage of alluvial soil and to reduce the transmission of vi- 
bration. The foundation structures proper are usually of reinforced concrete. 
The following table of safe loads on foundations is given in Snell’s Power 
House Design. 

Foundations for machinery are usually made separate from those of the walls 
to reduce the transmission of vibration. Boiler-room equipment is usually 
carried on the steel framing of the superstructure, but main generating units have 
separate foundation piers of concrete. Foundations for reciprocating engines 
have extended bases, and in extreme cases cushions of felt, sand or rubber com- 
position are provided to suppress vibration. Anchor bolts for machinery are 
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TABLE I.—SAFE LOADS ON FOUNDATIONS 
Loads in tons per square foot 


Concrete piles 


Ordinary bricks in cement mortar 
Hard bricks in cement mortar 
Blue bricks in cement mortar 


accurately located in concrete work by means of templates. Bolts may be cast 
in the foundations, or holes may be provided, together with side holes to permit 
the adjustment of the bolts. When the concrete has set, the machine is lifted 
into place, aligned and leveled and the interstices run in with cement grout. 

The datum line of a power plant should be fixed by consideration of water 
levels. Tidal limits and flood water stages fix the levels of condenser intake and 
outlet tunnels, of engine room floors and of furnace grates. 


SUPERSTRUCTURE. — A power house should be fireproof in every re- 
spect, clean, well-lighted, well-ventilated and well-drained. The skeleton 
structure is usually of steel with wall panels of brick or. of reinforced concrete. 
All structural members should be computed with a factor of safety of not less 
than 3 (see Structures, Simple). 'Yhe most heavily-loaded members are the pil- 
lars carrying overhead bunkers and those supporting an engine-room crane. 
The roof should be of fire-proof material, truss-supported and with sufficient 
pitch to insure good drainage. The roof may properly have glazed monitors to 
assist in lighting and ventilation. Windows in the generating room and switch 
houses should be designed to exclude rain when partly open. 

Interior walls are usually finished in brick set with close joints and neatly 
pointed. Glazed brick or tile are appropriately used for walls in generating 
rooms. The upper portion of such walls should be of light color. The basement 
floors are usually of smooth cement. Generating room floors should be of tile, 
brick or other material not tending to form dust. The boiler room floors are 
usually hard-burned brick or special concrete. The battery rooms should have 
floors of brick or acid-resisting asphalt. Stairways are preferably of iron and 
should be provided with non-slip treads. 

Recent practice has evolved a standard type of building division, providing a 
boiler room and a generating room side by side and separated by a solid wall. 
All electrical control apparatus is placed at the side of the generating room oppo- 
. site the boiler room on galleries outside the crane span or in a separate section of 
building. This general ground plan has a number of important advantages. 
The framing may be proportioned to the loads in the different sections, the 
boiler plant and generating plant may be extended with equal facility, all wiring 
is isolated from steam piping, dirt and smoke are excluded from the generating 
room and accidents may be isolated in the section in which they arise. 


BOILER-ROOM LAYOUT. — (See also Boilers; Chimneys; Draft, Mechani- 
cal; Fuel; Smoke Prevention; Steam; Stokers, Mechanical; Feed-waler Healers 
and Purifiers.) 


Capacity and Number of Boilers. — The rating of boilers is purely nominal 
and their evaporative capacity is limited largely by the rate at which fug can 
be economically burned in their furnaces. A well-designed unit is capable of 
giving from 75 to 100 pounds of equivalent evaporation per hour per rated horse- 
power, though forcing to this extent involves some sacrifice of efficiency. The 
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boiler plant should have sufficient steaming capacity to operate all steam ma- 
chinery at its maximum output during the period of peak load, plus reserve 
capacity to insure against boiler shut-downs. The most economical boiler 
capacity depends largely on the form of the load curve. It is economical to 
force boilers to very high outputs during short and severe peaks, due to the re- 
duction of investment and of fuel required for banking tires. With a very even 
load curve lacking extended banking periods it is most economical to install 
capacity sufficient to carry the average load at the highest efficiency. In 
modern public service stations it is customary to draw on boilers up to 200 or 230 
per cent of their nominal ratings during peak loads. In a large number of 
modern stations ranging in capacity from 400 to 10,000 kw. the average boiler 
. installation was found to be 0.4 boiler horse-power per kilowatt of generating 
capacity. In very large stations of recent design this ratio is from 0.25 to 0.3 
boiler horse-power per kilowatt. i 

The simplest arrangement possible is to group with each generating unit one 
or two boilers, but this scheme lacks operating texibility. In large steam plants 
the boilers are all operated in parallel on a common steam header, though pro- 
vision is often made to isolate groups of boilers in emergencies. With this ar- 
rangement the boiler plant may properly be subdivided into the number of units 
allording the greatest economy and convenience. Large boilers are usually 
, more efficient than small. The unit costs of boilers, stokers, piping, flues, air 
ducts and building are apt to be less for large boilers than for small. The crip- 
pling of a large boiler withdraws from service a larger portion of the total capacity 
and correspondingly larger reserve equipment may be needed. There is no evi- 
- dence to show that small boilers afford greater safety than large. In general a 
. boiler plant should comprise not less than 4 units if continuous operation is 
anticipated, 


Grouping of Boilers. — Two common boiler room plans exist. In one the 
boilers are ranged in a single or double row facing a firing aisle which runs the 
length of the plant. In the other there are several lateral firing aisles, each 
serving a double row of boilers. ‘The former plan is appropriate when the aggre- 
' gate length of firing aisle does not exceed the length of the generating room. The 
latter plan lends itself well to the unit or group scheme of connection to genera- 
tors. When the greatest economy of ground space is necessary, the boiler plant 
is double-decked, but this plan complicates the handling of fuel and ashes, re- 
duces the natural light and ventilation and requires a building of very heavy 
framing. A basement space is provided below the boiler room. This space 
contains the ash hoppers, air ducts for forced draft and ash disposal equipment. 
Boiler feed pumps, blowers, hotwells, feed water heaters and flues are often 
d inthisspace. The head room of the basement should be not less than 1o 
eet. 


Boiler Spacing and Clearances. — With few exceptions boilers are set in 
batteries of two, with a space of 5 feet or more between batteries. A space not 
less than 5 feet wide should be left behind the settings for repair work, access to 
blow-off valves and minor piping. If the main piping or flues occupy this space 
it should be at least 8 feet wide. Each firing aisle should afford ample space to 
_ withdraw boiler tubes, drums and furnace structures for replacement or repairs, 
. The width is usually between 18 and 25 feet and varies with the type of boiler 
and furnace. Clear head room above the boilers should be ample to install and 
repair the main piping and valves and to remove and replace boiler drums. An 
allowance of from 10 to 12 feet is usually ample. The following table gives 
' minimum allowances of floor space for water-tube boilers of the most widely- 
` Used types, set in batteries of two: 


- wee — 
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TABLE IL. — MINIMUM BOILER ROOM SPACE ALLOWANCES FOR 
WATER-TUBE BOILERS 


4oo-hp. units in batteries of two 1.25 sq. ft. per hp. 


soo-hp. units in batteries of two 1.20 sq. ft. per hp. 
6oo-hp. units in batteries of two 1.05 sq. ft. per hp. 


In power plants of modern design the actual boiler room area per boiler hose 4 
power ranges from 0.9 to 2.00 square feet, the average being very nearly 14 ^ 


square feet. 


Location of Flues. — Boiler flues may be placed on the floor at the rear ol ) 
the settings, in the basement space beneath the rear of the boilers, or may be he 
carried overhead. Flues may be of brickwork or of steel plates reinforced with 


angle-iron stiffeners. In the most compact designs steel flues are used over the 


rear of the settings. Brick flues should be lined with firebrick. Steel dusam =" 
built up from 4%-inch plates when indoors and of %¢-inch plates outdoors ` 
Flues should be as short, air-tight and straight as possible and should prele- * 
ably have an upward gradient toward the chimney. It is good practiceto `“ 
allow from 4.5 to 5.5 square feet of flue section for each 1000 pounds of col ~ 
burned per hour in the boilers served. Branch flues should be equipped with ` 


swivel dampers to permit boilers to be shut down independently. 


Location of Economizers. — Economizers are most frequently set onasted 


gallery above the rear of the boiler setting. Less frequently they are set on the 


boiler room floor behind the boiler settings or on a floor above the boiler room. , 
Each economizer unit is provided with a by-pass flue below or behind the econ . 
mizer setting. A soot chamber is provided beneath the tubes and should be -~ 
from 2 to 2.5 feet indepth. Access must be allowed along the front of theecone . 


mizer to permit the opening of the cleaning holes in the bottom branch pipes. 
Clear space of 1o feet or more is required above the setting to permit the with 
drawal and replacement of the tubes. Economizers are usually set in brid 
work and subdivided into sections, each associated with a battery of boilers. 
A large central economizer can often be installed at lower cost, but affords less 
flexibility in operation. 

Chimneys and Mechanical Draft Appliances. — (See also Chimneys; Brick 


and Brick Masonry; Draft, Mechanical. Brick chimneys are usually cariad ^ 


down to foundations independent of the building and outside of its walls In `: 


exceptional cases where greatest space economy is necessary, brick chimneys ate 
carried by steel columns integral with the framing of the boiler house. Stee! 


stacks are usually supported on cast-iron base plates carried by the structural 
frame work of the boiler house. Fans for forced draft are commonly set at ce ` 


trally located points on the boiler room floor and distribute air to the varow ` 
furnaces through ducts of sheet steel beneath the main floor. Induced drat ^ 


fans are usually installed in duplicate and are located at the bases of the chim 
neys. Short steel chimneys are generally employed with induced draft systems 


Coal and Ash Handling Equipment. — (See also Conveyors; Cranes; Fads 
Hoists, Eleciric; and U nloaders.) 


Coal Storage, External. — Continuity of fuel supply is a vital necessity 


to power stations. Insurance against interruptions of delivery is commonly 


made by use of internal bunkers and external coal storage yards. The amount d 


of fuel to be kept in reserve is a local problem and depends on the certsinty d 
delivery, the fluctuation of the market, the rate of deterioration of coal In storage 
and the danger of spontaneous combustion. Coal exposed to the weather loss 
heat value at a rate which depends on its content of volatile fuel and which may 
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. iced 1 per cent per month. Coal stored in deep piles is liable to spontaneous 


ignition, especially if it contains much sulphur. Both difficulties may be ob- 
viated by storing coal in basins under water. Bituminous coal should not be 
piled deeper than 35 feet unless submerged. As a precautionary measure iron 
pipes may be sunk into coal piles at intervals and the temperature read period- 
ically by a suspended thermometer. A coal yard is commonly spanned by a 
gantry crane carrying an automatic grab bucket for distributing and reclaiming. 


Coal Storage, Internal. — Internal storage is provided in overhead 
bunkers supported by the boiler house framing above the firing aisles. Bunkers 
are of two general types, suspended steel tanks bung from the framing, and 
hopper-shaped structures of reinforced concrete incorporated into the building 


- proper. Suspended bunkers are usually conerete-lined and have a limited 
. Storage capacity, the practicable limit being about 10 tons per linear foot. Built- 


: in bunkers are best adapted to large storage capacities up to 40 tons per linear 
- foot. Bunkers should be divided by transverse bulkheads to increase their 
- Strength and assist in isolating trouble from spontaneous combustion. Hopper 


bottoms should have a slope of 45° or more to make them self-clearing. Cut-off 
gates should be provided at point of attachment to down-spouts. Automatic 


: weighing and recording hoppers may be installed between bunkers and down- 


spouts to good advantage as their records assist in keeping check on boiler per- 
fomances. Down-spouts should be not less than 12 inches in diameter and 
should be slightly inclined to lessen the tendency of the coal to pack. The firing 
aisle is sometimes equipped with an electrically-operated traveling hopper which 
may draw coal from any desired bunker section and distribute it to the several 


— Stokers. 


The bunker capacity desirable in a boiler plant depends on the extent of the 


external storage and the facilities for fuel handling. Bunker capacity sufficient 


. for from 4 days’ to 7 days’ supply is generally adequate. Very large bunkers 


are costly and are apt to lead to trouble from spontaneous ignition. In comput- 


. ing bunker capacity it is customary to allow 40 cubic feet per ton of coal. 


Coal Handling. — The handling of coal which is delivered by rail and is 
tobe delivered directly to overhead bunkers is most readily accomplished by the 


following plan. The loaded car is run over a track hopper into which it dumps 


E 


from beneath. The hopper delivers to a crusher which reduces the coal to a 
uniform size suitable for the use of the stokers. The coal is delivered by the 
crusher to an elevator which may consist of some type of skip hoist, inclined 


` belt or endless chain of buckets. Jf a skip hoist or belt is used the coal is dumped 
- intoa receiving hopper after its ascent and is finally distributed to the bunker by 


à horizontal belt, flight or bucket conveyor. A chain of pivoted buckets may be 
used as both elevator and distributor. 

When the boiler room is arranged on the unit plan, i.e., boilers in rows facing 
transverse firing aisles, each aisle should have its bunker system, track hopper, 
crusher, elevator and conveyor. Such a conveyor may properly be of the 
pivoted-bucket type and may serve to elevate and distribute coal or to collect 


_ ashes from the ash hoppers beneath the boilers and deliver them to an ash bunker 


built out over the railroad track. 
Reliability is a most important factor in all coal-handling systems and is pro- 
moted by making the system mechanically simple and rugged, by installing 


` duplicate sets of equipment and by the sectionalizing of bunkers and conveyor 
< outfits into independent units. 


Coal delivered by water is usually handled by a clam-shell or grab-bucket un- 


' loader which dumps it into a receiving hopper. After being crushed the coal is 


- Conveyed to the storage yard or bunkers by equipment similar to that just 


` described, 
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Ash Handling. — If ashes are handled by a conveyor when wet or hot 
the corrosive action on the buckets may make maintenance costly. When the 
ashes are not handled by- a conveyor system it is customary to provide a trad 
running beneath the ash hoppers on which small cars may be run to haul ashes to 
the dump. 


Feed-water Systems. — (See also Pipes and Piping; Feed-woler Heu 
and Purifiers; Pumps and Pumping Engines; and Valves.) Condensing plants 
usually draw feed water from the hot-wells of the condenser system. When 
surface condensers are used a small amount of make-up water must be added 
from outside sources. The water discharged from jet condensers may be used 


for boiler feeding if of suitable quality. Non-condensing plants operating in - 


connection with steam heating systems usually draw feed water from the retum 
system, with added make-up water as required. Open heaters of all types are 
placed on the suction side of feed pumps. Closed heaters are placed on the de- 
livery side. Meters are usually placed in the delivery pipe and should bein 


duplicate if continuous indication is important. Otherwise they should be by-. ` 
passed, as are all heaters and economizers, to provide for cleaning and repais ` 


during operation. 


Water is supplied to boilers through a feed main which is run along the front. 
or rear of the boilers, often in the basement space below. Double and ring mais --» 


are occasionally used though the gain in reliability is doubtful. An auxiliary 
injector main running direct to boilers from the source of cold water is sometimes 
installed as a reserve. Iron pipe is generally employed with cold water and bras 
pipe for water above 200? F., or water which has a pitting tendency. Screwed 
joints are generally used with pipe diameters less than 2 inches. Larger pipe 
are fitted with screwed flanges. 


Feed pumps should be installed in duplicate on each feed main or cross-overs : 
provided between pumps. There is wide divergence in the location of feed `: 


pumps. In most plants of the unit type each feed pump is associated with the 


auxiliaries of a generating unit and is cared for by the turbine operator or oiler. 


In other cases feed pumps are grouped in a central position on the main floor of 
the boiler room and are cared for by a water tender. In other cases the feed 
pumps are placed in a separate basement pump room. 

A relief valve should be placed in the pump delivery to prevent strains from 
excess pressure. The size of feed pipe is usually such as to allow a maximum 


velocity of from 300 feet to 400 feet per minute. At least two valves, a regulating... 


valve and a check valve, should be placed in each boiler branch. 


Condenser Water System. — (See also Condensers, Steam; Cooling Systm 
for Power Stations.) Cooling water for condensers is obtained from an adj 
cent body of water whenever possible and in other cases from a cooling pond of 
the basin beneath a cooling tower. In the former case large concrete intake and 
discharge tunnels are usually provided. These run beneath the generating room 
in alignment with the intake and discharge pipes of the condensers. The ctos 
section of these tunnels should be ample to keep the flow of water down to 5% 
6 feet per second. Intakes should have generous openings fitted with trash 


racks and should if possible be placed at a considerable distance upstream from : 


the discharge outlet. In some cases it is necessary to build a baffle wall in the 
stream between the two tunnels. A shut-off gate is usually provided in exh 
tunnel to facilitate cleaning and repairs. The tunnels should be of suficient 
depth to insure an adequate supply of water at the lowest stage of tide or stream 
flow. The circulating system of surface condensers is fully enclosed and the 
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work done by the circulating pump is merely that necessary to overcome dc 


fluid friction in the system. 
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GENERATING ROOM LAY-OUT. — (See also Condensers, Steam; Cranes; 
Feed-water Heaters and Purifiers; Generators, Alternating Current; Generators, 
Direct Current; Lubricants and Lubrication; Pipes and Piping; Pumps and 
Pumping Engines; Steam Engines; Steam Turbines; and Valves.) 


Capacity and Number of Units. — A generating plant should have suffi- 
Gent capacity to serve its peak load with any one generating unit shut down. 
The reserve capacity needed above normal requirements may be provided most 
economically by selecting types of equipment capable of giving large overloads 
in emergencies, by maintaining in service condition obsolete machinery which 
is physically sound but uneconomical, by installing a large reserve storage bat- 
tery, or by tying in parallel several power plants so that a moderate reserve may 
be shared in common. More reserve capacity is needed when a plant contains 
few large units than with many of small size. A smaller number of units than 
four is disadvantageous, due to the relatively large reduction of capacity by the 
disabling of one. A larger number than eight units has no inherent advantages. 
Large units are generally more economical than small units if kept well loaded. 
If the plant has a normal daily period of very light load it may be economical 


- Joemploy one small unit well suited to this load. 


Types of Equipment. — Steam-turbine generators are now almost exclusively 
for alternating-current generation in units exceeding soo kw. The turbine has 
little or no advantage over the engine in smaller sizes and in non-condensing 
plants the engine is often superior. On account of its high speed the tur- 
bine is poorly adapted to the direct driving of d-c. generators. Large d-c. 
generators are becoming obsolete in steam plants, for it is usually more economi- 
cal to generate alternating current in turbine units and convert it to direct 
current either locally or in distant substations. A self-contained unit comprising 
boiler, engine and condenser, known as the Jocomobile, has been largely used in 
very small European plants and is now being introduced in America. 


Arrangement of Generating Rooms. — The modern standard power house 
has a long and narrow generating room placed between a boiler house and a 
switch house or series of electrical control galleries. The generating room is 
spanned by an electrically-operated crane. The generating units are usually 
ranged along this room in a single or double row. Each unit comprises a prime 
mover, electric generator, condenser and the associated pumps and their motive 
power. In most instances a basement space or series of open pits is provided 
ie the main floor in which the condensers, pumps and most of the piping are 
ocated. 


Arrangement of Turbines. — In many plants using vertical-shaft tur- 
bines the basement has been omitted and the auxiliaries grouped about the base 
of the turbine on the main floor. In such cases the condenser is either incorpora- 
ted into the base of the turbine or is placed on the floor immediately beside it. 
This grouping of equipment on a single floor has several operating advantages. 
All apparatus has good light. A single operator can give efficient attention to a 
large group of equipment, and machinery so placed usually receives closer atten- 
tion than it would in a pit or basement. All pieces can be readily handled by 
the crane without interference with other apparatus. The ample head room is 
advantageous in making repairs. The basement plan is especially economical 
of floor space, but makes the auxiliaries relatively less accessible. Placing con- 
densing equipment in open pits beside the engine or turbine piers makes it acces- 


Sible for inspection and for handling by the crane. 


In determining the arrangement of a generating room it is essential to provide 
each element with ample space for all needed attention during operation or 
repairs. Sufficient clear floor space about a unit is usually provided to permit 
it to be dismantled without removing the parts to a distance. Clear trucking 
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space is also desirable. The separate pieces of machinery should be 30 arranged 


. à : h 3üpot 
that the crane can be conveniently used in assembling or dismantling any piece a 
without interference with others. Clear overhead space below the crane hook ili 


should be sufficient to permit any heavy part to be lifted clear of its setting and 
carried away. The crane girder and trolley must clear all roof trusses and light- 3 ye 
ing fixtures. Clearance must be allowed at the generator ends of horizontal x 
turbine units to withdraw the revolving field structures. 


Arrangement of Condensers. — In setting surface condensers deer =< ppa 
working space must be allowed at both ends to remove the heads and at one end — ca 
clear space must be allowed to permit the withdrawal and replacement of tubes. 52 
Jet condensers should be set in such a manner that the head can be conveniently uu 
opened for repairs. Condensers in general should be set below the level of the į 
associated prime mover and as close as possible to its exhaust port. The con- M 
denser connection should provide natural drainage for condensed steam. It i 
should have as few joints as practicable to avoid occasion for air leaks. Itis ~: 
usually desirable to provide a copper expansion section in this connection as 
joints in a rigid pipe are difficult to keep air-tight with varying temperatures >; 
The arrangement of a central condenser serving a group of prime movers isum - 
common in electric power plants, Barometric jet condensers are often placed 
outside of the wall of the building on account of the long tail pipe required. — 

Floor Space in Generating Rooms. — The floor space provided per kile čie 
watt varies greatly with the size, type and arrangement of equipment. Th =; 


following data from modern steam-turbine stations are illustrative of the range — ^j. 
of best practice. 


TABLE Ill. —SPACE COVERED BY STEAM-TURBINE POWER ` 
STATIONS 


in 


Station Capacity, Boiler room, | Turbine room | Totsl, suare | <, 
No. kilowatts square feet | square feet es 
per kilowatt | per kilowatt = 
A oTt 0.70 ER 

" 0.74 0.69 1.43 " 

à 3.12 0.70 1.81 3 

4 I.13 0. 50 1.63 E 

: Oeo 0.37 Lao 500 

? . 0.92 0.40 1.32 | = 
an. 0.44 0.40 0.84 > 
: 9:00 0.30 0.90 | i 

9 0.48 0.17 0.65 2 


Oiling Systems. — (See also Lubricants and Lubrication.) Steam powet 
plants afford three classes of lubrication problems, viz., wearing surfaces exposed 
to high temperature steam, as in cylinders, valve chests and stuffing boxes; 3t- 
mospheric surfaces of open guides and journals; and enclosed surfaces, chief 
journals. Steam surfaces are lubricated with cylinder oils of mineral origin 
supplied in atomized form by forcing the oil in small quantities into the steam 
supply pipe. Oil may be supplied by a local force-feed pump or hydrostatic 
lubricator or may be supplied from a central tank and pump supplying a group 


of cylinders. Bearings, guides and other exposed surfaces are lubricated by ol 
or grease supplied by hand or from adjustable feed cups. Enclosed surfaces 
are usually lubricated by splashing or by flooding with oil from a central source 
af supply. The flooding system is most efficient. Oil from a central tank 5 


x: 
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forced by pump or gravity to the various working parts whence it returns through 
a drip system to collecting pans and Hiters. After purification a small amount 


-* of make-up oil is added and the reclaimed supply restored to the oiling system. 


PIPING SYSTEMS. — (See also Pipes and Pipine; and Valves.) The 


.. various piping systems in a power plant are subdivisible into the following groups: 


+, 


(0) High-pressure steam piping between boilers, main units and auxiliary engines; 
(b) exhaust piping to condensers; (c) exhaust piping to feed-water heaters; (d) 
atmospheric-exhaust piping; (e) feed-water piping; (f) cooling-water piping; 
(f) pipe-drainage system and (A) oil piping. To facilitate the identification of 
pipes of various classes it is desirable to paint each a distinctive color. 

High-pressure Steam Piping. — The chief considerations in laying out high- 
pressure piping are (a) to produce a reliable system without complexity; (5) to 
make all joints permanently steam tight; (c) to take up all expansion strains; 
(d) to maintain proper steam pressure at all points of delivery; (e) to reduce to 
an economic minimum the loss of heat by radiation and (/) to drain from the 
entire system all water of condensation. In many older systems of piping 
elaborate ring and multiple headers, with numerous by-passes, cross-overs and 
duplicate-connection branches were employed in the endeavor to promote re- 
liability by making possible the isolation of any fault. Reliability is sought in 
modern systems by very simple connections with skillful design and the best 
possible construction. 


Unit and Parallel Systems of High-pressure Piping. — The unit 
system and the parallel system of connection with their various modifications are 
now most extensively used. The unit system of piping connects a separate 
group of boilers to each prime mover and its auxiliaries. The parallel system 
provides a large steam header running the length of the plant into which all 
boiler branches deliver and from which all prime movers are supplied. Unit 
Systems are usually provided with cross-overs between unit steam and water 
headers to permit the parallel operation of different sections in emergencies. 
Parallel systems are often provided with sectionalizing valves to permit the iso- 
lation of any section ín case of accident. Diagrammatic sketches of unit and 
parallel grouping are shown in Figs. 1 and 2. 

Size of Piping. — Pipe sizes for high-pressure work are generally deter- 
mined by the maximum allowable steam velocity. It has been found satis- 
factory and economical to allow a maximum velocity of 6000 feet per minute 
with saturated steam and from 9ooo to 12,000 feet per minute with superheated 
Steam. The flow to piston engines is intermittent and the pipe size should be 
proportioned according to the velocity during admission unless a receiver is 
installed. The steam header of a parallel system serves as a reservoir to equalize 
pressures and prevent vibrations in the piping. Its cross section is properly 
proportioned according to the maximum cross flow of steam with any boiler 
section inoperative. 

Joints. — Joints in high-pressure piping are usually of the screwed type 
for diameters under 3 inches and of the flanged type for larger sizes. Flanged 
joints may be made between ground faces or by aid of gaskets, the former type 
being preferable for high-pressure steam. An excellent joint is made by drawing 
up with loose collar fanges the turned-over ends of pipe sections with faces ground 
true, often called a Van Stone joint. Such joints are more expensive than rigid 
flanged joints but the possible swing of the pipe about its axis is a great advan- 
tage in the final aligning and connecting up of a system with many branches, 


Provisions for Expansion. — Provision for the expansion of pipe with- 
out straining joints and fittings is imperative. Between two points which must 
be rigidly fastened expansion is taken up in expansion loops and bends. The 
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radius of such bends should in all cases be not less than five times the pipe* 
diameter and at each end of the curve there should be a length of straight pie 
not less than twice the diameter. Welded flanges are recommended for tbe 
attachment of bends. When bends cannot be used recourse must be had to 
swivel joints or slip joints, which should be avoided if possible. When screwed 
joints are employed expansion is commonly provided for by the use of sections 
having single, double or triple swing about a screwed connection. Pipes of cor 
siderable length must be anchored at more than one point to prevent vibration 
Between each anchor expansion bends are required and the pipe must be support: 
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ed by hangers, roller brackets or pedestals allowing longitudinal motion. An- 
Chorage is usually made at points of attachment to branches, and fittings with 
anchor bases are employed for the purpose. 


Lagging. — Live-steam pipes, boiler-feed pipes, steam drums, receivers 
and separators should be covered with heat-insulating material to reduce the 
radiation losses to a minimum. The loss from bare pipe is approximately 3 
B.t.u. per square foot per hour for each degree difference of temperature. Good 
commercial coverings, such as magnesia, felt, asbestos, mineral wool, etc., will 
prevent from 75 to go per cent of this loss if properly applied. 


Drainage. — Saturated steam in passing through pipes undergoes a small 
amount of condensation due to friction and heat radiation. The presence of 
water in steam piping is a source of danger, for a water slug, if picked up by the 
moving column of steam, may be driven with tremendous force against any 
opposing surface, such as a valve, sharp bend or cylinder, with destructive re- 


- sults. Pipes should be slightly inclined so that water drains away from the prime 


\ 


NN 


X 


movers and every point where water may collect must be provided with a drip 
Connection. These drip connections are run through traps to the hot-well so 
that the hot water may be returned to the boilers. In other systems the drip 
water is returned directly to the boiler. Separators are often installed at the 
inlets to reciprocating engines and exhaust steam turbines taking wet or satu- 
rated steam, to drain the moisture from the entering steam. Drip connections 
should always be made to these separators. Bleeder connections to live steam 
lines are provided in order that the water condensed in warming up the pipe 
When steam is turned on may be drawn off. 


Valves. —Valves for steam pipes are of two general types, gate valves and 
globe valves. Either type may be outside screw or inside screw, according as the 
Screw of the spindle is outside or inside of the casting. Outside screw types are 
preferred for high-pressure work as the position of the spindle is then an index 
Showing whether this valve is open or closed. 

Check valves are required in boiler connections to prevent steam flowing into 
the boiler when cold or when its pressure is below that of the header to which it 
is connected. Emergency valves are often provided to cut off the steam under 
abnormal conditions, such as the bursting of a pipe or the racing of an engine. 
These often take the form of a weighted valve which closes itself when a trip is 
released. Electric motors and hydraulic pistons are sometimes connected to 
ordinary valves to provide for remote control during emergencies. 

Blow-off valves of boilers are subjected to very severe service and are made 
exceptionally rugged. Such valves must close without leaks, open readily and 

ish a free path for the ejection of scale and sediment. The wearing parts 
of such valves should be readily renewable. Best practice requires the use of 
two blow-off valves or a valve and a cock. The steam, water and sediment are 
usually blown through a tank partially filled with water before being exhausted 
to the air. 

A few rules relative to the installation of high-pressure valves and piping may 
be noted. All valves of a diameter above 6 inches should be by-passed to facili- 
tate opening under pressure. Valve stems are often placed horizontally to lessen 
the tendency to form water pockets. Angle valves should be selected whenever 
convenient because of the greater room in them. Branches from mains to boilers 
should have at least two valves, an ordinary stop valve next to the main and an 
automatic check valve near the boiler. Valves are best placed at the highest 
Points in the pipe to simplify the drip system. When the flow of steam is inter- 
mittent heavy valves should not be placed far to one side of a line joining the 
Points where the pipe is supported as they may cause vibration. 
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Branches from a main to a prime mover should have a stop valve at the highet . 


point near the main. A receiver-separator from three to four times the volume 
of the high-pressure cylinder should be placed as close to the throttle of a piston 
engine as possible to equalize steam flow and drain moisture from the steam. 
When superheated steam is used cast-steel fittings and valves are preferred to 
cast iron. Branch pipes are almost invariably connected to the top of the main 
to prevent water from passing into the branches. When superheated steam is 
supplied to the main units and saturated steam to the auxiliaries a separate 
steam main for the latter is employed. 


Exhaust Steam Piping. — The size of the exhaust pipe of a prime mover is 
determined by the permissible back pressure. High vacuum requires ports and 
exhaust piping of large diameter and the length of pipe to the condenser as short 
as possible. An atmospheric-relief valve which is normally closed by air pres- 
sure against a spring or weighted lever but which opens automatically when the 
vacuum fails should be installed in the condenser pipe. Atmospheric-exhaust 
pipe is usually spiral riveted as no precaution against leaks is required. This 
usually terminates in an enlarged exhaust head which contains baffles to drain 
from the steam condensed water and oil before it discharges to the air. A com- 
mon exhaust main for a number of units is often employed. When exhaust 
steam is used for heating purposes the system is supplied through a back-pressure 
valve which automatically opens the atmospheric exhaust if the back pressure 
exceeds that required to operate the heating system and closes when normal 
back pressure is restored. 


GENERATOR AND CONTROL EQUIPMENT. — (Ses also Batteries, 
Storage, Applications of; Bus-Bars and Bus-bar Structures; Circuit Breakers; 
Generators, Alternating Current; Generators, Direct Current; Reactance Coils; 
Regulators; Relays; Switches; Switchboards; Switchgear Equipment for Powe 
Stations; Transformers; Transformers, Instrument; Wires and Cables.) 


Direct-current Generators. — Three-wire lighting service may be provided 
(a) by the connection of generators in sets of two in series, (b) by the use of three- 
wire generators with external or internal compensator coils or (c) by the use of 
voltage balancer sets associated with standard two-wire generators. Railway 
generators are operated at or near 600 or 1200 volts and are grounded at one 
pole, usually the negative. Series fields and equalizer connections may be on 
either the positive or the negative side. Equalizer switches are often carried by 
pedestals near the generator terminals to save wiring to the switchboard. Sat- 
isfactory voltage regulation for railway systems is usually provided by the use 
of compound generators. The close voltage regulation required by lighting 
systems is best provided by the use of a regulator of the Tirrill type. (Se 
Regulators.) 


Alternating-current Generators. — Synchronous 3-phase generators are 
used most extensively. Induction generators are often advantageous in con- 
nection with exhaust-steam turbines. Synchronous turbo-alternators are now 
designed with high internal reactance to prevent excessive transient currents 
immediately after the creation of a short-circuit. Jf the internal reactance is 
inadequate they may be connected to the bus-bars through reactance coils. 
(See Reactance Coils.) In some cases the generators are operated at half the 
bus-bar voltage and are connected through raising auto-transformers wound with 
large reactance. 


Grounding the Neutral. — Three-phase alternators are usually Y- 
connected and provision is frequently made for the grounding of one generator 
at the neutral point to prevent dangerous potential rise should a wire become 
accidentally grounded. More than one grounded neutral in a group of genet 


Power Stations, Steam-electric 1131 


. ^ ors in parallel is undesirable, due to the possibility of a third-harmonic circu- 
`- lating current passing through the neutral connection. 


Air Ducts for Forced Ventilation. — Modern turbo-alternators are 
designed for forced ventilation. A system of ducts should be provided, either 
overhead or beneath the floor of the generating room from which each generator 
may draw a supply of clean outside air. ‘This air is forced through the venti- 
lating spaces of the stator and rotor by the fan action of the rotor. Discharge 
ducts are also provided in case it is undesirable to discharge the heated air to 
the generating room. It is desirable to equip such ducts with dampers so 
that the air may be discharged indoors or outdoors as desired. In many cases 
where the air supply is dusty it is desirable to install air-conditioning equip- 
ment in the intake of the system. See General Flectric Review, Vol. 16, p. 627 
for a full discussion of turbo-generator ventilation. 


Excitation. — Fig. 3 shows the exciter capacity required by modern alterna- 
tors. In small plants each alternator is often provided with its individual 
exciter driven by the main shaft. Large stations are provided with central 
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Fig. 3. Exciter Capacity Required by A-C. Generators 


systems of excitation comprising not less than two, and generally more, direct- 
current generators, driven by independent motive power. At least one exciter 
in every plant should be steam-driven. Three-phase induction motors are quite 
generally used for the electric driving of exciters. The exciter system is fre- 
quently reinforced by a floating storage battery to insure the supply of exciting 
current in every emergency. (See Batleries, Storage, Applications of.) All 
alternator fields are supplied through adjustable rheostats from a set of excita- 
tion bus-bars, except that in a few very large plants the excitation system is 
sectionalized for the'sake of reliability. Exciters are commonly rated at 125 or 
250 volts, and are usually compound-wound, with magnetic circuits normally 
in a state of low saturation. The best position for exciters in large stations is 
generally near the center of the generating floor. 


Voltage Control. — In both alternating- and direct-current stations very 
sensitive regulation of the bus-bar voltage may be obtained by the use of appro- 
priate types of Tirrill regulators. (See Regulators.) When the load variations 
of different feeders are quite unlike it is often desirable to provide each feeder or 
group of parallel feeders with independent feeder regulators, which may be 
hand-operated or may be automatically controlled by voltage relays. 


Transformers. — The arrangement of the transformers depends to some 
extent upon the type used. When it is not convenient or possible to allow above 


1 
i 


1132 Power Stations, Steam-electric 


each transformer clear head-room for crane handling, the transformer cells may 


aN- 


be arranged to open at one side along a track and have raised floors at the level 


of a flat car, so that the assembled units may be slid into or out of place. 
Air-blast Transformers. — These are largely used for step-up servicein 


power stations in connection with feeders operating at 20,000 volts or les. ` 


EI 2000 


Railway transmission lines and feeders operated at more than 20,000 volts are 


usually supplied through oil-insulated, water-cooled transformers. Air-blast 
transformers are usually placed above a common pressure pit whose air-supply 
is drawn from out-doors by electrically operated fans. Each transformer may 
be equipped with adjustable dampers to regulate the air supply. 


Oil-insulated Transformers. — In some cases oil-insulated transform- 
ers are isolated in fire-proof cells built of concrete or masonry. The fire-risk 
is usually not sufficient to warrant isolation for each unit, but it is often desirable 
to enclose each 3-phase bank. Large oil-insulated transformers should be con- 
nected to an oil-drainage system to facilitate the withdrawal and replacement 
of oil. 


Switching Equipment and Wiring. — For descriptions and standard at- 
rangements see the following articles: Bus-Bars and Bus-bar Structures; Cir- 
cuit Breakers; Regulators; Relays; Switches; Switchboards; Switchgear for 
Power Stations; Synchroscopes; Transformers, Instrument; and the articles on 
the various kinds of meters. 


Wiring. — In direct-current stations the power conductors are usually 
rubber-insulated copper cables run from generators to switch-board and thence 
to outside circuits in ducts of tile or fiber. In some cases the duct system is 
dispensed with and the conductors are carried on open wallracks spaced by in- 
sulating knobs. In small alternating-current stations the wiring to and from 
the switchboard is usually in a duct system, but the switchboard and bus-bar 
wiring is open and is supported by porcelain insulators on walls and on a light 
frame work of pipes or angle-irons. 

In plants of 12,00c kilowatts and up, operating at voltages of 20,000 or less, 
it is customary to isolate all conductors of unlike polarity as fully as possible ia 
fireproof cells and barriers. The essential features of such a system of isolation 
are as follows: — (1) Each horizontal run of conductor is drawn into its indi- 
vidual duct of tile or fibre set in a concrete floor; (2) each bus-bar is mounted 
in a separate horizontal cell of concrete or masonry; (3) each instrument trans 
former and disconnecting switch is in a separate cell; (4) each pole of a bottom- 
connected oil switch or each complete top-connected switch is in its separate 
cell; and (5) vertical fire-proof barriers are placed between all vertical runs of 

conductor. Isolation of this nature is seldom practiced'in systems above 30,000 
volts, but open overhead wiring with generous spacing is employed. 

In an enclosed system the power connections are appropriately formed by 
single-conductor copper cables, insulated with rubber or with cambric tape, and 
covered with a fire-resisting sheath. Lead sheathing is seldom employed unless 
the wiring is exposed to dampness. The cross section of such conductors is 
determined by the safe limits of temperature rise. 


COST OF STEAM POWER STATIONS. — Power station costs are sub- 
ject to wide variations with the type and elaborateness of equipment, construc- 
tion difficulties and rated capacity. 


Capital Costs. — Illustrative data showing the range of unit costs of the 
chief divisions of plant equipment are given by O. S. Lyford, Jr., and R. W. 
Stoval of the Westinghouse, Church, Kerr Co., in the Electric Journal, 1912, 
"Vol. 9, p. 322, as follows: 


- 
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TABLE IV. — COSTS OF STEAM-ELECTRIC POWER STATIONS 


Capacity, 2000 to 20,000 kw., based on maximum continuous capacity of 
generators at 50° C. rise 


Dollars per kw. 


i 
Item | -—— —————- 
| High : Low 
Preparing Site: Dismantling and removing structures, | 
making construction roads, tracks, Ctc..........00 2.2 | 0.25 0.00 
Yard Work: Intake and discharge flumes for condensing | 
water, railway siding, grading, fencing, sidewalks......... 2.50 1.00 


Foundations, including foundations for building, stacks 

and machinery, together with excavation, piling, water- | 

proofing etesen SEDI UR duni dead e Praesent eee eres 6.00 1.00 
Boiler Room Equipment, including boilers, stokers, flues, 

stacks, feed pumps, feed-water heater, economizers, me- 

chanical draft, and all piping and pipe covering except for 

condenser Water aside cunts tied odora vu uie wea atte ie efte Denies 24.00 12.00 
Turbine Room Equipment, including steam turbines and 

generators, condensers with condenser auxiliaries and 

water piping, oiling system, etc.......... 0.00 esee 22.00 12.CO 
Electrical Switching Equipment, including exciters, ma- 

Sonry switch structure with all switchboards, switches, 

instruments, etc., and all wiring except for building light- 


Service Equipment, such as cranes, lighting, heating, 

plumbing, fire protection, compressed air, furniture, per- 

manent tools, coal and ash-handling machinery, etc...... 5.00 2.50 
Building, including frame, walls, floors, roofs, windows and 

doors, coal bunkers, but exclusive of foundations, heating, 


plumbing and lighting.......... sese 12.00 4.00 
Starting Up. — Labor, fuel and supplies for getting plant 
ready to carry useful load... 1.00 | 0.50 


General Charges, such as engineering, purchasing, supervi- 
sion, clerical work, construction plant and supplies, watch- 
men, cleaning dp... «ous ser Re rud RE eA uS Pur 6.00 3.00 


——— 0] ——--— 


Total Cost, except land and interest during construction....! 83.75 38.00 


The same authorities give the costs of foundations at from $1.25 to $4.0¢ per 
square foot of building area, depending on the nature of the sub-soil. Table III 
shows that the ground area of buildings ranges from 0.8 to 2.0 square feet per 
kw., Building costs range from 8 to 12 cents per cubic foot of space, over-all, 
Power plant buildings range from so to 100 cubic feet per kw. 

The writer has correlated miscellaneous data on power plant costs in the form 
of curves, see Fig.4. The curves are shown in an additive sense, e.g., for a 
12,000 kilowatt plant, boiler room equipment and piping cost $17.50 per kw., gen- 
erating plant $37.00 $17.50 = $19.50 per kw., etc., the total cost except land 
and interest during construction being $66.00 per kw. 

Operating Cost and Fixed Charges. — The cost of producing electrical 
energy comprises two groups of items, viz., fixed charges on the investment in 
the power plant to cover interest, depreciation, taxes and insurance, and the 
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TABLE V.— COSTS OF BOILER ROOM EQUIPMENT. “ped fact 
: "ato th 
Doliars per boiler bin 
Item: - horse-powet xtd: 
xim 
ed 
"eri 
Boilers, except settings................. Zhi 
Superheaters.............ce eee e eee es 3.00 0.00 = 
Stokers........ eee uoi edu Ut IEEE 5.50 3.00 ae 
Masonry settings of boilers............ 
lonas eb dei ae e EON E d 
Stacks ciis ca cea po ea a eea a 
Economlzerg us cuius ebd e og: 4.00 Sin 
Mechanical draft..................286. 3.00 us 
Feed pumpir iri cere oe sed I.50 m 
Feed heaters...... 0... cece cece cence 1.00 om 
All piping and pipe covering. .......... 10.00 vig 
Coal chutes and ash hoppers........... 1.25 i 
Miscellaneous items................... dt 
Why 
EE TEE 4. 


cost of operating the 
plant. Fixed charges 
on the investment 
range from 10 to 14 
per cent of the invest- 
ment per annum and 
are practically inde- 
pendent of the load 
factor of the station. 
The amount assign- 
able to each kilo- 


watt-honr is there- 


fore inversely propor- 
tional to the load 
factor and equals, in 
cents, 

100 RI 


F= 360K’ 


where J is the invest- 
ment per kw. of 
capacity, in dollars, 
R is the rate of fixed 
charges expressed as 
a decimal fraction 
and K the annual 
station load factor 
expressed as a deci- 
mal fraction. 


Dollars per Kw. 
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Fig. 4. Approximate Division of Construction Cost of Stem- 


electric Power Plants. (In additive sense, see text.) 


Operating costs include supervision, labor, fuel, other materials consumed 
and current repairs. The cost of supervision per kw-hr. varies almost inversely 
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with theload factor. Labor cost per kw-hr. in boiler plants vary in almost direct 
proportion to the weight of coal burned per kw-hr. Labor cost per kw-hr. in 


aw generating rooms varies greatly with the size of the station and the number of 
wI units operated, since the number of men required depends more on the number 


"E 


" supplies other than 
' fuelaverages about 


: repairs in such sta- 


of units of apparatus to be cared for than on the ratings of these units. Large 
plants are therefore at a large advantage in the item of labor cost. The cost of 
fuel per kw-hr. varies directly with the price of heat units in the coal burned and 
inversely with the over-all efficiency of the station. In modern steam turbine 


stations the cost of 


20 per cent of the 1.0 
total labor cost. 
The cost of current 


tions is from $0.75 

to$i.soperannum 9g 
per kw. of generat- 

ing capacity. A 

high load factor is — 0.7 
distinctly favorable 
to good physical 
eficiency, due to 
the reduction of 
stand-by and light- 
load losses, and to 
economy in the use 
of labor. H. G. 
Stott has pointed 
out that the pro- 
duction cost per 
kw-hr, varies in- 
versely with the 4th 
root of the annual 
load factor. (See 
Proc. ADEE Vol, 0.1 
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32, p. 1127.) 

The writer has 
correlated the rec- © 4000 8000 12,000 16,000 20,000 24,000 28,000 
Ws Vies operat- Kilowatts, Station Capacity 
nG COIS OL as CORN pe 5: oximate Division of Operati of Steam- 
siderable number 5 end Power Planta. (In additive: Pes pas m 
of railway and pub- 


lic service stutso.. having load factors between 25 and 33 per cent, and from 
these data has prepared the curves in Fig. 5. (For the B.t.u. equivalent of a ton 
of coal see article on Fuet.) ‘These curves are shown in an additive sense, in the 
same manner as the curves in Fig. 4. 


BIBLIOGRAPHY. — Gebhardt, G. F., Steam Power Plant Engineering, 
N. Y, 1933; Hobart, H. M., Heavy Electrical Engineering, London, 1908; 
Koester, Fẹ Steam Electric Pawer Plants, N. Y., 1908; Morris, W. L., Steam 
Power Plant Piping, N. Y., 1909; Murray, T. E., Electric Power Plants, 
N. Y., 1910; Snell, J. F. C., Power House Design, London, 1911; Weingreen, 
Electric Power Plant Engineering, N. Y., 1913; Gear, H. B., and Williams, P. F., 
Electric Central. Station Distribution Systems, N. Y., 1911; also the technical 
Journals. [W. E: WICKENDEN.] 
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PRINTING PRESSES, ELECTRICAL OPERATION OF.—(;, ^7 
also Motors, Industrial Applications of.) Owing to the great variety of wok "e 
performed, printing machinery as a rule requires a certain degree of speed varia- 4*100 
tion in order that with a given equipment and operating force, the maximumol th 
high-grade production may be turned out. All necessary speed variations are cat 
most readily, economically and satisfactorily obtained with electric drive and Kd 
control Each press can then at all times be under instant control, so that the “at sh 
entire time of the operator may be devoted to the work in hand. it 
Individual drive is particularly applicable to printing establishments, as n “%3: 
this class of service the ratio is small between the power required to drive the — zar 
machines running idle and when performing actual productive work. With tit 
group drive the ratio between average and connected load is high, due to the © « 
large and constant character of the friction losses. The economy in power -un 
consumption is, therefore, in favor of separately-driven units, which may beshut — x 
down when not operating productively. Jet 
Printing presses may be divided into three principal classes, viz., job, fat- `x; 
bed and web presses. : 


JOB PRESSES. — The job press is the smallest type and requires fom == 
14, to 1 horse-power, depending upon the size. The motor is generally mounted ~: 
on or near the press and the drive may involve either a short belt with idleror — 
occasionally some form of friction device. With these presses a speed variation ~:t 
of 60 per cent is often required, which, as a rule, is accomplished by armature ‘x: 
control, shunt-wound motors being used with direct-current installations and —— 
single-phase repulsion motors with alternating-current. E 


FLAT-BED PRESSES are considerably larger than job presses and consist... | 
of a reciprocating bed containing the type form and a main cylinder on which n 
the impressions are made. The presses require from 2 to 10 horse-power to p 
drive them according to work and size. In the majority of plants a ṣo to oper — -^ 
cent speed variation is desired, and as these presses require a considerable torque 
at starting it is usual to provide compound-wound direct-current motors or phase- 
wound polyphase induction motors. The series winding of the compound-wound 
motors is generally weaker than for standard motors, 1o per cent being an average 
value. The speed control is accomplished by field control for direct-current 
motors and secondary control for induction motors. Most presses of this type 
allow of mounting the motor under the bed toward the front of the machine and 
a belt drive with an idler is almost always used. 


WEB PRESSES vary greatly in size and come under the head of rotary 
presses. Different makers have different classifications for the various sues 
such as the number of decks or webs, as 3-deck, s-deck, 2-web, etc., or accord- 
ing to the number of groups of which they consist, as quadruple, sextuple, 
octuple, ctc. A modern high-speed sextuple press, for example, has three paper 
rolls and six plate cylinders, each cylinder generally being four plates wide. 
The plate cylinders revolve at a maximum speed of 300 r.p.m. A wide range 
of operating speeds must therefore be provided on the controller as the 
press will often be called upon to operate at speeds as low as one-half of the 
above. 

All of these presses require a slow threading speed, usually about 10 r.p.m. 
This speed must be steady as the operators have to thread the paper from rol! to 
roll around the cylinder up over the carriers to the folder, and should the pres 
turn by jerks it might mean the loss of a finger, hand or arm. The control must 
also provide for “jogging” or “inching along" when making the press ready for 
service, that is turning the cylinders through a small fraction of a revolution so 
as to bring them to the desired position for putting on the plates. Brakes must 
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also be provided so that in case of emergency the press may be brought immedi- 
ately to rest. 


Single-motor Equipment. — Motor equipments for web presses are of cither 
the single or two-motor type. The former is used with small and medium-size 
direct-current units but is not practicable above 30 or 35 horse-power. The 
principal objection to single-motor equipments is the difheulty in maintaining 
à constant slow speed, due to the wide variation in torque during any given 
revolution of the press cylinders. The waste of power in the series and shunt 
Iesistances is also a disadvantage, particularly for the larger sizes. Compound- 
wound motors are generally used with the single-motor equipments so as to 
provide for the comparatively-heavy starting torque. Speed regulation down 
to 1o per cent is readily accomplished by connecting a resistance in parallel 
with the armature circuit which, in combination with the serics resistance, gives 
& fixed slow speed. 

Two-motor Equipment. — The two-motor equipment consists, as the name 
implies, of two motors, one of small size for driving the press at slowspeed through 
a worm-gear reduction, and a large motor to drive the press at the full-producing 
speed through ordinary direct gearing. The reduction gearing for the small 
motor is furthermore provided with an automatic ratchet and pawl clutch, 
which mechanically disconnects the small motor when the press is being acceler- 
ated by the large motor. 

Either direct- or alternating-current motors may be used with two-motor 
equipments. When direct-current is used the small motor should be compound 
wound to insure sufficient starting torque. It is also a common practice to make 
the large motor compound wound, so as to accelerate the press more easilv. 
With alternating-current the smaller motor may be of the squirrel-cage type but 
the larger must be of the phase-wound slip-ring type, as a smooth speed variation 
from the 10 per cent threading speed to the full running speed is most essential. 

The capacity of the motors depends on the size and make of the press, and the 
accompanying table is only intended to give an approximate idca of the power 
required: 


Horse-power 


Smali motor Large motor 


Quadruple 
Sextuple 

Double quadruple 
Double sextuple 
Octuple 


Control of Two-motor Drive. — Full automatic control in connection 
with two-motor drive has been almost universally adopted on larger presses. 
The essentials of this control are the complete automatic control of the press 
speed from any number of push-button stations located at different points about 
the press. From any of these stations it is possible to start the press, increase 
or decrease the speed or stop it. Five buttons are generally provided with each 
Station marked ‘‘ Fast," “Slow,” “Stop,” 'Sate" and “Run.” 

Pressure on the “ Fast" or Slow" button causes the press to speed up or slow 
down until the button is released, when the press will continue to run at the 
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speed it has then attained. The manipulation of the “Stop” button will im n 
mediately stop the press, through the operation of a dynamic brake on directe — ^ 

current equipments and a solenoid brake on alternating-current equipments. — 7^ 
Pressure on the “Safe” button at any station opens the control circuitand — ' 
renders the equipment inoperative until the “Run” button at that particular — ^** 
station is closed, releasing the “Fast” button. A “Jog” button is frequently — '** 
also provided, particularly on a-c. equipments, by means of which the cylinders ~“? 
can be inched along to the desired position when plating is done. E 
BIBLIOGRAPHY. — Breed, L. B., Electrical Features of an Up-to-Date 
Newspaper Plant, Elec. Jour., 1911, Vol. 8, p. 596; Shapsteen, S. H., Tivo-Moter 
Drive for Web Printing Presses, Elec. World, 1910, Vol. ss, p. 531; Elecirie i 
Motor Printing Press Drive, Elec. World, 1908, Vol. 52, p. 293; Broadbent, Fa `- 
Electricity in the Printing Office, Elec. Rev. (Lond.), 1910, Vol. 46, p. 892. = 


[D. B. RusHMORE, assisted by E. A. Lor] m 


PROGRESSION. — (See also Series, Mathematical.) There are two kinds -~ 


of progression, arithmetical and geometrical. — ss p 


ARITHMETICAL PROGRESSION. — Quantities are said to be in arith- ES 
metical progression when they increase or decrease by a common difference. "nt 


Let a= first term of the progression, 


d= the amount by which any term is greater than the next preced- 
ing, i.e., the common difference, * 
n = the number of terms in the progression. XN 


T hen the successive terms of the progression are ^s 
0,0 +d, a -- 2d, a - 3d, etc, to n terms. 
The last term is = 
a+ (n — 1) d. 


The sum of the n terms is 
“fz a + (n— 1) dj. 


GEOMETRICAL PROGRESSION. — Quantities are said to be in geo 
metrical progression when they increase or decrease by a common ratio. Let 


a= the first term of the progression, x: 
r = the ratio of any term to the next preceding term, 7 
n = the number of terms in the progression. E 


'Then the successive terms of the progression are 


a, ar, ar®, ar’, etc., to n terms. 


The last term is 


ar”. 
_ The sum of the 5 terms is 
a (1— r?) 
T 


(W. A. DeL Mar] 
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PUMPS AND PUMPING ENGINES. — (See also Boilers; Blowers 
and Compressors; Condensers; Fans; Power Stations; Steam Engines; Steam 
Turbines.) Pumps may be classilied according to (1) their mode of action as 
piston, plunger, centrifugal, rotary, jet and direct pressure; (2) their motive 
power, as engine-driven, turbine-driven, motor-driven, and power-driven (by 
belt or gearing); (3) the number of cylinders (or their equivalent), as simplex, 
duplex and triplex; (4) the number of stages or pump elements in Series, as 
single-stage and multi-stage; (5) the mode of connection, as direct-acting, 
crank-driven and geared. Large stcam-driven pumps are usually called 
pumping engines. 

Piston and Plunger Pumps are the most common in use. In the single- 
acting type, water is taken in on one stroke and discharged on the return stroke. 
In the double-acting pump water is taken in and discharged on both strokes. 
In the direct-acting piston or plunger pump the steam piston and the water 
piston or plunger are both secured to the same piston rod and the steam is used 
non-expansively. Their steam consumption is consequently high, unless 
special compensating devices, substitutes for a flywheel, are used, as in the 
Worthington high-duty and the d'Auria pumping engines. Large piston pumps 
are usually provided with a crank and flywheel, so that the steam may be used 
expansively. 

Centrifugal Pumps consist essentially of a rotating impeller which draws 
water in at its center and a stationary casing which guides the water to the 
discharge outlet. Centrifugal pumps having stationary guide-vanes inside of 
the casing are called “turbine” pumps.  Centrifuzal pumps are especially 
suited for low heads and large volumes, but are also built multi-stage for high 
heads. They are not as cfücient as high-grade pumping engines, but are con- 
siderably cheaper. 


Rotary Pumps. — Pumps with two parallel geared shafts carrying vanes or 
impellers which mesh with each other, and other forms of positive-driven appa- 
ratus, in which the water is pushed at a moderate velocity, instead of being 
rotated at a high velocity as in centrifugal pumps, are known as rotary pumps. 
They have an advantage over reciprocating pumps in being valveless, and over 
centrifugal pumps in working under widely-varying heads. They are usually 
hot economical, but when carefully designed with the impellers of the correct 
cycloidal shape, like those used in positive rotary blowers, they give a moder- 
ately high efficiency. 


Injectors. — The injector is a form of steam pump commonly used for feed- 
ing boilers. If a cylindrical tube 1 or 2 inches in diameter is reduced to one-half 
its diameter, or thereabouts, at onc portion of its length, by gradual reduction 
and enlargement, and 2 smaller tube or nozzle inserted inside of it, so that 
the end of the smaller tube approaches the reduced scction of the larger tube, 
then if the larger tube be connected to a supply of water. and steam at consider- 
able pressure be introduced through the smaller tube or nozzle, the water will 
be drawn into the larger tube and ejected from its outer end with such force 
as to cause it to overcome the pressure in the boiler supplying the steam, and 
thus to feed water into the boiler. The apparent paradox of the injector is 
explained by the fact that the violent rush of steam into the water gives the 
latter a high velocity and the momentum thereby induced cannot be overcome 
in a limited space without the exertion of a force greater than that of the steam 
in the boiler. As a boiler feeder the injector has a remarkably high efficiency, 
for so much of the heat energy of the steam as is not converted into mechanical 
Work is carried into the boiler as heat in the water, but as a pump for ordinary 
Purposes its efficiency is very low, since less than 1 per cent of the thermal 
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energy of the steam is converted into work. The usefulness of the injector 
as a boiler feeder is limited by the fact that it will not handle hot water. 


Direct-pressure Pumps. — These are of two types, the pulsometer and the 
air lift. In the pulsometer the water is raised by suction into the pump 
chamber by the condensation of steam within it, and is then forced into the 
delivery pipe by the pressure of a new quantity of steam on the surface of 
the water. Two chambers are used, which work alternately, one raising while 
the other is discharging. The air-lift pump consists of a vertical water pipe with 
its lower end submerged in a well and a smaller pipe delivering air into it at 
the bottom. The rising column in the pipe consists of air mingled with water, 
the air being in bubbles of various sizes, and therefore lighter than a column 
of water of the same height; consequently the water in the pipe is raised above 
the level of the surrounding water. The pulsometer is used for pumping out 
pumps, drains, etc., and the air lift for pumping from wells. 


PERFORMANCE. — The performance of a pump is usually expressed in 
terms of steam consumption of the steam cylinder or engine driving it, the 
indicated horse power of the cylinder or engine driving it (or the brake horse 
power of the motor in case of a motor-driven pump), the mechanical efficiency 
of the pump, and the slip. 


Useful or Water Horse Power.— Let = difference in pressure in 
pounds per square inch between inlet and outlet of pump = pressure in pounds 
per square inch indicated by gauge on force main + pressure in pounds per 
square inch indicated by gauge on suction main (+ if this reads below atmos- 
pheric pressure, — if above) + pressure in pounds per square inch correspond- 
ing to the distance between the two gauges; H = head in ft. corresponding 
to p; Q = actual discharge* in cubic feet per minute; W = pounds per minute 
discharged; w = weight of the fluid per cubic foot. For water at 62? F. w= 
62.36 pounds and is about o.r per cent greater at 40? F., and 4 per cent less at 
212? F. Then the useful or water horse power is 


_ 14420 " 20 2W HW HwQ 
33,000 229 229 W ^ 33,000 33,000 
For water at 62° F., and approximately at any temperature between 32° and 
212? F., 
ŻW HỌ 
14,300 529 


Slip. — By the slip of a pump is meant the ratio of the difference between 
the piston displacement and the water delivered to the piston displacement: 


Mechanical Efficiency. — By mechanical efficiency is usually meaat the 
ratio of the useful or water horse power to the indicated horse power of the 
steam cylinder driving it, or to the brake horse power of the motor in the case 
of a motor-driven pump. Sometimes the useful or water horse power is figured 
on the basis of the amount of water corresponding to the piston displacement; 
the actual water delivered is then equal to the piston displacement multiplied 
by (x —slip). The power required to deliver water at a given rate in the first 
case iS equal to the useful or water borse power divided by „the mechanical 
efficiency: in the second case the power required is equal to the useful or water 


* Q is sometimes taken as equal to the piston displacement, which is greater 
than the actual water delivered, due to the slip of the water past the piston aad 
valves. 
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horse power (reckoned on the basis of piston displacement) divided by the 
product of the mechanical etliciency and (1 — slip). (Sce table below.) 

Duty. — The performance of a steam-driven pump is also expressed as 
the number of foot-pounds of useful work done by the pump (144 pO x time 
in minutes) per million B.t.u. in the steam supplied to it above the temper- 
ature of the boiler feed water. (If the boiler takes water from several sources 
at different temperatures, the B.t.u. added by the boiler from each source must 
be reckoned separately.) ‘his ratio is called the “duty” of the pump. Duty 
is also sometimes expressed as the useful work in foot- pounds done by the pump 
per 1000 pounds of dry steam supplied to it. 

The efficiency of a pump falls otf rapidly with use, due to wear of the moving 
parts, unless it is kept in first-class condition. The figures in the following 
table are for average full-load conditiuns at rated speed in ordinary practice: 


EFFICIENCY AND DUTY OF PUMPS. 


Pounds Duty, 
steam million 
per hour Mechan: peg cent) ft. lb. 
‘ical effi- à 
per h.p. one slip per 
of Useful y million 
Work B.t.u. 


Piston pumps: 
Small duplex, direct-acting. ......... Ioto 20 
Compound, direct-acting, non-condens- 
i 70 to go 25 to 5o 
Ditto with * high duty " attachment 60 to 8o 60 to 102 


Singlecylinder, flywheel, non-condens- 


70 to go 4oto 6o 


4o ; 7o to 9o Soto 8o 

Multi-cylinder, fly whecl, condensing . 70 to 95 8o to 160 

Direct-connected, motor-driven 50 to Bo 60 to 

Geared pumps 5o to 9o 3o to 
Centrifugal pumps: 

Single-stage for low heads 4oto70 | ....... | oto 

Multi-stage for high heads ess. | Jo to 
Rotary pumps 40 to 
Pulsometer 


Performance of Injectors. — Kneass, Theory of the Injector, states that 
the pounds of water delivered (w) per pound of steam supplied is equal, very 
approximately, to the ratio of the B.t.u. per pound in the steam supplied, 
reckoned from the temperature (/) of the discharge water to the difference 
between the temperature (/) of the discharge water, and the temperature (to) 
of the suction water. That is, letting r= heat of evaporation, A = heat of 
liquid, and x = quality of the steam, then 


w= (rx+h— t+ 32) + (£— bo). 


ELECTRIC DRIVE * — (See also Motors, Industrial Applications of.) Since 
the reciprocating pump is essentially a low-speed machine, limited to about fifty 


* By D. B. Rushmore. 
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revolutions per minute or thereabouts, it requires a speed reduction, as by 
gearing, for connection to the driving motor. The centrifugal pump, on the 
other hand, is suitable for direct connection to motors operating at speeds oí 
up to 3500 r.p.m. 


Motors for Reciprocating Pumps. — In starting large reciprocating pumps 
the water may be delivered through a by-pass until the motor is up to speed, 
when the by-pass is gradually closed and the water delivered into the system. 
The load at starting, therefore, only consists of the friction losses, and usually 
does not exceed 25 per cent of the full-load torque. Small- and medium-size 
pumps may, however, be required to start under full load. 

When direct-current motors are used, the compound-wound type is generally 
selected for single-acting pumps on account of the rather pulsating load, but 
for double and triplex pumps having steadier load characteristics the shunt- 
wound type is used to advantage. Both squirrel-cage and phase-wound in- 
duction motors are suitable, the latter, as a rule, being selected where it is de- 
sirable to reduce the starting current to a minimum or where a somewhat 
variable speed is required. Synchronous motors may and are frequently used 
for driving large pumps. By-pass valves must then, however, be provided for 
reducing the torque at starting as previously mentioned. 


Motors for Centrifugal Pumps. — On account of the peculiar characteris- 
tics of centrifugal pumps special care is required in the selection of the motor 
drive. With a reciprocating pump operating at constant speed an increase of 
the resistance increases the pressure and therefore the load on the motor; but 
with a centrifugal pump an increase of the resistance reduces the load. The 
volume of water delivered by a reciprocating pump is not affected by the re 
duction of the head, but the required power is reduced. A reduction of the head 
with a centrifugal pump, however, increases the volume of water, and as the 
efficiency at the same time goes down rapidly, the load increases. It is, there 
fore, of importance to know what this overload, caused by a reduction of the 


` head, amounts to and the duration of this overload; and the capacity of the 


motor should as a rule be governed by the low and not the high head conditions. 

The condition of starting must also be given careful consideration in select- 
ing the motor. In starting a centrifugal pump the discharge valve may be 
entirely closed until the motor comes up to speed, so that the motor may statt 
as nearly light as possible. At rest the torque required is small, usually from 
15 to 25 per cent of full-load torque, and this drops from 5 to 6 per cent as soon 
as the machine starts turning over. The pump casing is full of water, however, 
and as the machine comes up to speed this water is churned around in the casing, 
causing the motor to load up as it approaches full speed, when with pumps of 
the usual design it takes from 40 to 50 per cent of full-Ioad torque to drive it even 
though pumping no water. Shunt-wound direct-current motors and either 
squirrel-cage or phase-wound induction motors are well adapted for this type 
of pump and will readily meet the above conditions. A synchronous motor 
may lead to difficulties unless proper precautions are taken in designing the 
starting winding and auxiliary starting equipment. 

BIBLIOGRAPHY. — Gebhardt, G. F., Steam Power Plant Engineerini. 
N. Y., 1909; Kent’s Mechanical Engineers’ Pocket-Book, N. Y.; De Laval, C. 6. 
Centrifugal Pumping Machinery, N. Y., 1912; Greene, A. M., Pumping Mo- 
chinery, N. Y., 1911; Rogers, Wm., Pumps and Hydraulics; Innes, C. H. 
Centrifugal Pumps, Turbines and Water Motors, London, 1909; Ray, F, 
Characteristics of the Turbine Pump, N. Y., 1909; Day, M. W., Load Characteris- 
rics of Centrifugal Pumps, G. E. Rev., 1912, Vol. 15, p. 559; Electrically Drsten 
Pumps, Elec. Rev., 1910, Vol. 56 (contains opinions, experience and practice ot 
manufacturers and others). (Wa. Kest] 
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PYROMETERS. — (See also Tem perature and Thermometers.) A pyrometer 


«2.1 is any device for measuring high temperatures. By high temperature as here 


-rA 


used is meant a temperature beyond the range of the ordinary mercury ther- 
mometer, say 350° C. and up. A great number of pyrometric methods have 
been proposed, the more important of which will be found treated in detail in 
Burgess and Le Chatclier’s Measurement of Hivh Temperatures, New York, 1912. 
The following brief treatment is adapted from this work. 


CLASSIFICATION OF PYROMETERS. -- The various types of pyrom- 


eters may be classified as folluws. Some of these are more fully treated in 
the following sections. 


Gas Pyrometer (Pouillet, Becquerel, Sainte-Claire-Deville, Barus, Chap- 
puis, Holborn, Callendar, Day). — Utilizes the measurement of change in 
pressure of a gascous mass kept at constant volume. Its great volume and its 
fragility render it unsuitable for ordinary measurements; it serves only to give 
the definition of temperature and should only be used to standardize other 
Dyrometers. 


Calorimatric Pyrometer (Regnault, Violle, Le Chatelier, Siemens). — 
Utilizes the total heat of metals, platinum in the laboratory and nickel in in- 
dustrial works. It was formerly used for intermittent rescarches in industrial 
establishments because its employment demands almost no apprenticeship and 
because the cost of installation is not great. The cost of a metal ball to with- 
stand over 1000? C. prohibits its use above this temperature in industrial works. 
Other and more convenient types of pyrometers have almost entirely superseded 
the calorimetric pyrometer. 


Total Radiation Pyrometer (Rosetti, Langley, Boys, Féry, Thwing). — 
Utilizes the total heat radiated by warm bodies. Its indications are influenced 
by the variable emissive power of the different substances. Convenient for 
the evaluation of very high temperatures which no thermometric substance can 
withstand (electric arc, sun, very hot furnaces), or when it is not convenient 
to approach the body whose temperature is wanted. Can be made self-regis- 
tering. 

Optical Pyrometer (Becquerel, Le Chatelier, Wanner, Holborn-Kurlbaum, 
Morse). — Utilizes either the photometric measurement of radiation of a given 
wave length of a definite portion of the visible spectrum, or the disappearance 
of a bright filament against an incandescent background. Its indications, as 
in the preceding case, but to a much less degree, are intluenced by variations in 
emissive power. The intervention of the eye aids greatly the observations, but 
diminishes notably their precision. This method is mainly employed in indus- 
trial works for the determination of the temperatures of bodies difficult of 
access — for example, of bodies in movement (casting of a metal, the hot metal 
passing to the rolling mill). Can be used to estimate the highest temperatures 
~- the best method for use above 1700° C. in laboratory and industrial 
Works. . 


Electric Resistance Pyrometer (Siemens, Callendar, Waidner and Burgess). 
— Utilizes the variations of electric resistance of metals (platinum) with the 
temperature. This method permits of very precise measurements to 1000? C., 
but requires the employment of fragile apparatus. It merits the preference 
for very precise investigations in laboratories. As a secondary instrument for 
the reproduction of a uniform temperature scale throughout the range in which 
the platinum resistance thermometer can be used, to rooo? C. except in very 
heavy wire, it is unsurpassed in precision and sensibility. It is also now con- 
structed in convenient form for industrial use. 
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Thermoelectric Pyrometer (Becquerel, Barus, Le Chatelier). — Utilizes 
the measurement of electromotive forces developed by the difference in tem- 
perature of two similar thermoelectric junctions opposed one to the other. In 
employing for this measurement a Deprez-d’Arsonval galvanometer with 
movable coil or a millivoltmeter one has an apparatus easy to handle and of 
a precision amply sufficient for industrial and many scientific uses. With a 
potentiometer an instrument is obtained of the highest precision, available 
for use to 1600° C., or even to 1750° C. with: proper precautions. This pyrom- 
eter was used for a good many. years in scientific laboratories, before it 
spread into general industrial use, where it also renders most valuable service. 


Contraction Pyrometer (Wedgwood). — Utilizes the permanent contraction 
which clayey materials undergo when submitted to temperatures more ot less 
high. It is employed today only in a few pottery works. 


Fusible Cones (Seger). — Utilize the unequal fusibility of earthenware 
blocks of varied composition. Give only discontinuous indications. Such 
blocks studied by Seger are spaced so as to have fusing points distant about 
20° C. In general use in pottery works and in some similar industries. 


Other Pyrometers (Hobson, Uhling-Steinbart, Job, Fournier). — There 
are a number of other pyrometers which have been found suitable in special 
cases or which for one reason or another have been found convenient in some 
particular line of work. Among these are the various industria] instruments 
based on the relative expansion of metals or of a metal and graphite used in 
air blasts and metal baths and pyrometers based on the flow or on the pressure 
of air or vapor. 


TOTAL-RADIATION PYROMETERS. — These instruments utilize the 
radiant heat of all wave lengths given off by the body whose temperature is to 
be measured or by an auxiliary body at the same temperature. By means of 
a focusing device the radiant heat from a small portion of the hot surface 
is caused to fall upon a suitable detector. Various devices have been used as 
detectors, but in modern radiation pyrometers the thermocouple in conjunction 
with a galvanometer, millivoltmeter or potentiometer is almost universally 
employed. Instead of the thermocouple a spiral bi-metallic spring, with a 
pointer attached, is used in Féry's spiral pyrometer. 

Total-radiation pyrometers can be made selí-registering by simply substi- 
tuting for the indicating galvanometer a suitable recording instrument. 

Conditions of Use. — To obtain accurate results with a radiation pyrometer 
it should be sighted upon the bottom of a closed-end tube inserted into the 
furnace or bath. The radiating properties of the bottom of such a tube approach 
very closely those of a *' black body " (see Heat and Thermal Properties); i.e. the 
total energy radiated upon the receiving device is proportional to the differ- 
ence in the fourth powers of the absolute temperature of the hot body and that 
of the receiving device. Since the latter temperature is usually low compared 
with the temperature of the hot body, the radiation is practically proportional 
to the fourth power of the absolute temperature of the hot body. Hence, if the 
relation between the absolute temperature To and the deflection Do of the gal- 
vanometer attached to the thermocouple is known at one temperature, and 
the deflection is known to be proportional to the amount of heat falling on the 
thermocouple, then the absolute temperature T corresponding to any othe 


deflection D is 
Q2 
T=T —- 
0 D, 


It should be noted that this law does not apply unless the instrument is 
focused upon a “ black body." If the instrument is focused upon objects in the 


M 
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open air its readings, if calibrated by the above law, will be too low, duc to the 
selective radiating properties of all materials. However, the instrument may 
be calibrated by comparison with a standard pyrometer, eg. a thermoelectric 
pyrometer, to give true surface temperatures when sighted upon any particular 
kind of surface, but this calibration will not hold for other surfaces. 


Féry Radiation Pyrometer. — In this apparatus a concave mirror (gold on 
glass) is used to focus the rays upon the thermocouple. The gold mirror may 
be considerably tarnished without seriously intluencing the readings; and if the 
aperture of the furnace sighted upon is of suflicient size and the telescope in 
focus, the temperature readings are practically independent of the distance. 
The instrument takes its final reading very promptly with only slight creep. 

Foster has also transformed the Féry telescope into a " fixed-focus pyrometer”’ 
by putting the thermocouple and the aperture at the conjugate foci of the gold 
mirror. Ina similar instrument recently issued by the Brown Pyrometer Com- 
pany, the sighting of the instrument is facilitated by the use of a tinder such as 
used with photographic cameras. The Féry pyrometer of constant-focus type 
has been coupled directly to a long closed-end tube by Whipple, so that the 
closed end may be plunged directly into the hot region or melted metal. 


Thwing Radiation Pyrometer. — In Thwing's apparatus the reflecting 
mirror is replaced by a conical cone which by multiple retlection concentrates 
the radiation at its apex on one or more thermocouples in series with a portable 
galvanometer. 


OPTICAL PYROMETERS. — These instruments utilize only the visible 
portion of the spectrum, and their indications depend on the comparison, by 
the eye, of the equality of brightness of two images, one of the object whose 
temperature is sought and the other a standard light source. Such instruments 
are therefore essentially the same as photometers (see article on Photometers), 
As a rule the comparison is made with approximately monochromatic light, 
the images being viewed through a colored glass, usually red. 


Temperature and Intensity of Illumination. — Wien's Law. — Wien has 
shown that the intensity of the light given out by a “black body” (see Heat 
and Thermal Properties) may be expressed by the formula 

B 


IeAe 5 


where A and B are constants for a given wave length, e is the base of the natural 
system of logarithms and T the absolute temperature. In general, however, the 
energy of a given wave length radiated by a body in the open air is less than 
that of a “black body," i.e., its emissive power is less than unity, and the 
emissive power varies with the temperature. The above law, however, is 
usually assumed to apply to such bodies, and although the temperature as 
thus obtained may differ from the true (gas thermometer) temperature by 
from so to roo? C., a consistent scale of temperature is obtained for any par- 
ticular substance observed. 


“ Black Body " Temperature. — The temperatures indicated by a radja- 
tion pyrometer that has been calibrated against a black body, or on the as- 
sumption of the laws of ‘‘ black body” radiation, are known as black- -body 
temperatures. Thus, were a piece of iron and a piece of porcelain both at 1200°, 
the optical pyrometer, which used the red light emitted by these bodies, would 
give, as the temperature of these bodies, 1140° and 1100° C. respectively. This 
means that iron and porcelain at 1202? C. emit red light of the same intensity as 
isemitted by a black body at 1140? and 1100° C. respectively. 


Féry Absorption Pyrometer (Fig. 1). — The optical system of this pyrom- 
et is shown in the figure. pp’ are a pair of absorbing-glass wedges, G is a 
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mirror with only a narrow central strip silvered over, L is the standard light ned 
source, focused on the mirror G by the lens 7. The resultant field, when observ. ar 


ing a small crucible, is then as shown at ab. risa 
red glass in the eye-piece. The instrument has a 
fixed angular aperture, so that no correction has to 
be made for focusing or for varying distance from 
furnace. The range of the instrument may be 
extended by the use of auxiliary absorbing glasses 
4A, A’. Theinstrument is movable about a horizontal 
axis, which is a convenience in sighting. 

À setting is made by adjusting the thickness of 
the absorbing glasses pp’ by moving the wedges to- 
gether by means of a micrometer screw. Let x = set- 
ting of micrometer screw, T= absolute temperature, 
then, assuming Wien’s law to apply 


Ds 
where a and b are two constants, for a given set of 
wedges pp’, and can be obtained by observing two 
known temperatures. Fig. 1. Féry Absorption 
Le Chatelier's Optical Pyrometer. — The Féry Pyrometer 


pyrometer is a modification of an earlier form devised by Le Chatelier. The 
latter used an iris diaphragm instead of the wedges, the setting of the instru- 
ment being accomplished by changing the aperture. With this atrangement 
greater sensibility can be obtained, but with the decided disadvantage that 
the calibration will then hold only for a fixed distance of the instrument from 
the object viewed. 


Wanner Pyrometer (Fig. 2). — In this instrument a Nicol prism is used 


to vary the relative intensities of the light received from the standard lamp and 
irom the object viewed, the 


angle through which the prism L P RSs, SE 
must be turned to give equal _— ESS SWE ZA PR d 
illumination being a measure “J BY cete Ee ec 


of the relative intensity of the 
light emitted from the two 
sources. The principle is the same as that of a König spectrophotometer (ses 
Pholomelers). 

The slit Sı is illuminated by light from the comparison source, a small 4-volt 
electric lamp not shown in the figure reaching Si after diffuse reflection from à 
right-angled prísm placed before 51. Light from the object whose temperature 
is sought enters the slit S2. If the analyzer is at an angle of 45 degrees with the 
plane of polarization of each beam, and if tbe illumination of Sı and 31s 
of the same brightness, the eye will see a single red circular field of uniform 
brightness. If one slit receives more light than the other, one-half of the feld 
will brighten, and the two may be brought to equality again by turning the 
analyzer carrying a graduated scale, which may be calibrated in terms of 
temperature. Let = angle through which prism is turned to establish equal 
illumination, T = absolute temperature of furnace or bath; then, assuming 
Wien's law to- apply, 


Fig. 2. Wanner Pyrometer 


a 
~ log (tang) — b 


where a and b are constants determined by calibration. Only two known tem- 
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peratures need be observed to obtain these constants, but it is safer to plot a 
calibration curve from several known temperatures. 

In the latest form of this instrument the details of its mechanical construction 
have been improved, and it has been made direct-reading by providing a second 
scale on the instrument graduated in temperatures, correspondiug. of course, 
to a definite normal point and for a source approximating a black body. 


Incandescent Lamp Pyrometers. — In this tvpe of instrument the cur- 
rent through the filament of an incandescent lamp is adjusted until a portion of 
the flament is of the same color and brightness as the object. When this 
occurs this part of the filament becomes invisible against the bright background, 
and the current then becomes a measure of the temperature as given either by 
a thermocouple or in terms of the intensity of illumination. This principle 
appears to have been first used by Morse and independently developed by Hol- 
born and Kurlbaum. An absolute match of both color and brightness cannot 
be made unless monochromatic light is used or unless the lamp filament and 
viewed object radiate similarly. 

Holborn-Kurlbaum Form (Fig. 3). -- A small 4-volt electric incandes- 
cnt lamp L with a horseshoe filament is mounted in the focal plane of the 
objective and of the eyc-piece of a ^ 
telescope provided with suitable 
stops D, D, D, and a focusing | 
screw S for the objective. The pea vis a T; NM 
lamp circuit is completed through ac 
a two-cell storage battery B, a Absorbing Screen 
rheostat, and a milliammeter. 

The determination of a temper- 
ature consists in focusing the in- 
strument upon the incandescent SECTION ON a-c Mii states 
object, thus bringing its image Fig. 3. Holborn-Kurlbaum Pyrometer 
Into the plane AC, and adjust- 
ing the current by means of the rheostat until the tip of the lamp filament dis- 
appears against the bright background, when a previous calibration of current, 
in terms of temperature for the particular lamp used, gives the temperature by 
reading the milliammeter. Above 800°C. one or more red absorbing glasses 
are used. 

For the calibration of the instrument it is necessary to find empirically the 
relation between the current through the lamp and the temperatures for a num- 
ber of temperatures, and then interpolate either analytically, or more conven- 
lently, graphically. The calibration will be an independent one for each lamp 
used. If the lamp is not aged its indications may change by as much as 25° C. 
with time, but after twenty hours’ heating at 1800° C. it will undergo no appre- 
cable further changes over a period of many months if not heated above 1500° C. 

By the substitution of tungsten for carbon filaments even greater perma- 
hence may be had, but the selective radiation of the metallic hlament may 
then be a source of error or inconvenience in certain cases. 

Morse and Henning Pyrometers. — The Morse pyrometer is based on 
the same principle as the Holborn-Kurlbaum, but the construction is somewhat 
different. The Henning pyrometer is essentially a combination of the Holborn- 
Kurlbaum instrument with a spectrometer for utilizing monochromatic light. 


RESISTANCE PYROMETERS. — These instruments are based upon 
the variation of electrical resistance with temperature, and are suitable for 
Measuring temperatures throughout the range from the lowest obtainable 
temperatures to about 1200? C. Platinum wire is usually employed as the 
resistor, though nickel may be used for temperatures up to 400° C. 


Rheostat 
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Platinum Scale of Temperatures. — The platinum scale of temperatures — L5 0t 
is defined by the relation "ATE 
= iL X 100 m 
pes Ri — Ro 


. A , h 
where Ro and Rio are the resistances of the platinum wire at the temperature of —— l 
ice and boiling water (760 millimeters mercury pressure) respectively, and Ri 

is the resistance at any other temperature /. For this scale to agree with the -— 


gas thermometer scale would require that the temperature coefficient of re- 


1 
| 
i 
i 
LI 
| 
i 
] 


sistance of platinum (on the gas scale) be a constant equal to l a 
i 

Rio — Ro x 

6-———. j 

100 Ro ix 


As a matter of fact the temperature coefficient is not constant but the relation i 
between temperature (on the gas scale) and resistance is i 


R2 Ro (1+ at — bi?) 


; t 
where a and b are constants. Consequently the platinum temperature and the L 
gas temperature differ by an amount PR 
Iy 
t t > 
t— bi Jes - JE 

IOO 100 T 
where l4 

10,000 b ; 
6= i 

a— 100b 


The fundamental constants of a platinum thermometer are then Ro, c, and ô. 
These can be determined by measuring the resistance at three known tempera- 
tures, viz. melting point of ice, boiling point of water and boiling point of sul- — ^ 
phur (444.7? C. on the gas scale). For the purest platinum 6=1.50 and t 
c = 0.0039. The value of ô increases with the amount of impurity. $ 


CORRECTIONS TO / FOR SMALL CHANGES IN ô 


Centigrade scale Centigrade scale : 
At for at for Fa 
Aé = 0.01 Ab = 0.01 


+0. 247 


Computations of / from ¢ are made by the table on p. 1149, as if the ther- 
mometer had ô = 1.50. The above corrections (A/) are then‘ applied to the 
computed values of ¢ for the value of ô proper to the thermometer. 

Example. Let $¢ = 470.00, whence / = 500.00° C. by table on p. 1149. If 
5 = 1.52, the corrected value of £ is 500.40° C. 


ES 
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VALUES OF TEMPERATURE CENTIGRADE (t) IN TERMS OF PLATI- 
NUM TEMPERATURES (54) FOR THERMOMETERS WITH 6 = 1.500 


————— — 


| i | 

© (9 TEN © 
ge) | gsi | ds Rn 
Pi t S ma P, t | "RS | Py | t RE | D, t E a 
wy E-E- =g | He 
a" aT a" | aT 

——| ————— | ——— —ó————— pon LETT i = ee 
t T 
0| 0.000 0.985: 250/255.99 1.000 . S00 534.89 1.170 | 750 | 844.26 | 1.313 
I0 | 9.867| 0.988), 26c 200.67, 1.070 | 510 540.62. 1.173 | 760 | 857.42 | 1.319 
5 l 
20 | 19.762, 0.991 | MOI I.073 | $20,558.40 I.180 | 770 | 870.05 | 1.326 
30 | 29.687| 0.994! 280 288.13 1.077 | 530 570.22, 1.185 780 | 883.95 | 1.333 
40 | 39.641 0.997, 290 208.92 1.081 540 582.10 1.190 || 790 , 897.32 | 1.340 
$0 | 49.625| 1.000|; 3ocjjO9.75, 1.084 pen 1.195 jj 800 | 910.76 | 1.347 
60 | 59.639 1.003} 310,320.61 1.088 : $60,606. co I.200 | 810 | 924.28 | 1.355 
70 | 69.683 1.006 | 320'331.51, 1.092 | $70,618.03, 1.205 | 820 | 937.87 | 1.363 
80 | 79.758; 1.009 | di an 1.096 | 580 630.11| 1.210 | 830 | 951.54 | 1.370 
go | 89.863: 1 ora! 340:353.44 1.100 | 590l642.24 1.216 840 | 965.28 | 1.378 
100 | 100.00 | 1.015!. 350 364.46 1.104 ; 600 654.43) 1.222 850 | 979.10 | 1.386 
i EE | ] as " 

IIO | 110.17 | I 018 Se as 1.108 | 610 660.67; 1.227 860 | 993.01 | 1.394 
120 | 120.37 | I.021|| 370 386.62! 1.112 | 620'678.97 1.232 870 ,1007.00 | 1.403 
130 | 130.60 | 1.024 ! 380 397.76 1.116. 630/691. 32 I.238 880 !I021.07 | I.4II 
140 | 140.86. Eon 390 195.95 1.120,| 640 703.73, 1.244 | 890 [1035.23 | 1.420 
I50 | I51.16 | 1.031. 400 420.18) 1.125 | 650 716.20] 1.250 || goo 1049.47 | 1.428 
160 | 161.49 | 1.034, 410:431.45 1.129.) 660 728.73; 1.256 || 910 |1063.80 | 1.437 
170 | 171.85 el as dd 1.134, EAR 1.261 920 (1078.21 | 1.445 
180 | 182.25 | I.041| 430,454.13, 1.139 | 680,753.97, 1.207 || 930 [1092.71 | 1.455 
190 | 192.68 I.044/ 440,465.53, 1.142, 690,760.67, 1.274 | 940 'r107.3t | 1.464 
200 | 203.14 asl 450,416.97 1.146|| 700 779.44] 1.280 || 950 |1122.00 | 1.474 
210 | 213.64 | 1.052; 460 188.46; 1.151 T10/792.27 1.286 |; 960 1136.79 | 1.484 
220 | 224.18 1.055 470 500.00 1.156 720 805.17 1.293 970 |1151.69 | 1.494 
230 | 234.75 1.058. 480.511.58| I.160,| 730,818.13. 1.299 || 980 |1166.68 | 1.503 
240 | 245.35 1.062|| 490 523.21 1.165 || 740 831.16] 1.306 990 j1181.76 | 1.513 
I.170|| 750,844.26, 1.313 || 1000 |1196.95 I.524 


250 | 255.99 ail 500|534.89 


For a full discussion of the platinum temperature scale and its relation to 
the gas-thermometer scale, see Burgess and Le Chatelier, Measurement of High 
Temperatures. The brief discussion given above is adapted from this treatise, 
from which also the tables are taken. 


Forms of Resistance Thermometers and Pyrometers. — A complete 
outfit consists of the thermometer proper or ‘‘ bulb," the indicating or recording 
instrument and two or three dry cells for operating the same. Where the indi- 
cating or recording instrument is to be in circuit continuously, it is best to oper- 
ate it from a direct-current lighting circuit or storage-battery system. 

With the proper switching device a number of bulbs at widely-separated 
points may be used with the same indicator or recorder. 

. Thermometer Proper or Bulb. — Since practically every problem 
In temperature measurement presents different conditions there can be no 
general type or form of resistance thermometers. The following descriptions 


are of some of the thermometers now on the market that have proved satis- 
factory for certain classes of work. 


x 
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Resistance thermometers for use below 125°C. are of relatively simple cot- 
struction, for in this case silk-insulated nickel wire may be used. Such a ther- 
mometer is shown in section in Fig. &. This particular thermometer has an 
over-all length D of 1014 inches, & ‘Terminas 
length of winding C of 412 inches 
and a diameter A of $8 inch. The Sg 
same type of thermometer is also Fiber 
made with a number of different D RES : 
lengths from 334 inches over-all to Fig. 4. Resistance Thermometer for Use 
124, inches over-all, and one form, up to 125°C. 
designed to be particularly quick acting, is encased in a thin steel tube 4 inch 
outside diameter. This type of thermometer is largely used for the measure- 
ment of the temperature of air, solids, concrete, water, and grains and fruit in 
transit. It may also be used as a wet-bulb thermometer. 

The thermometer shown in Fig. 5 is a platinum resistance bulb for measure- 

ment of the highest precision. The winding is of pure platinum wound ona 
mica cross ; the protecting tube is of royal Berlin porcelain. For shop use it is 
well to protect the porcelain 
tube with a seamless nickel 
case. Such a case will main- 
tain its mechanical strength T celal Batinum 
after long exposures to high — . " Á 
temperatures. Thermometers 
-of this type may be used up to 
iooo? C. This type of thermometer is also provided with a special fireproof head 
and with a steel protecting case in addition to the nickel case. This is necessary 
where the thermometer is to be used in connection with case hardening. 

The Leeds and Northrup Company make a bulb designed especially for 
measuring the temperature of generators, transformers, etc. The resistance 
winding of this bulb is about 3 inches long and is mounted on a flexible stem 
30 inches or more in length, the width over-all is 12 inch and the thickness Vos 
inch. This resistance coil is wound non-inductively and is therefore unaffected 
by neighboring magnetic fields. 


Indicating Devices. — The application of the various bridge, poten- 
tiometer, differential galvanometer and ohmmeter methods (q.v.) to the 
measurement of the resistance of the platinum coil and the methods of com- 
pensating for the resistance of the leads are described in detail in Burgess and 
Le Chatelier's Measurement of High Temperatures. Two types of indicators 
are employed: (1) the balance type which requires the adjustment of a rheostat 
to produce zero deflection of the indicating instrument, the temperature then 
being read in terms of the balancing resistance, current or p.d., and (2) the 
direct-reading type in which the deflection of the instrument, read on a properly 
calibrated scale, gives the temperature directly. 
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Fig. 5. Thermometer for Use up to 100°C. 


THERMOELECTRIC PYROMETERS. — These instruments consist 
of a thermocouple and some device for measuring the e.m.f. generated due to 
the difference in temperature between the hot and cold junctions of the thermo- 
couple, for which the relation between e.m.f. and temperature difference 1s 
known. The thermocouple consists of two parallel wires of different materials 
joined together at one end but insulated from each other throughout their 
length. The two ends which are joined form the hot junction and the two op? 
ends are usually referred to as the cold junction, although they are not connected 
directly to each other. The two cold ends are, however, connected electrically 


through the device used for measuring the e.m.f. generated, thus forming à 
closed circuit. 
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Thermocouple Circuits. — The net e.m.f. tending to establish a current 
in such a circuit as described above is the algebraic sum of all the contact e.m.f.'a 
(see Electricity and Magnetism, Principles of) in the circuit. Wherever there 
is a change in the chemical nature or physical properties of the conductors 
forming such a circuit there exists such a contact emf. These various contact 
em.f.’s are functions of the temperature of the transition points, but if the 
entire circuit is at the same temperature throughout, the net c.m f. is zero (pro- 
vided the circuit is formed solely of metallic conductors). If, however, any 
transition point is at a higher temperature than another, the net e.m.f. will in 
general not be zero. Consequently, when a thermocouple is used to measure 
the difference in temperature between the hot and cold junctions of the couple 
itself, care must be taken to eliminate the c.m.f^s due to the temperature 
differences between the various other transition points in the circuit. 

Transition points occur (1) at the junction of any two dissimilar metals; 
(2) wherever there is a change in the homogencity of the structure of any of the 
metals in the circuit, and (5) wherever there is a change in the temperature of 
the metal, although it may be perfectly homogeneous. To avoid. errors due 
to the e.m.f.’s at the transition points other than the hot and cold Junctions of 
the couple itself, it is necessary to use for the latter metals which give a relatively 
high e.m. for a given temperature difference between the two junctions and 
which are also homogeneous throughout, and to so dispose the rest of the circuit 
that the e.m.f.'s produced therein as the result of temperature ditlerences 
neutralize one another. 


Metals for Thermocouples. — For high-precision thermoelectric pyrom- 
eters platinum against platinum-iridium or platinum-rhodium alloys (contain- 
ing ro per cent iridium or rhodium) are usually employed. For industrial 
purposes cheaper metals and alloys are used, such as nickel, copper, iron and 
alloys of these metals; such couples are usually referred to as base metal couples, 
as contrasted with the noble metal couples formed of platinum, iridium, etc. 


Thermocouples for Industrial Use. — For industrial use cheap and 
robust couples are required. Such couples may be made cither entirely of the 
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Fig. 6. Base Menit 1 Core Fig. 7. Compound Couple 


base metals or a base-metal couple may be used in series with a short lenpth 
of a platinum-alloy couple, the latter only being exposed to the highest tem- 
perature. In Fig. 6 is shown a convenient form of a simple base-metal couple, 


` and in Fig. 7 one form of compound couple. 


Simple base-metal couples can be made o£ low resistance and their e.m.f, 
may therefore be measured with a fair degree of accuracy by low-resistance 
millivoltmeters of robust construction. Base-metal couples made of alloys or 
metals possessing critical regions, accompanied by the absorption or liberation 
of heat, are liable to give discordant results on reheating. These effects are 
particularly marked in couples of considerable size, and are enhanced by vary- 
ing the depth of immersion of the couple in the test bath or furnace. 

Although a very considerable number of base-metal thermocouples has 
been put upon the market in recent years, there appears to be very little certain 
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knowledge available as to the exact composition, thermoelectric properties, 
and behavior of most of them, some of which are quite complex alloys, as, for 
example, of Ni, Cr, Al and Cu. 


Insulation and Protection of Thermocouples.—The two leads should 
be insulated from one another throughout their length. Use may be made in 
the laboratory of glass tubes or pipe stems, or of thread of pure asbxstos wound 
about the two wires, by crossing it each time between the two so as to make 
a double knot in the form of an 8, each of the wires passing through one of the 
loops of the 8. This is a convenient method of insulation for laboratory use, 
although ordinary asbestos is likely to contain impurities which will damage 
the couple. With this arrangement it is impossible to go above 1200” or 1300" C., 
at which temperature asbestos melts. A more satisfactory insulation, however, 
is had by means of thin tubes of hard porcelain standing 1500? C. or of quartz 
tubes standing about r200? C. Quartz, however, gradually crystallizes and 
crumbles above 1200° C., and in the presence of a volatile reducing agent, as 
graphite or hydrogen, volatile silicides are formed above 1200? C., which will 
destroy platinum. 

For industrial installations use may be made of small fire-clay cylinders of 
100 millimeters in length and xo millimeters in diameter, pierced in the direction 
of the axis by two holes of 1 millimeter diameter, through which pass the wires, 
or hard porcelain tubes may be used. One or another of the other forms of 
insulator is added in sufficient numbers. They are placed, according to the 
case, in an iron tube or in a porcelain tube. The porcelain tube should be 
employed in fixed installations in which the temperatures may exceed 800° C. 


E.M.F.'s of Thermocouples. — By the e.m.f. of a thermocouple is meant 
the e.m.f. developed in a circuit consisting solely of the metals forming the 
thermocouple itself; i.e., the e.m.f.’s in the external circuit are not considered. 
If Esa is the e.m.f. of a couple made of a metal a against any standard metal s, 
and Esb is the e.m.f. of a couple made of a metal b against this same standard 
metal s, the e.m.f.’s in each case being for the same temperature of the cold 
junction (standard temperature is o? C.) and for the same difference in tempera- 
ture between the hot and cold junctions, then the e.m.f. of a couple made of v 
and 6 is, for these same temperatures 


Eba = Ebs + Esa = Ete — Eas. 


(In this notation rises of potential are considered to be in the direction of the 
subscripts, that is, Eba is the rise of potential from b to a). Consequently the 
insertion of a metal wire of any material in the circuit of a thermocouple does 
not change the net e.m.f., provided this wire is of uniform siructure and lemper- 
ture throughout. Consequently the hot junction may be soldered with any 
other metal which will not melt at the temperature to which the junction is 
exposed. 

Electromotive Force Formulas. — No simple relation exists between 
the e.m.f. (E) of a thermocouple and the temperature difference (/) between 
the hot and cold junctions. A number of approximate formulas, however, 
has been suggested. The following, due to Holman, is one of the simplest. 


E z mt", 


where m and # are constants, the cold junction being kept at o° C. For con- 
venience in plotting and calculation this may be written 


log E = n log t+ log m. 


Holman's formula when applied to couples made of platinum and its alloys 
of iridium and rhodium gives results accurate to about 2? C. for ¢ between 
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«7 * 200°C. and r200°C. Typical values of n and log m are given below (Cam- 


bridge Scientific Instrument Company). 


' 


The values of these constants, however, differ with different makes of couples, 


and in any particular case should be obtained from the maker as determined by 
calibration. 


Another formula, due to Holborn and Day, is the following, 
Es=-—atbt+ct?, 


- Where a, b and c are constants. Between 300°C. and rroo? C.. this formula 


gives results accurate to r° C. when applied to couples made of platinum and 
the various platinum alloys. 

Ideal wire (see Wires, Resistance) and copper form a very satisfactory couple 
of relatively large e.m.f. suitable for a range of temperature between o° and 
40 C. With the cold junction at o? C. the temperature of the hot junction 
and the e. m.f. are related as follows: 


Temp. Hot Junct., 9C......... 300 


350 
E.m.f., microvolts 


14.43 | 17.08 


"9*9 9 9 e v» o» v. o, 


Thermoelectric Power (H) of Thermocouples. — The thermoelectric 
bower of a thermocouple is defined as the increase in the e.m.f. developed per 
degree increase in the difference in temperature between the hot and cold 
Junctions. This quantity, which is equal to b+ 2 ct in Holborn and Day's 
formula, depends in general upon the temperature (/) of the hot junction; the 
following values are close approximations within the range stated. 


THERMOELECTRIC POWERS OF THERMOCOUPLES 
Microvolts per ?C. increase in temperature, t in °C. 


Temper- 
Thermocou ple Thermoelectric ature Authority 
power range, 
G; 

ee 

Pt and 90% Pt, 10% Rh... 4.3+0.0088 t 0-1300 | Le Chatelier 
|. and 90% Pt, 10% Ir... II.3+0.0104¢ o-1000 | Le Chatelier 

SNL kc 7.8-+-0.01325£ | 300-1300 | Burgess 

MONON css eO 24.4--0.016 t 0-235 | Pécheux 

Cu and Comtantan*, |... 42.3 4-0.0381 0-320 | Pécheux 

Pt and Fe (forged)... 2.5--0.02101 700-1000 | Le Chatelier 


* 60% Cu, 40% Ni. 
Measurement of E.M.F. of Thermocouples. — Two methods may be 
ded to measure the electromotive force of a couple: the potentiometer method 
and the galvanometric method (see Potentiometers; Galvanometers). The first 
is the more accurate and is usually made use of in laboratories. The second 
Method is simpler, but possesses the inconvenience of giving only indirectly the 


ce 


d 
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measure of the electromotive force by means of a measurement of current 
strength. | 

There are sources of error, however, inherent in the galvanometric method, 
such as effects of lead resistance and temperature coefficients of leads and gal- 
vanometer, which are difficult if not impossible of complete elimination even 
with the best apparatus available. The potentiometer method, on the other 
hand, may be made, in so far as the measurements of e.m.f. are concerned, as 
exact as may be desired, or so that the only outstanding uncertainties are in- 
herent in the thermocouple itself. "These uncertainties, such as inhomogeneity, 


conduction along the wires, variable zero and actual change of e.m.f., are some- 


times overlooked, giving rise to illusory accuracy. 

The application of these two methods to the measurement of the e.m.f.'s of 
thermocouples is described in detail in Burgess and Le Chatelier’s Measurement 
of High Temperatures. 

Cold-junction Correction.— When the galvanometer method is used, it 
is often not convenient to keep the junctions of the couple to the lead wires of 
the galvanometer at a definite temperature, although the galvanometer itself 
may be so far removed from the furnace that its temperature changes are slight. 
Except in the roughest kind of work, allowance has to be made for the cold- 
junction temperatures, which may be measured by an auxiliary thermometer. 

Calling /4& the cold-junction temperature for which the instrument reads 
correctly, ¢ the observed temperature of the cold junction, the correction to 
apply to the observed temperature readings of the galvanometer, otherwise sup- 
posed to read correctly for a given thermocouple, usually lies between 35 (t~ &) 
and (4 — 4o), depending on the type of couple and the temperatures of both hot 
and cold junctions. This question has been treated in detail for several types 
of couple by C. Offenhaus and E. H. Fischer (Electrochem. and Met. Ind., 1903, 
Vol. 6, 5. 362). 

Elimination of Cold-junction Correction. — Bristol has also devised 
an automatic compensator for cold-end temperatures, shown in Fig. 8, consist- 
ing of a small glass bulb and capillary tube partially filled with mercury, into 
which a short loop of fine platinum wire dips. This 
is inserted in the thermoelectric circuit close to the Thco RSS vat" 
cold junction. Changes in temperature cause the s LA - 
mercury to expand or contract, cutting in or out re- =» P* S 
sistance in the circuit. This acts in opposition to E RES 
the change in e.m.f. with temperature at the cold — pi, g Bristol’s Com 
end, so that a balance may be established if the parts pensator 
are properly designed. 

In the Thwing instruments the elimination of the temperature variations ol 
the cold ends of the couple, where they can be brought close to the galvanometet, 
is affected by a device consisting of a compound strip of two metals having 
unequal coefficients of expansion, so attached to the spring controlling the 
pointer that the reading of the galvanometer when no current is flowing is the 
temperature of the surroundings. 

CALIBRATION OF PYROMETERS. — The methods employed are 
described in detail in Burgess and Le Chatelier’s High Temperature Measure 
ments. In general, the reading of the pyrometer is observed when the üre end 
is at the melting or boiling point of some solid or liquid. The melting and 
boiling points which possess the greatest reliability are given in the article ot 
Heat and Thermal Properties. . 

COST, RANGE AND PRECISION OF TYPICAL PYROMETERS. — 
These items are indicated approximately in the table below. The preason 
stated is on the assumption of proper calibration and careful use. 


Te. 
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Range, Cost, 
Type e C. dollars 
Nickel ball and calorimeter................ 100 to 1000 
Féry radiation Dyronieter. s i veas eam 800 and up 
Thwing radiation pyrometer............... 800 and up 
Féry absorption pyrometer......... lusus 9oo and up 
Wanner pyrometer.............see eee 9oo and up 
royalty 
Holborn-Kurlbaum pyromceter............. goo and up basis 
Resistance thermometer," bulb " only..... Up to 125 i 10 
Resistance thermometer, ‘‘ bulb " only..... — 200 to 1000 40 
Balance indicator.............eceeceeeeee (c) 75 
Direct-reading indicator................. (c) 45 


Thermoelectric pyrometer 
Platinum-iridium couple (24 in. long) .... (c) 


30 
Base-metal couple. ...........ececeeeeees (c) 10 
Seger cones, each........0.0cccecceeceucees 600 to 2000 0.02 
Iron-graphite expansion pyrometer.......... 100 to 800 15 to 30 


(d) Depends on upper limit, (b) depends on range and conditions of use, (c) depends 
on conditions under which it is used, (d) with millivoltmeter. 


BIBLIOGRAPHY. — Burgess and Le Chatelier’s Measurement of High 


Temperatures, N. Y, 1912. In this treatise will also be found a complete bib- 
liography of the entire subject of pyrometry. 


[H. PENDER AND H. R. RANKEN.] 
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RAILS, TRACK AND THIRD. — (See also Bonds, Railway Track; 
Railways, Electric, Traction Systems for; Third-rail Systems; Trolley Systems.) 
For city streets the track rail of the girder type, as standardized by the Ameri- 
can Society of Civil Engineers, has been adopted as standard. Both the 7-inch 
and the 9-inch sizes are used, but the latter is better adapted to street paving. 
For interurban and trunk-line work the A.S.C.E. standard* “T” rail is used 
in sizes ranging from 40 to 100 pounds to the yard. Rails are generally used 
in 30 ft. lengths, but for city work where low resistance in the return circuit is 
essential (see Electrolysis of Grounded Structures) 60 ft. lengths are used. The 
longer rail also gives a better roadbed. A new type of rail, known as the 
Romapac rail, has recently been introduced, in which the base and head are 
rolled separately the head being crimped on to the base when the rail is in- 
stalled, with the joints in the head staggered with the joints in the base; se 
Bonds, Railway Track. 


RESISTANCE AND CHEMICAL COMPOSITION, — The chemical 
composition of steel rails with respect to the impurities or elements other than 
iron (chiefly carbon, manganese, phosphorus, sulphur and silicon) varies ovet 
a considerable range, depending upon the process of manufacture. According 
to J. A. Capp, the specific resistance of an ordinary steel rail may be taken 
as a rough indication of the total impurities present. Fig. 1 shows the results 
of tests on a number of samples of different makes, ranging in total impurities 
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Specific Resistance 
Referred to Copper as Unity 


c 


a 


0.10 0.20 0.30 0.40 0,50 0.60 0.70 0.80 0.90 1.00 1.10 120 1.30 140 1,50 L60 1.70 180 190 
Total Per Cent not Iron 
Fig. 1. (From Trans. A.S.M.E.) 


from o.1 per cent to 1.9 per cent, the specific resistance referred to copper 15 
unity ranging from 6.1 to 13.3. The greater hardness caused by the presen 
of impurities is an advantage in the case of track rails which offsets the disad- 
vantage of low conductivity, but it is usually economical to employ for the 
third or contact rail a rail of fairly high conductivity. 

The compositions given in the tables on the following page are recommended 
by the authorities quoted. 


* A modification of the present standard is now (1913) under consideration. The 
New York Central and Pennsylvania Railroads have their own standards. : 

f This does not apply to special forms of rails submitted in the process of rolling © 
extra heavy pressures. 
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PER CENT IMPURITIES AND SPECIFIC RESISTANCE OF STEEL 


RAILS 


J. A. 


Approx. spec. res. referred to 
copper as unity 


A.H. 
Capp Arm- 
strong 


PER CENT IMPURITIES AND SPECIFIC RESISTANCE OF SOME 


TYPICAL THIRD RAILS 


Per cent of impurities 


Phos- 
Man- Sul- | phor- 
ganese| phur 


0.074 
0.05 
0.085 


I. R. T. Subway, N. Y O.O0S5|  O.O9I 
New York Central : : «0.08 | <o.10 
«0.08 | <o.10 


Spec. 
res. 
re- 

ferred 
to 
copper 


0.074 
0.03 
0.022 


trace 
«0.05 
«0.05 


Allowance for Wear in Resistance Calculations. — Resistance calcula- 
tions should be made for rails worn down to the weight at which they will be 
scrapped. It is usual to scrap rails when they have lost from xo per cent to 20 


per cent of the original weight, depending upon the importance 


of the line. The 


resistances in the above table should therefore be increased from ro per cent to 


20 per cent. 
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RESISTANCE OF T-RAILS, A.S.C.E. STANDARD SECTION (1913) 
(Full Cross section) 


Spec. res. 12.5 times Spec. res. 8 times that 
Area, that of copper of copper * 


Weight,| Cross millions | ————, ^ . puede e TRU 


Ib. per | section, of cir- 
yard | sq.in. | cular | Ohms per | Ohms per Ohms per | Ohms per 


mils 1000 ft. mile 1000 ft. mile 
a: 
40 3.90 4.95 0.0261 0.138 0.0167 0.0882 
45 4.40 5.60 0.0231 0.122 0.0148 0.0782 
50 4.90 6.23 0.0208 O.IIO 0.0133 0.0702 
55 5.40 6.86 0.0189 0.0996 0.0121 0.0637 
6o. 5.90 7.50 0.0173 0.0911 0.0110 0.0583 
65 6.40 8.14 0.0159 0.0840 0.0102 0.0538 
70 6.90 8.77 0.0148 0.0779 0.00944 T 
75 7.431 9.45 0.0138 0.0729 0. 00884 0.04 ' 
80 7.80 9.9 0.0131 0.0689 9.00835 | 0-04 
85 8.34 10.5 0.0122 0.0645 0.00781 0.0413 
9o 8.83 II.2 0.0115 0.0609 0.00738 oe 
95 9.30 11.8 0.0109 0.0570 ' 9.00701 e 
100 9.82 12.5 0.0104 0.0547 9.00664 | 9-035 


7 = as 
* To find the resistance of rails of any specific resistance * referred to coppet 


unity multiply these resistances by 7 and divide by 8. 


Resistance of Romapac Rails. — The conductivity of a rat 
only by the chemical composition but also by the treatment in m2 a ling 
especially with regard to the pressure to which it is subjected 1n the d 
mills. The conductivity of the flange of a rail is greater than that of the lling 
owing to the more direct pressure to which the flange is submitted ìn ie p to 
mill In the Romapac rail, which has a separately rolled head crimped OF to 
the base after the latter is installed, both the head and base are subjec 
unusually direct pressure in the rolling mills. Romapac ra! : 
contained seat aa per cent of impurities and if rolled in the ordinary Y^ 
would have a resistivity of about 10.5 times that of copper. 
to have a resistivity of about 6.5 times that of copper. he- 


A-C. Resistance and Reactance. — See articles on Trolley Systems, 
head; Signaling, Railway. 


BIBLIOGRAPHY. — Capp, J. A., Trans. A. S. M. E., 19 Vol. AS 
Del Mar, W. A., Eng. News, 1911, Vol. 66, p. 386; Dudley, P. H., Proc. ae 
Eng. Assn., 1912, Vol. 14, p. 151; Proc. Int. Ry. Cong. Brussels, ae 
Proc. Int. Ry. Cong., Brussels, 1905, Proc. Am. Ry. Eng. Asst. E ] Rails 
p. 563 (contains a bibliography on stresses in rails); Sellew, W.F 45 mt 
New York, 1913 (a very comprehensive work wit 
See also files of the American Society for Testing Materials, AM 


of Civil Engineers and American Railway Engineering Association 
[W. A. Der Mas! 
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RAILWAYS, ELECTRIC, TRACTION SYSTEMS FOR. — (See 
dso Awomobiles, Electric; Bonds, Railway Track; Car Barns and Inspection 
Sheds; Cars, Electric; Conduits and Conduit Lines; Control Systems for Railway 
Motors; Depreciation; Electrolysis; Locomotives, Electric; Locomotives, Steam; 
Motors; Power Stations; Rails, Frack and Third; Rectifiers; Signaling, Railway; 
Specifications; Substations, Railway; Third-ratl Systems; Railways, Energy Re- 
quirements for; Railways, Location and Permanent Way for; Transmission Lines; 
Trolley Systems; Wires and Cables.) The component parts of a railway system 
are the following: Generating station, usually three-phase alternating current; 
high-tension transmission line; substations with transformers and synchronous 
converters; low-tension distribution system, trolley and feeders; motive power 
or motor equipments; bonding and feeders for return circuit. 


HISTORICAL DEVELOPMENT. — The history of electric traction is 
given briefly by a few salient epoch-making events. 

1835. T. Davenport of Vermont built and exhibited a small model elec- 
tric vehicle operating on a circular track. 

1842. Davidson, Edinburgh, Scotland built a seven-ton car operated by 
primary batteries and electro-magnets. 


1851. G. G. Page operated a small locomotive with primary batteries on. 


the Baltimore and Ohio Railroad at Washington. 

1877. S. D. Field in San Francisco operated a small car driven from a sta- 
tionary remote generator. 

1882. J. R. Finney first used the over-running trolley at Allegheny, Pa. 

1883. Leo Daft equipped a full-sized passenger train running from Saratoga 
to Mt. McGregor, together with the over-running-trolley construction. 

1886. Bently and Knight introduced the first. conduit system in Cleve- 
land, O. 

1887-8. Several small installations. 

1888. Frank Sprague equipped the Richmond Street Railway and demon- 
strated the practicability of the system. Bently and Knight equipped a road 
at Allegheny City. Thomson-Houston system installed at Washington, D. C. 
Van Depoele brought out the under-running trolley. ‘lhe directors of the 
Boston West End System decided to adopt electric traction. 

1896. Baltimore and Ohio tunnel at Baltimore electrified; the first electri- 
fication of a steam road. 

For references to the original papers describing these early installations, 
see Burch, Electric Traction for Railway Trains, N. Y., 1911. 


APPLICATIONS OF ELECTRIC TRACTION. — There are certain well 
defined fields in which electric traction is superior to other methods, the most 
important of which are the following: 

1. Where the frequency of stops is so great as to require a high rate of ac- 
celeration in order to make a good schedule speed. If the service requires 
trains of several cars, any desired number of these cars can be made motor 
cars and thus a sufficient weight on the driving wheels can be economically 
Secured to give the required adhesion and tractive effort. 

2. Where local conditions prohibit the nuisance of the smoke, exhaust 
gases and noise of steam locomotives, as in cities and tunnels. 

3. In heavy trunk-line service where the density of traffic is so great that 
a high load factor can be obtained with respect to both the power house and 
distribution system. The operating cost of an electric train is always less than 
the operating cost of a steam train but the fixed charges (interest on invest- 
ment and depreciation) of the electric system are high, for the first cost for 
the electric equipment, viz., locomotives, motor-car equipment, distribution 
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system and power house, is much greater than the first cost of steam locomo- ` 


tives, and their accessory equipment. If there are sufficient trains in a system 
so that the pro rata share of the fixed charges for each train is less than the 


difference between the operating cost of an equivalent steam equipment and 
the operating cost of the total electric equipment then electric traction 1s 


advantageous. 


SYSTEMS OF ELECTRIC TRACTION, — Three different types of 
motors are in use for electric traction, the direct-current motor, the single- 
phase commutator motor, and the three-phase induction motor; See articles 
on Motors. The trolley or third-rail voltages (i.e., volts between trolley and 
track rails or between third rail and track rails) and the motor voltages em- 


ployed are as follows: 


Direct-current Systems. — Trolley or third-rail voltages of 600, 1200 and 
olt system are designed for 


2400 volts are in use. The motors for the 600-v 
full trolley voltage. For the 1200-volt system both 1200-volt and 600-volt 


motors are used, in the latter case each pair of 6oo-volt motors being perma: 


nently connected electrically. For the 2400-volt system 1200-volt motors are 


used, each pair of motors being permanently connected in series electrically. 


Single-phase Systems. — Trolley voltages (third rails are not used) of 
cond are 8 


from 3000 to 11,000 volts and frequencies of 15 and 25 cycles per Se ti 
use. The trolley voltage is stepped down to from 200 to 500 volts, for w 


voltage the motors are designed. 
are required, 


Three-phase Systems. — Two trolley wires 
the two wires and the track forming the necessary three conductors for the 
three-phase distribution. The usual frequency is 25 cycles per secon & 
voltages used between the two trolleys and between d p 
range from 6000 to 11,000 volts. Transformers are employed to step ! 
three-phase voltage down to from 400 to 600 volts betw 

Comparison of the Various Systems. ~ For ordinary street railway e 
vice the 6oo-volt d-c. system is almost universally employed, but for gn 
urban and trunk-line service there is a great difference of opinion as to V a 
of the various systems is the most economical when all the factors af tà 
into account. The factors which must be considered in comparing te 
systems in any particular case are the following: ER 

t po 


i. For a given weight and length of trolley or third rail the per c aar o 
loss for a given amount of power transmitted varies inversely as the sd 
the trolley or third-rail voltage. ber of 
2. The higher the trolley or third-rail voltage the fewer are the num m 
substations required for the same efficiency of distribution and weight 0 
ductor. s< the insu 
3. The higher the trolley or third-rail voltage the more costly 15 tenant 
lation and supporting structure, and also the greater is the of main 
of the distribution system. P 
4. Both the first cost and the annual expense of the substations sformess 
the a-c. systems than for the d-c. systems, since for the former static tran 
only are required whereas for the latter rotary converters must be cent! s 
s. The relatively low power factor of a-c. motors (8o to 90 Pet ce of th 
well as the relatively low power factor of the line (due to the reactor the 34 
trolley wire and track return) gives rise to a greater power E f the d^ 
distribution system for the same power delivered than in the a emph!” 
system, and this great loss and lower power factor es necessary : 
ment of generating apparatus of greater kv-a. capacity. 


re less for 


—— -—-— 
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6. The 600-volt d-c. motor, for the same horse-power rating and speed, 
costs less, weighs less and occupies less space than either type of a-c. motor. 
The high-voltage d-c. motors cost more, weigh more and occupy more space 
than the 600-volt ty pe. 

7. With the a-c. motors transformers are required. on the locomotive, 
which adds to the cost and weight of the locomotive equipment. 

8. The 600-volt d-c. motor costs less to maintain and is liable to fewer oper- 
ating troubles than any of the other motors. 

9. With the commutating type of a-c. motor the power lost in the control 
equipment is practically negligible, since the " potential" type of control can be 
used. For both the d-c. motor and the induction motor a resistance control is 
Decessary, with consequent loss in power (see Control Systems for Railway Motors). 

10. The induction motor is inherently a constant-speed machine, and con- 
sequently the power input varies directly as the opposing resistance. The d-c. 
motor and the a-c. commutator motor are inherently variable-speed machines, 
and the power input varies approximately as the square root of the opposing 
resistance, the speed at the same time falling off. 

II. The three-phase induction motor, when kept connected electrically to 
the source of power, automatically operates as a generator when the train is 
going down grade at a speed greater than the synchronous speed of the motor, 
the motor thus returning power to the line and at the same time acting as a 
brake preventing any considerable increase in speed. “Regeneration,” as this 
action is called, can also be obtained with the other types of motors but only 
at increased expense for the additional control equipment required. 

Examples of the Use of the Various Systems. — In the following 
tables are listed (1) all the steam railroad clectrilications in this country in 1915; 
(2) the interurban roads in this country using the a-c. system and (3) those 
using the high-voltage (over 750 volts) d-c. system; and (4) some of the more 
important steam railroad electrifications in Europe. 


ANALYSIS OF AN ELECTRIC RAILWAY PROJECT. — — In the anal. 
ysis of a particular problem the following general line of procedure is followed: 


I. Determine the number and capacity of cars to supply the service desired. 

2. Determine the power and energy required to propel these cars at the 
schedule speed desired; see Railways, Energy Requirements for. 

3. Select the motors to correspond to the power determined in 2; see Rail- 
ways, Energy Requirements for. 

4. Lay out distribution of cars, by train diagrams if necessary; see Rail- 
ways, Energy Requirements for. 

5. Calculate the capacity of the low-potential distribution system and of 
the substations; see Substations, Railway; Railways, Energy Requirements for; 
Third-rail Systems; Trolley Systems. 

6. Determine the capacity of the generating stations and transmission sys- 
tem; see Power Stations; Railways, Energy Requirements for; Transmission Lines. 

7. Estimate the first cost of the system; see articles on the various items 
involved. 

8 Estimate the cost of operation; see articles on the various items involved. 

9. Estimate the earning power of the system. 

À. In the case of a new road the earning power must exceed the sum of the 
operating cost and fixed charges by an amount sufficient to pay dividends. 

B. In the case of the electrification of a steam road it must be possible to 
show either: (x) that the result of electrification has been to reduce the oper- 
ating charges by an amount more than sufficient to pay the fixed charges on 
the electrical apparatus, or, (2) that the result of electrification will increase 
the capacity of the road or attract sufficient new business so that the increased 
earning power will more than balance the increased fixed charges. 
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l 
TABLE I. — ELECTRIFIED * STEAM ROADS IN THE UNITED —— 
STATES (1913) Y 
à 
D> ia 
M o O O a 
E sa | $8 | — 
2v B wet 9 tho 
Name of road o È 99 E: cus 
9 Tran 
a E Q 5 $ SN 
M C 4 "da DENS 
xal] 
Nantasket Beach......-- La 
Baltimore & Ohio....... : h 
Chicago & Oak Park. ... uM 
Hartford-New Britain... a 
Chicago South Side..... - 
Hoboken Manufacturers. i : > 
Buffalo & Lockport...... L. Ye ' En 
Stamford-New Canaan f. . L. M. C. > 
Providence, W. & Bristol M. L. anu zm 
Manhattan El........... M. L. M. C. E. 
Northwestern Pacific M.C e 
North Shore.......--- M. L. M. C. s 
Tafts-Central Vil., Conn. M. L. » a 
Hartford-Melrose, N. H. M. L. a C. = 
West Shore............-- M. L. i & M.C. 
N. Y. Central........... Term. Ps i 2 
Middletown-Meriden.... M. L. M. C. 
West Jersey & Sea Shore. M. L. M. C. >: 
Denver Interurban...... M. L. e C 
Baltimore & Annapolis. M. L. M. C. 
Middletown-Berlin...... M. L. " C. 
Erie R. R., Rochester... M. L. i. is 
n. T 


e *í292994999 
»*9290622295292*2-9292999** 


**cc c9 2 


Denver & Intermountain 
Great Northern......... 


e 
= RP 
E e 


Mich. Central, Detroit.. 3d R &M.C 
Peninsular R. R., Cal... " & M. C. 
Salt Lake & Ogden...... RMC) 
L. & M. 
Penn. — L. I. R. R...... | 
Southern Pacific, Oak- M.C 


eeoseecesseoneeseoe 


Butte, Anaconda & P.... 


* In whole or in part. 
t Since 1908 single phase a-C., 11,000 volts. 


t Changed to d-c. in 1913. 


n 
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TABLE If. — ELECTRIC INTERURBAN ROADS IN THE UNITED 
STATES (1913) 
Using the Single-phase A-C. System 


Miles of | Voltage | Motors, 


Name of road Tear single at number 


opened track trolley 
Indianapolis & Cincinnati............. 1904 112 3,g00 
Westmoreland County..............-. 1905 7 1,300 
Vallejo & Napa Valley................. 1905 34 3,300 
Warren and Jamestown............... 1905 26 3,300 
Ser Clif PHI fee Oe dn eee ora aes 1905 6 2,200 
Toledo & Chicago. .................... 1900 43 3,300 
Spokane & Inland Empire............. 1906 162 6,600 
Ft. Wayne & Springfield............... 1907 22 6,600 
Pittsburg & Butler......... .......... 1907 39 6,600 
Richmond & Chesapeake.............. 1907 16 6,600 
Windsor Essex & Lake S............... 1907 46 6,600 
Anderson Traction.................... 1907 20 3,300 
Hanover & York...................... 1908 21 6,600 
Chicago, L. S. & S. Bend.............. 1908 9o 6,600 
Stamford-New Canaan................ 1908 8 11,000 
Shawinigan Railway.................. 1908 I 6,600 
Rock Island Southern................. 1910 52 11,000 
N. Y., Westchester & Boston.......... I9II 63 11,000 | 


TABLE III. CÓ ELECTRIC INTERURBAN ROADS IN THE UNITED 
STATES (1913) 
Using the High-voltage D-C. System 


Miles of | Voltage | Motors, 


Name of road Date single at number 
track trolley jand H.P. 


P  ] - | | 


Indianapolis & Louisville.............. 1907 42 1200 4- 75 | 
Central California Traction............ 1908 69 1200 4- 75 l 
Pittsburg, Harmony & Butler......... 1908 77 1200 4- 75 i 
Aroostook Valley............... sese I91O IS 1200 4- So 
Milwaukee Electric Railway........... 1910 68 1200 4-125 
Oakland-Antioch................. eese I9IO 35 1200 4- 75 
Shore Line Electric...................- I9IO 52 1200 4- 75 
Southern Cambria...................- 1910 24 1200 4- 75 
Washington-Baltimore...............- 1910 89 1200 4~ 75 
Piedmont Traction.................... I9II I25 1500 4- 90 
Ft. Dodge & Southern................ I9II I45 1200 4-125 
Southern Pacific..................usse I9II 96 1200 4-125 
Davenport & Muscatine............... 1912 30 1200 4- 50 
Nashville-Gallatin.................... 1912 23 1200 4- 75 
Oregon Electric. ........ccecceceeceees 1912 140 1200 2- 75 


Kansas City & St. Joseph............. 1912 70 1500 4-... 
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TABLE IV.—SOME OF THE MORE IMPORTANT STEAM RAILROAD 
ELECTRIFICATIONS IN EUROPE (1913) 
uz -— ü 
34 ci B |e [EH 
Name of road 329 8 ~ | BE ga Hs 
‘a E È Ee T 
Northeastern Railway | England Term. | Both | 600 D-C. Both 
London, Brighton & úc 
S Corna areola ess England M. L. T: 6,600 A-C. i : 
Metropolitan District.. England Tun. | 3d R 600 D-C. | &- : 
Metropolitan.......... England Tun. |3dR 600 D-C. - 
Swedish State......... Sweden M.L T. | 15,000 A-C. on 
Paris-Orleans.......... France Term. | 3d R. 6oo D-C. : 
Midi Railway........- France M.L T. | 12,000 A-C. Bot 
Prussian State: 
Hamburg.........-- Germany M. L. T. 6,600 Pa "i 
Magdeburg. ........- Germany M. L. T. |10,009 js sull 
Bavarian State........ Germany M. L. T. 5,500 A- ^ 
E dnd li nd M. L. T. 10500 A-C. a 
St. Polten-Mariazell... M. L. T. 6,500 A-C. d 
Swiss Federal: 
Burgdorf-Thun...... he T. 750 Hi i 
Simplon Tunnel..... Tun. T. 3,000 A- n 
Bernese Alps.......... M.L.&| T. |15000 A-C. | Bo 
Tun " 
— —— Mes ra Ie” 
Italian State: AC L. 
Giovi, Genoa........ M.L T. 3,000 c Both 
Milan-Porto Ceresio. M. L. | 34 R. 660 D-L: t 
M.L T. | 300 A&C. | ™ 


Valletina............ 
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RAILWAYS, ENERGY REQUIREMENTS AND MOTOR 
EQUIPMEN T FOR. — (Sce also Locomotives, Electric; M otors; Power Sta- 
lions; Railways, Electric, Traction Systems for; Railways, Location and Perma- 
nent Way for; Substations, Railway.) From a consideration of the forces acting 
on a moving train it is possible to determine the motor capacity and energy 
required to operate it when the protile and contour ot the road, the time table 
and the characteristics of the available motors are known. The various items 


are treated in tbe following sequence: - 


Forces Acting on a Tràln..i csc eer rr a b RE ERI EE RR eia p. 1165 
Train ESI SLATICO ies ok. QUE SW X NO UR RARE KA ead S Es dre evo edit 1166 
Acceleration and BrakIng. i eccesso si ev eu rex teens Se ttn an n 1169 
''ractive-EBort Required 4924.4 44s acess hue baa eda eee ae eibex ta nnd II7O 
Gear Ratio and Speedo iore rre ees PR pom ex REP C RU ORE 1170 
Power Required at Given Speed........ 0.0. ccc ee cece eee ne eee eee e 1172 
Overall’ Etlicieney: eee eem exes t ue ES Or edhe etek Ns 1172 
Speed-time and Distance-time Curves............ sees cece e eese 1173 
Energy Consumption from Tests. 2.0.00... 0.00. ce cee cece ween eees 1176 
Approximate Method of Calculating Energy Consumption. ............. 1177 
Step-by-step Method of Plotting Speed-time Curves. .............0005 1179 
Motor Capacity; R. M. S. Current and Average Voltage.............. 1187 
Analytical Method for Predetermining Energy Consumption and Motor 
Capacity receive eese Lati on tet eka nein fur. o aue di edo eis II9I 
Train and Load Diagzrams........... sees he hrs 1198 
Power Required for Car Heating and Lighting...............Luuuuu.. 1199 
BIblOgraply «dcs niche x Rte cu P Pra eia Aie PUO wae REOR aes 1200 


UNITS AND ABBREVIATIONS. — Throughout this article the vari- 
ous quantities employed will be expressed in the following units unless specifi- 
cally stated otherwise: distances in feet, weights in tons of 2000 pounds, forces 
in pounds, speeds in miles per hour (abbreviated mph.), accelerations in miles 
per hour per second (abbreviated mphps.), mechanical power in horse power, 
energy in watt-hours. 


FORCES ACTING ON A TRAIN. — The forces tending to accelerate a 
train are the tractive effort developed by the motors and the component of the 
weight along the track on down grades. The forces which retard the motion 
of the train are the various frictional forces and the component of the weight 
along the track on up-grades; also in braking, the frictional force due to the 
brakes. All the various frictional forces, except the braking resistance, such as 
track friction, journal friction, air friction, etc., which oppose the motion of a 
train on a straight track are usually considered together and are referred to as 
the "train resistance." The extra friction due to track curvature is usually 


considered as an equivalent up-grade. 

Tractive Effort and Draw-bar Pull. — The tractive effort of a motor is 
the force exerted by the motor at the rim of the driving wheel to which the 
motor is geared. The tractive effort of a locomotive is the force exerted by 
the locomotive at the rim of the drivers. The draw-bar pull of a locomotive is 
the force transmitted through the draw-bar of the locomotive,* and is less than 
its tractive effort by an amount equal to the resistance due to the rolling fric. 
tion of the locomotive wheels on the track and the air resistance of the locomo- 
tive. 

Direct-current motors deliver a uniform tractive effort for a given current; 
the tractive effort of alternating-current motors pulsates to some extent with 
the alternations of the current; the tractive effort of a steam locomotive varies 


* In the case of a steam locomotive, the draw-bar pull usually refers to the force trans- 
mitted through the coupling between the tender and train; i.e., the tender is considered 


as a part of the locomotive. 
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from 28 to 50 per cent above and below its average value during each revolu- 
tion of the drivers. 


Train Resistance. — The total train resistance includes the following: 

Rolling friction, which depends on the stiffness of the rail and the rigidity of 
the roadbed, and upon the speed and the weight of the train. 

Journal friction, which depends on the speed, weight of the train, temperature 
and condition of lubrication. 

Effect of oscillation and concussion, which depends upon the square of the speed, 
the weight of the train, and upon the condition of the track and roadbed. 

Air resistance, which depends upon the square (approximately only) of the 
speed, the end area and length of train (number of cars), upon the shape of 
the end surface, and upon the kind of platforms or vestibules, but is independent 
of the weight of the train. 

In view of the numerous factors which affect the train resistance, it is prac 
tically impossible to devise a formula for the resistance per ton of train weight 
which will be applicable to all types of cars and track construction. Numerous 
formulas have been suggested, most of which are of the form 


r= A+ Bo+ Cr, 


where r= the resistance in pounds per ton, v= speed in miles per hour and 
A, B and C are constants determined by experiment. The values of these 
constants naturally depend upon the type of cars, nature of roadbed, numbet 
of cars in the train, etc.; consequently the values of these constants as obtained 
from tests on various types of equipment and track construction differ consid- 
erably. 

Burch (Electric Traction for Railway Trains, New York, 1911) gives the fol- 
lowing values for these constants under normal conditions of track and weather. 
In winter the total train resistance may be as much as 60 per cent greater than 
the values calculated from the above formula, when these values of the con- 
stants are used. An electric locomotive is to be treated as a single car, its 
weight averaged with the weight of the cars. In the case of a steam Jocomotive 
and tender, the tender is to be treated as a car, but the locomotive resistance 
is to be added as a separate item (see below). 

Value of A.— This constant depends chiefly upon the average total 
weight of car and load. Let w= this average total weight per car in tons; 
then for 


Value of B.— This constant depends primarily upon the nature of the 
track and roadbed and also to some extent upon the weight and type of the 
car. Burch gives the following values: 


Passenger cars on excellent track................. . 0.06-0. It 
Passenger cars on ordinary track.................. 0.10-0.15 
Freight cars on ordinary track........ re Oe ©.05-0.06 


The heavier the car the higher the value of this coefficient. 

Value of C. — This constant depends primarily upon the air resistance 
at the head and rear ends of the train and along the sides of the train. It may 
be expressed approximately by the formula 

C Ka (0.9 -- o.1 N) 
= ———À 9 
Nw 


where a = the cross section of car in square feet, N = number of cars, wa 
average weight of car and load in tons, and K = o.ooro for parabolic ends 


LE: 
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0.0020 for wedge-shaped ends, 0.0028 for vestibule cars, 0.0030 for open plat- 
forms, 0.0033 for freight cars and 0.0040 for flat fronts. 

Tests made on three-car trains in the Boston-Cambridge subway gave a value 
of approximately 0.0050 for the constant K, the higher value being due to the 
extra air resistance in the tunnel. (See Elec. Ry. Jour., 1912, Vol. go, p. 280.) 


Burch's Table of Train Resistance. — Using the above values of the 
constants Burch has calculated the following table for train resistance. 


TRAIN RESISTANCE FOR ELECTRIC TRAINS 


N = number of cars (including electric locomotive, if any); 
w= average weight of carloaded, in tons( = total weight of train divided by N); 
r = train resistance in pounds per ton; 
v= speed in miles per hour; 
a = cross section of car in square feet; 
A and B constants in the formula; A taken as 0.0030 throughout. 
Ka (o.9 -F o.1 N) 2? 


r= A+ Bo-4-— (1) 
Nw 


TABLE I.— VALUES OF TRAIN RESISTANCE 


i Speed in miles per hour 


—M  — ee — ——— 


I IS 6.0 | o.i 1co | 9.1 
I 20 5.5 | 0.12 | 100 | 8.2 | 
I 25 5.0 | 0.13 | 100| 7.5 
I 35 4.5 | 0.13 | 100| 6.7 
I 45 4.0 | 0.13 IIo | 6.0 
2 I$ 6.0 | o.t l0 | 8.2 
2 20 5.5 | 0.12 | 100| 7.5 
2 25 5.0 | 0.13 | LOO} 7.0 
2 35 4.5 | 0.13 100 | 6.3 
2 45 4.0| 0.13 | IIO] 5.7 
a 3 15 6.0| 0.11 | 100] 7.9 | 
E 3 20 5.5 | 0.12 | 100] 7.3 
Ü 3 25 5.0 | 0.13] 1o0| 6.8 
a 3 30 4.5 | 0.13 | 100] 6.2 
2 3 35 4.5 | 0.13 | 100] 6.1 
A 3 45 4.0| C.13| 110] 5.6 
: 4 25 5.0 | 0.13 100 | 6.7 
4 | 30 | 4.5 | 0.13] 100] 6.1 ; 
4 35 4.5 | 0.13 | 100] 6.1 d 
4 45 4.0 | 09.13 | 110] 5.5 | 
6 25 5.0] 0.13 | 1o0| 6.6 | 
6 35 4.5] 0.13] roo| 6.0 i 
6 45 4.0 | 0.13 | 110| 5.5 
8 35 4.5 | 0.13 | 100] 6.0 | 
8 45 4.0 | 0.13] 110} 5.4 ; 
I2 | 45 | 4.0] 0.13] rol] 5.4 | 
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TABLE I.— VALUES OF TRAIN RESISTANCE — Continued 


Speed in miles per hour 


Other Formulas for Train Resistance. — Of the numerous other 
formulas which have been proposed for train resistance the two most commonly 
employed are Armstrong’s formula 


0.002 a (0.9 + o. N)vt 


"om 
r= Vig oe Vo 


and Mailloux’s formula 
2 
vui: aig (0.25 +0.02N) 0 


Nw 


The symbols have the same meaning as above. Armstrong’s formula gives 
considerably lower values than those given by Burch, except for heavy trains; 
Mailloux’s formula gives lower values than those given by Burch except for 
heavy trains at low speeds, but the difference in most cases is not very great. 
For other formulas proposed from time to time see Burch, Electric Traction for 
Railway Trains. See also an excellent paper on the resistance of freight trains 
by E. C. Schmidt in Trans. A.S.M.E., May, 1910. 


Resistance of Steam Locomotives. — The American Railway En- 
gineering Association recommend the formula for the resistance of a steam 


locomotive 


n= 18.7 + o 
Wi 


where ri is the resistance (between cylinder and rim of drivers) per ton weight 
on the drivers, X is the number of driving axles and w the total weight in tons 
on all the drivers. Tests by the American Locomotive Company showed that 
the resistance per ton weight on the drivers is 22.2 pounds. 


Train Resistance at Starting. — The formulas given above are not 
applicable to speeds below about 1o mph. The New York Central tests on 
electric trains show that the train resistance decreases with decrease in spetd 
to 1o mph., but that as the speed still further decreases the resistance per to 
increases. The resistance at starting may be from 6 to 18 pounds per toa, 
depending upon the condition of the bearings, track, etc., and upon the dur 
tion of the stop preceding the starting. These figures also apply to freight 
trains. Tests on the Rock Island system showed that in the case of a train 
which had stood overnight in cold weather (i.e., which had become "frozen 
up"), the starting resistance was 30 pounds per ton. The slack in the at 
couplings, however, renders it unnecessary for a locomotive to exert sufhcient 
effort to start all the cars at once. 


Grades and Curvature. — (See Railways, Location and Permanent Way fer.) 
An actual up-grade of G per cent produces a retarding force of 20 G pounds pet 


y 
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ton, and a dowu-grade of G per cent produces an accelerating force of 20 G pounds 
per ton. A curve always gives rise to a retarding force which ranges from o.5 
to 1 pound per ton per degree of curvature. Using the higher igure each degree 
of curvature may be taken equivalent to an up-grade of 0.05 per cent. Note 
that for angles of curvature up to 12 degrees the angle in degrees may be taken 
equal to 5730 + R where R is the radius of curvature in feet. 


ACCELERATION AND BRAKING. — The permissible rate of accelera- 
tion depends upon a number of factors. 


I. The rating of the motors; the larger the motors the higher the tractive 
effort they can develop and therefore the greater the acceleration. 

2. The weight on the driving wheels of the car or locomotive; the maximum 
tractive effort that a motor car can exert without slipping the wheels is from 
I5 to 20 per cent of the weight on the drivers (see below under Adhesion Coe fhi- 
cient). 

3. The comfort of the passengers; the higher the acceleration rate the more 
difficult is it for a passenger to maintain his equilibrium. ‘This also depends to 
some extent upon the uniformity of the acceleration. 

4. To make a given schedule speed with the least amount of energy the 

“acceleration rate should be as high as possible. Very high rates of accelera- 
tion, however, are not in gencral justiticd on this score, as the increase in the 
size of the motors required may more than offset the saving of energy. 

The following rates of acceleration represent common practice: 


TABLE II.— ACCELERATION RATES 


Miles per hour 


Service per second 


Steam locomotive, freight service.... 0.1 to 0.2 
Steam locomotive, passenger service 0.2 to 0.5 


Electric locomotive, passenger service 0.3 to c.6 
Electric motor cars, interurban service 0.8 to 1.3 
Electric motor cars, city service I.5 to 2.0 
Electric motor cars, rapid transit service I.5 to 2.0 
Highest practical rate 2.0 to 2.5 


Braking. — The maximum retardation in braking is limited by the comfort 
of the passengers, and injury to equipment, a retardation of 1.5 miles per hour 
per second being the usual practical limit for electric or steam passenger trains, 
alhough 2.5 miles per hour per second is sometimes attained. For freight 
trains thé braking retardation is from 0.7 to 0.8 miles per hour per second. 
The higher the rate of braking the less the energy consumption for a given 
schedule speed. 


" Acceleration Constant." — The tractive effort required to give to one 
ton (2000 pounds) a linear acceleration of one mphps. is 91.2 pounds. To 
accelerate a train of W tons requires a tractive effort of 91.2 aW pounds to pro- 
duce a linear acceleration of a mphps., but on account of the accompanying 
angular acceleration of the rotating parts an additional force is required. This 
additional force is proportional to the linear acceleration a and also depends 
upon the radius of gyration (see Mechanics, Principles of) of all rotating parts, 
and upon the gear ratio of the motors (i.e., ratio of number of teeth in gear to 
number of teeth in pinion). The effect of the moment of inertia may be looked 
upon either as increasing the effective weight W or as increasing the acceleration 
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constant, the acceleration constant being defined as the quotient of total accel- 
erating force divided by the product of weight and linear acceleration. 
The increase in effective weight (in tons) due to any rotating axle or wheel is 


2000 


M [KM d res : : , . : 
ces (5) , where M is the weight in pounds of the part in question, K its 
radius of gyration (see Inertia, Moment of) andr its actual radius, both in 


K 
feet. Each motor armature adds to the effective weight — (5) tong 


where M is the weight of the armature in pounds, K the radius of gyration of 
the armature in feet, r the radius in feet of the wheel to which it is geared and 
p is the gear ratio. The total additional weight W, is the sum of the above 
items for all the rotating parts. The total force in pounds required to produce 
the acceleration of a mphps. is then CaW, where W is the actual weight of the 


W 
train in tons and C = 91.2 (z+ 7) . This quantity C is the corrected accel- 


eration constant, and this corrected value should be used in all calculations. 

The acceleration constant is raised by the flywheel effect discussed above by 
about s per cent (i.e., W,/W = 0.05) for heavy cars and locomotives, and be- 
tween s per cent and 10 per cent for light low-speed cars, 8 per cent being an 
average figure. However, C is usually taken as roo, corresponding to an 
increase in effective weight of about 10 per cent. A given linear acceleration of 
a mphps. then requires an accelerating force of xooa pounds per ton. 


TRACTIVE EFFORT REQUIRED. — Let 


F = tractive effort, in pounds per ton, exerted by motors, 
G = per cent actual grade (+ for up-grade), 

g = degrees of curvature, 

f = train resistance, in pounds per ton, 

a = acceleration in mphps (— for retardation). 


Then the tractive effort required per ton of total train weight is 
F = 100a 4- r - 20 G 4- £. (2) 


Example. — Given a train of three 45-ton cars moving with a speed of 
20 mph. and accelerating at a rate of 1.5 mphps. up a x per cent grade ona 
straight track; what is the total tractive effort required ? 


Answer: (100 X 1.5 + 7.8-+ 20 X 1) 3 X 45 = 24,000 pounds. 


GEAR RATIO AND SPEED. — By gear ratio is meant the ratio of the 
number of teeth in the gear on the wheel axle to the number of teeth in the 
pinion on the motor shaft. A gear ratio greater than 6:1 is seldom used for 
railway motors. Fora given torque developed by the driving motor, the tractive 
effort at the wheel rim and the linear speed for a given current depend upon 
the gear ratio and wheel diameter. Let D = the diameter of the wheel in inches 
K =the gear ratio, F = the tractive effort for a given current input; then the 
tractive effort F1 for this same current input but for a wheel diameter D, and 
gear ratio Ki is 

DK, 
Fi Di k^ 
If V is the speed corresponding to the tractive effort F for a given motor voltage, 
then the speed Vi corresponding to the tractive effort F, for the same motot 
voltage and current is 
IAK 


n= px, 


fr CL 
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If the gear ratio is low, the maximum speed will be high and the rate of 
acceleration low; if the gear ratio is high, the maximum speed will be low and 
the rate of acceleration high. 

For a given motor equipment, train weight, schedule, and profile the energy 
consumption and temperature rise of the motors depend upon the gear ratio 
selected, since this in turn determines the amount of coasting; see section below 
on Importance of Cousting.  Yhe proper gear ratio can be found only by trial 
calculation, plotting speed-time and distance-time curves from motor curves 
based upon different gear ratios, and calculating the energy consumption and 
temperature rise in the motors as described below. 


MAXIMUM POSSIBLE TRACTIVE EFFORT — ADHESION CO- 
EFFICIENT. — The adhesion or “tractive” coetticient is the quotient (ex- 
pressed usually as per cent) of the tractive effort in pounds which will slip 
the drivers, divided by the weight in pounds on the drivers. Burch gives 
the values in the following table. The maximum possible tractive effort is the 
product of the adhesion coetlicient (as a decimal fraction) by the weight (in 
pounds) on the drivers. 


TABLE III. — ADHESION COEFFICIENTS 


Condition of track Without With sand 
sand 


Most favorable condition 


Clean, dry rail 
Thoroughly wet rail 
Greasy moist rail 
Sleet-covered rail 


Maximum Grade Train can Ascend. — Let 


W = total weight of train in tons, 
Wa = total weight on all drivers in tons, 
$ = adhesion coefficient in per cent, 
y= train resistance in pounds per ton of total weight, 
G = per cent grade, 
& = degree of curvature, 
a = acceleration in miles per hour per second. 


Then the maximum tractive effort which the drivers can exert is 20 ?W4 pounds, 
and therefore (r+ 20 G+ g+ 100 a) W must be less than 20 pWa, or the max- 
imum per cent grade which the train can ascend is * 


G 


_ŻWa tet tooa) | (3) 
W e 3 


20 


This grade is greater the less the acceleration, or the greater the retardation. 
The greater the speed before the train strikes the grade, the greater may the 
retardation be without bringing the train to rest on the grade, and therefore 
the steeper the grade it may ascend. 


, *To be exact W should be multiplied by V1 — (G/100)?, but except for very heavy 
-grades this correction is negligible. 
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Example. — Assume no acceleration or retardation and no curvature,a_.. 


train resistance of 8 pounds per ton, an adhesive coefficient of 15 per cent, and 
es per cent of total weight of train on drivers. Then the maximum grade the 
train can ascend is G= 15 X 0.25 — $20 = 3.35 per cent. 

The highest permissible grade is when all the weight is on the drivers, eg. 
single cars or trains of motor cars with all axles equipped with motors. On 
steam freight roads the maximum grade seldom exceeds 2 per cent, and is 
usually considerably less, except in very mountainous country. 


Weight of Locomotive. — The weight of locomotive required to accelerate 
a train weighing W tons at the rate of a miles per hour per second up a grade 
of G per cent on a g degree curve against a frictional resistance of r pounds 
per ton, when the q per cent of the weight is on the drivers and the coefficient 
of adhesion is p per cent, is given by the following formula: 


Weight of locomotive = = (100 a+r 4- 20 G-F £). 


Example: What weight of locomotive is required to accelerate a 400- 
ton train at the rate of o.5 mile per hour per second up a 0.1% grade against 
a frictional resistance of 8 lb. per ton, when 80% of the weight is on the drivers 
and the coefficient of adhesion is 20%? 

X 400 


‘ 5 
ight of locomotive = — 
Weight of locomoti 255 Be 


POWER REQUIRED AT GIVEN SPEED. — Let 


r = train resistance in pounds per ton of total train weight, 

G = per cent grade, 

g = degree of curvature, 

a = acceleration in mphps., 

? = speed in mph., 
W = total weight of train in tons. 
' Then the power required at the rims of the drivers is 1.99 v (r + 20 G-- g 4 1000) 
watts per ton, or po= 2.67 x 107? oW (r+ 20 G-- 8+ 1004) horse id 
total. 4 

The power input p; to the car or locomotive is equal to the power at the rims 

of the drivers divided by the over-all efficiency e of the controller, motors and 
gears, i.e., 


(so+ 8+ 2) 75 tons. 


1.99 Wv (r + 20 G + g+ 100 8) 
1000 € 


Efficiency of Motors. — The over-all efficiency of the motors and gears 
when the motor is operating at full line voltage does not vary considerably fot 
loads ranging from 50 to 150 per cent of rated load. The maximum eficency 
is usually at about rated load, and has the values given in Table IV. At 50 
and 150 per cent load, the efficiency may be from 3 to ro per cent less, depending 
upon the design and the type of motor. The variation in efficiency with load 


bi kilowatts (5) 


is usually greater with alternating-current series than with direct-current motors. . 


Average Over-all Efficiency During Controller Period. — The overall 
efficiency of the motors and controller depends upon the type of control em 
ployed and upon the resistance inserted or the connections made by the con- 
troller. Most modern controllers for interurban cars are provided with 1 
current-limiting device which limits the current to a given value, usually the 
value of the current corresponding to the r-hour rating of the motor. Under 

. these conditions the average over-all efficiency of the motors and controlla 


over the whole of the controller period (i.e., from time of starting until ful. 


ur 
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TABLE IV. — MAXIMUM OVER-ALL EFFICIENCY OF MOTORS AND 
GEARS AT RATED VOLTAGE. 


Max. eff., 
per cent 


Horse power, 
I-hour rating 


Kind of motor 


ios ios ag tie RM ud dca aurai terit 83-88 
Cea E Nas ds a oss C Rc Dues de PC 88-89 
Vas atate a tosta bsp 91-93 
eeu up reu o qa ERU LX et 70-80°* 

Equi aq eufiads tase 85-89 


* Including step-down transformers. 


line voltage is established across each motor or until all resistance is cut out) 
may be expressed as follows, on the assumption (which is very nearly exact) 
that the speed of the motor varies directly as the voltage impressed across its 
terminals: 

. Lete = the over-all efficiency of the motors and gears at end of controller period. 
Then for straight resistance control with direct-current or induction motors the 
average efficiency during the controller period is €/2; for series-parallel control 
with 2 direct-current motors the average efficiency during the controller period 
is 26/3; with 4 direct-current motors first all in series, then 2 in series, then 
2 series sets in parallel, and then all 4 motors in parallel the average efficiency 
during the controller period is 8 €/11; for alternating-current series motors with 
voltage control the average efficiency during the controller period (including 
losses in step-down transformers) is about 0.90 «e. Hence for a motor having an 
85 per cent efficiency at the r-hour rating and the starting current limited to the 
corresponding current rating, the average over-all efficiency of the controller, 
motors and gear during the controller period is 


For straight resistance control... ........0. cece eee 43 per cent 
For series-parallel control, direct-current motors........ 57 per cent 
For series-series-parallel control, direct-current motors.. 62 per cent 


Example. — Given a train of three 45-ton cars each car equipped with two 
200-horse-power direct-current motors. What is the input to each motor if the 
speed is 30 mph. and the train is accelerating at 1.0 mphps. up a 2-per-cent 
grade, the track being straight, and full line voltage being across each motor? 

Answer: From Table I the train resistance is f = 10.5, and from equation (4) 
the total power output is 


po = 2.67 X 1078 X 30 X 135 (10.5 + 20 X 2+ 100 X 1) 
= 1627 horse-power, 


or 1627/6 = 271 horse power per motor. Assuming an efficiency of 87 per cent, 
the input to each motor is 271 x 0.746/0.87 = 232 kilowatts, and the total input 
to the train 6 x 232 = 1392 kilowatts. 

If the train accelerates at this same rate from rest to a speed of 30 mph. at 
the end of the controller period (series multiple control) the grade being 2 per 
cent throughout, the average output of the motor would be the output corre- 
sponding to half speed or 15 mph., or 136 horse power per motor, requiring an 
average input of 136 x 0.746/0.57 = 178 kilowatts, and the average input to 
the train during the controller period would be 6 x 178 = 1068 kilowatts. 


SPEED-TIME AND DISTANCE-TIME CURVES. — To determine the 
energy required to propel a car or train a given distance over a given track in a 


Es 


~ 
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given time requires the consideration of a number of factors which can best be 
taken into account by the construction of various kinds of time curves. Such 
curves may be constructed with practically any degree of accuracy desired when 
the profile of the track, the weight of the train, the various resistances, schedule 
speed, time of stops, etc., are accurately known. Such data are, however. 
seldom known with any great precision, and consequently elaborate methods of 
plotting and calculation are seldom justified. Below will be given (1) some 
results of actual tests, (2) a rough but simple method of approximating the 
energy requirements, (3) a step-by-step method, which, though tedious in 
application, is susceptible of any degree of accuracy desired, provided the given 
data are accurately known, and (4) an analytical method by which the effect 
of changes in the time of coasting, rates of acceleration and braking, etc., may 
be predetermined. 
The following terminology will be employed: 


Speed-time Curve.— A curve showing the speed (in mph.) plotted as 
ordinates against elapsed time (in seconds) as abscissas; e.g., the curve A BCEP 
in Fig. 1. A speed-time curve may be conveniently divided into four parts, 
namely: 
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Fig. 1. 


Controller Period. — The period from starting until full line voltage is 
established across each motor; i.e., the portion 4B of the curve in Fig. 1. 

Motor-Curve Period. — The period during which the motor is operat- 
ing on full line voltage; i.e., the portion BC in Fig. 1. The relation between 
speed and tractive effort during this portion of the run is fixed by the motor 
characteristics; specifically by the speed-torque curve of the motor and the 
gear ratio. 

Coasting Period.—The period during which the car or train is coasting; 
i.e., the portion CE in Fig. 1. 

Braking Period.— The period during which the brakes are applied; 
i.e., the portion EF in Fig. 1. 

Distance-time Curve. — A curve showing the distance covered (in feet) 

plotted as d against elapsed time (in seconds) as abscissas; eg. the 
curve AG in Fi ig. 1 
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Current-time Curve. — A curve showing the line current (in amperes) 
plotted as ordinates against elapsed time (in seconds) as abscissas; e.g., the 
curve marked “Amperes” in Fig. 1. 


Voltage-time and Power-time Curves. — Curves showing respectively 
the voltage per motor (or the line voltage) and the power input to the motor 
(or train) plotted as ordinates against elapsed time (in seconds) as abscissas. 


Average Speed and Schedule Speed. — The average speed V is the total 
distance run L’ (in miles) divided by the time (in hours) the train is actually 
running. The schedule speed S is the total distance run (in miles) divided by the 
total time (in hours) of the run from one end of the road to the other, including 
time of all stops at intermediate stations. If the éofal time of all the in- 
lermediale stops is T,’ seconds, then 


14S (6) 


where V and S are in miles per hour and L’ is the /o/al length of route in miles. 


Duration and Frequency of Station Stops. — The duration of each stop 
for surface cars ranges from 5 to 10 seconds, for elevated and subway trains 
from 10 to 30 seconds, for interurban trains from to to 40 seconds. The stops 
per mile are the reciprocal of the average distance in miles between stops. 


Average Equivalent Grade (G). — Grades may be taken into consideration 
by calculating the sum Mı of all the rises on upgrades and the sum //2 of all 
the drops on down grades, and taking for the average "equivalent" upgrade 
in per cent 
_ roo (I — 0.5 Hə) l 


a L 


(7) 


where Hı and Hare in feet and L is the total length of the route in feet. On 
a round trip Hı = H2, and the “equivalent” grade in per cent is 


Ga soli , 
L 

This method of dealing with grades is equivalent to assuming that half the 
kinetic energy stored in the train on down grades is utilized in taking the train 
up the following upgrade. The amount of energy thus rendered available of 
course will depend upon the amount of braking necessary on down grades to 
prevent excessive speeds and also upon the location of the stops with respect to 
the grades. The figure 1⁄4 is taken as an approximate average; this figure may 
be varied as seems reasonable in view of the actual profile. 


Average Angle of Curvature (g). — Curves may be taken into account by 
finding the average curvature, i.e., finding for each curve the product of the 
degree of curvature by the length of the curve, adding all these products and 
dividing by the length of the route. 


ENERGY CONSUMPTION FROM TESTS. — The table on p. 1176 
gives the energy consumption, as found by tests, for a number of typical services. 
This table will be found useful as a rough check on any calculations made for a 
specific service. Methods of making such calculations are given in subsequent 


paragraphs. 
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APPROXIMATE METHOD OF CALCULATING ENERGY CON- 
SUMPTION. — The following method is based upon simple kinetic principles, 
and, if certain characteristics of the run are known, gives the actual energy out- 
put at the wheel rims. This fact makes the method useful, not only for 
rough calculations, but also to check calculations made by the step-by-step 
method. 

When the method is applied to checking purposes, the column of Table VI. 
headed “Actual energy output” should be used, and the input calculated from 
the known efficiencies. When applied to rough calculations, the column headed 
"Approximate electrical energy input" should be used. In the latter case the 
maximum speed and length of run with power on are not known, but it is possible 
to assume certain values, based upon experience, which will give a rough approxi- 
mation to the energy required. Let 


V = average running speed in miles per hour, 
Vm = maximum speed in miles per hour, 

L = length of run in miles, 
Ly = distance traveled, with power on, in miles, 

n= I/ L 5 number of stops per mile including one terminus, 

y= average train resistance, in lb. per ton (Say that corresponding to a 

speed from ro to 20 per cent greater than the average speed), 
G = average equivalent grade, in per cent, 
g = average curvature in degrees, 


V 
K- T = ratio of maximum to average speed; see Table VII, 


Q = L æ ratio of length of run to distance traveled with power on; see 
p 
Table VII. 


TABLE VI. — OUTPUT AT WHEEL RIM AND INPUT TO CAR 
IN WATT-HOURS PER TON-MILE 


Approx. electri- 
cal energy 
input to cars 


K'nV1 
25 


Nore. — 25 = 36.2 €, 57 = 39.8 + €, and 2.9 = 1.99 + €, where € is the efficiency, 
taken as 0.7. The formula for energy due t» curves assumes each degree of curvature 
to Le equivalent to a train resistance of one pound per ton, which is probably high. 
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TABLE VII.— VALUES OF K AND Q 


K Q 
Single cars, 
pic ue Locomotive multiple- 
Passenger | unit trains | All trains 
Trains  |and freight 
trains 
r 

o 1.00 I.00 1.00 
O.I 1.18 I.IO I.1I 
0.2 1.35 1,18 I.24 
0.3 1.48 1.25 1.38 
0.4 1.60 I.31 1.52 
0.5 1.68 1.36 1.67 
0.6 1.75 1.40 1.78 
0.7 1.82 1.44 1.89 
o.8 1.86 1.47 1.99 
0.9 1.90 ` 1.50 2.07 
1.0 1.93 I.52 2.15 
I.2 1.93 1.56 2.24 
I.4 1.93 I.59 2.34 

| 1.6 1.94 1.62 2.44 
1.8 1.94 1.65 2.52 

. 2.0 1.95 1.68 2.58 
2.5 1.95 I.75 2.71 
3.0 1.96 I.80 2.8t 
3.5 1.96 1.85 2.87 
4.0 1.97 I.90 2.91 
4.5 1.97 1.94 2.95 
5.0 1.98 1.97 3.00 
over 5.0 2.00 2.00 3.00 


(The above method was worked out by D. C. Woodbury and W. A. Del Mar, 
the table being based upon a large number of actual and calculated runs.) 


Example. — A multiple-unit train has a speed (excluding stops) of 25 miles 
per hour and makes 0.8 stops per mile. It ascends an average grade of 0.143 
per cent. What will be its energy consumption in watt-hours per ton-mile? 

From Table VII we find for n = 0.8, that K = 1.47 and Q =1.99, Then 
using the formulas in Table VI, the results in the table on the next page are 
obtained, assuming 6.5 pounds per ton for friction. 


Efficiency of Run. — The formulas given above enable one to judge the effect 
upon the energy consumption, of altering any of the principal physical elements 
upon which the run is based. 

From the formulas for kinetic energy it is obvious that a low value of 
K means a low energy consumption. A low value of K, however, meansa 
"square" speed-time curve; i.e, for low energy consumption the controller, 
acceleration and braking periods should be as short as possible, or in other 
words, the rate of acceleration and braking should be as great as practicable. 

The quantitative effect of changing any of these variables may be estimated 
by the analytical method given further on. 
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Energy for Watt-hours per ton-mile 


This example worked out by the step-by-step method gave 60.5 watt-hours 
per ton-mile. 


STEP-BY-STEP METHOD OF PLOTTING SPEED-TIME CURVES. 
— There is no way of exactly predetermining a spced-time curve except by a 
number of successive trials. "That is to say, the time the current is kept on, the 
time of coasting and the time of braking must each be guessed and it is usually 
necessary to make a number of trials, by varying the proportion of motor run, 
coasting and braking, before the given distance is traversed in the desired time. 

If the characteristics of the train and its equipment are expressed numcrically, 
the principles of mechanics enable such trial runs to be plotted on paper and the 
proper proportion of motor run, coasting and braking, selected to make the train 
travel the desired distance in the given time. For a given motor equipment on 
à given route it is possible to plot by a step-by-step method these speed-time 
curves, and then from these curves and the characteristic curves of the motors 
the various characteristics, such as energy consumption, root-mean-square 
current, etc., may be determined. The accuracy of this method depends solely 
upon the accuracy with which the assumed data are known. The necessary 
data are: 


Profile and alignment of road. 
Characteristic curves of the motors. 
W = total weight of train in tons, 

T = the time of run in seconds between successive stops, 

Io = the permissible starting current, or 

a= the acceleration in miles per hour per second during the controller 

period, 
b = the braking rate in miles per hour per second, 
y = the train resistance in pounds per ton at any speed. 


Determination of Acceleration and Retardation Rates. — From the 
motor characteristics, which are usually given in the form indicated in Fig. 2, 
determine the tractive effort and speed corresponding to the permissible starting 
current. This is usually taken as the current corresponding to the 1-hour rating; 
in the case of the motor whose characteristics are shown in Fig. 2, this current is 
315 amperes, the speed 19.6 mph. and the tractive effort 4300 pounds. If each 
car is equipped with two motors, the weight corresponding to each motor is half 
the weight of the car. If the cars weigh 44 tons each, then the tractive effort 
per ton developed by the motors at this speed is 4300/22 — 195 pounds per ton. 
At the point where the motors are changed from series to. parallel the speed 
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will be approximately one-half the speed at rated voltage or 9.8 mph. If the 
average line voltage is less than the rated voltage, these speeds should be 


In the case selected the average 
line voltage is 571 volts; hence the 
speeds corresponding to the parallel 
and series points are 18.6 and 9.3 
mph. respectively. These speeds 
and the corresponding tractive 
efforts are entered into Table VIII. 
From the motor characteristics 
determine the tractive effort (f ) in 
pounds per ton and the correspond- 
ing speeds (v), corrected for line 
voltage, up to the maximum per- 
missible speed, and enter these in 
Table VIII. Also enter into this 
table the train resistance corre- 
sponding to the various speeds. In 
the table given, the train resistance 
is calculated from Burch's formula for three 44-ton cars, 
each car being 120 square feet, and the constant K is taken 
(subway service). The formula is then 


r = 4.0 + 0.13 1 + 0.0055 1, 


Pounds, Tractivo Effort 


the cross section of 
equal to 0.0050 


where » is the speed in miles per hour. f j 
The available tractive effort in pounds per ton for acceleration on any gf : 
is then f — r — 20 G', and the acceleration rate is (assuming an acceleratio 


constant of 100) 
f-r-229G 
? 


100 


a = 


where G' is the “equivalent” grade (including curvature, see above), in per e 
The value of a is calculated for grades of o, 1, 2, 5 etc., per cent, both up an 
down, including the largest up and down grade. These values are entered into 
Table VIII. The maximum speeds are the speeds for which the Longum 
becomes zero. These can be obtained by plotting the accelerations agal 
speed, and finding the speed at which the curves cross the speed axis. P 

Similar calculations should also be made for the retardation on UP à 
when the train strikes such a grade, with power on, at à higher speed than e 
free running speed on the grade, and also for the coasting period when no ens 
is on. When power is on, the friction of the gears and motors 1s allowed je 
the motor tractive effort curve, the tractive effort curve being the gross iier a 
effort less these losses. The friction of the gears and motors may be ee 
approximately 5 per cent of the rated tractive effort, which, oer p 
under consideration is 0.05 X 195 = 1o pounds per ton. The total train rest 
ance in coasting is then the normal train resistance plus the resistance 0 
and motors. 

In the Tables a+ acceleration signifies an actu 
acceleration a retardation, or decrease in velocity. 


The braking rate is assumed constant, usually 5 = 1.5 mphps. 


al increase in velocity, 57 


>% 


— = m æ ecu 
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TABLE VIII. — ACCELERATION RATES 
Motor | Train Acceleration rates, mphps., = & 
Speed, tractive | resist- 2 
h. effort, ance, . i 
mp pounds | pounds Per cent equivalent grade given in 
per ton | per ton first line 
v f r +3 | +2 | +1 o —r| —2 | -3 
9 
b 9.3 195 6 1.29| 1.49| 1.69, 1.89| 2.09| 2.29| 2.49 
E 18.6 195 8 I.27, 1.47] 1.67, 1.87| 2.07| 2.27| 2.47 
& 20 159 9 o.go] 1.10) 1.30} 1.50] 41.70] 1.90} 2.10 
a | 22 112 10 0.42| 0 62 0.82, 1.02| 1.22) 1.42] 1.62 
y 25 14 II 0.03} 0.23, 0.43; 0.63, 0.82| 1.03} 1.23 
d 30 45 f3 |Lxissbemdjuuxs 0.12; 0 32) 0.52} 0.72! 0.92 
8 | 35 27 MED SUE ON er 0.12! 0.32| 0.52! 0.72 
< 40 18 1S. rp et Sls eters 0.00} 0.20} 0.40) 0.60 
Big 
E 9| 40 18 18 —=0.69! —0. 40! —0. 20l. 0an |]... eee] eee 
3 £j 35 27 15 —0.48|—0.23,—0.08 MID NUN Mer: c 
m gi 3 45 13 0250208, Lee vl ore estiow axes ps T" 
5 50 o 34 —0.94|—0.74| —0.51 —0.31|—0. t4l +0.06|10. 26 
E 45 fe) 3I —0.91|—0.71,; —0.51| —0.31| —0. I1| -0.09| 3-0. 29 
& 40 [e] 28 —Qo.88 FOTOS —0.28,—0.08) +0. 12i +0.32 
g 35 [9) 25 —0.85 pe —0.25|—0.05, +0.15| +0. 35 
> 30 (e) 23 —0.83| —0.64, —0. 43! —0.23| —0.03! +0.17! +0 37 
B |.25 o 21 :* |—0.81 —9.61,—0.41 — Q.2I ne Fo 19! +0. 39) 
E 20 [e] 19 —0.79 0.59 —0.39/—0. 19 G 21|4-C.41 


Note. — The train resistance is assumed to bz 6 lb. per ton from zero speed to 9 3 
miles per hour. 

Construction of Acceleration and Retardation Time Curves. — The 
next step is to construct a set of acceleration speed-time and distance-time 
curves, a set of coasting speed-time and distance-time curves, and a braking 
speed-time and distance-time curve. The construction of these curves is based 
on the following relations: 

Let 


n = the speed in miles per hour at time A, 
n = the speed in mph. at time &, 


M1 + U . ‘ 
v= ars = average speed during the interval £4 — h, 


a, = the acceleration in miles per hour per second at time £i, 
64 = the acceleration in miles per hour per second at time h, 
a+a : : ; 
a = a1 + a2 = average acceleration during the interval /s& — 4; (for the first 
2 
step take a speed corresponding to half the speed at end of controller period), 
xı = the distance in feet from the starting point at time fi, 
X» = the distance in feet from the starting point at time h. 
Then, for a small change in speed, 


h— h- "n seconds (8) 


A — MB c e a a e paie E Uo e to e iue 
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and the distance covered in this interval is 

xe — xı = 1.466 v (2 — A) feet (9) 
or, when the speed is plotted against time, 

43 — xı = 1.466 x (Area of speed-time curve between h and ti). (10) 

From equation (8), using the values of a given in Table VIII, the time at 

which any speed is reached may be calculated. The results of such cal- 
culations for the special case under consideration are given in Table IX, and are 
plotted in Figs. 3, 4 and 5. The distance-time curves are found by planime- 
tering the speed-time curves and multiplying by 1.466 (see equation 9), and are 
also plotted in Figs. 3, 4 and 5. 


TABLE IX.— DATA FOR ACCELERATING, COASTING AND 
| RETARDING SPEED TIME CURVES 


Total time in seconds to accelerate from rest 


Res MENSEM EEPUENTCHEE: 


Speed Per cent equivalent grade 
y 
+3 +2 +1 o —I —2 |73 
0.0 o o o o o o 0 
5 9.3 7 6 6 5 4 4 4 
7 
& | 18.6 14 12 II IO 9 8 
j 20 17 13 |. 12 II IO 9 8 
= | 22 20 16 14 12 It IO 9 
g |25 33 23 19 16 14 12 z 
8 | 30 Max. speed| Max. speed 37 26 21 IB. | ! 
3 =25.3 | 727.5 i 
2% | 2 
8 | 35 whe s Max.speed| 49 33 
4 aie 
40 - "S $ 132 52 3 |2 


Total time in seconds to retard from 40 mph. 


. 40 o o o 
Pg oss 9 s i 
5 | 30 22 43 Min. speed 
HE =37 
e & Min. speed | Min. speed. 
=25.3 =27.5 
To increase 
Time in seconds required for speed to decrease 5 mpb. to EE pug 
ed given in first column. 
speed given in speed 
E eee ase ee (less 
45 5 7 10 s | ejs s 
cae e 6 7 10 E RE 
ME: 6 8 n 9 | ngja 
3 È | 30 6 8 1 mop pi tah 
&| as 6 8 12 23 | 250 s 13 
20 6 8 13 25 2 
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The speed during the braking period ¢ seconds before the train stops is v = bf 


and the distance to travel to come to rest is x = 49 bl. 
In the special case of a braking rate of 1.5 mphps., 


v= r.5/ miles per hour, 
and the distance to travel to come to rest is 


(1466 x r.5 f 
2 


The corresponding curves are given in Fig. 6. 
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Time Curves for Given Profile and Alignment. — With these four sets 
of curves the speed-time curve for any given run with this particular equip- 
ment may be rapidly constructed. For intermediate grades interpolation 
may be readily made. In Fig. 7 is given a profile and alignment between two 
stops. The first step is to make up a table like Table X, dividing the route 
into sections such that the “equivalent” grade ( = actual grade plus, say, 0.05 
per cent for each degree of curvature, assuming a resistance of 1 pound per ton 
per degree of curvature) is the same throughout each section. 


TABLE X.—"'' EQUIVALENT" GRADES 


Distance i “ Equiva- 
between Length of Per cent Radius ‘of | Degree- of lent? grade 
Stop t section de = G curvature | curvature @=G+ 
il oe in feet | &* in feet =g 

feet 0.05 g- 

A sos |] ...... kon T SAEC. xevies 
I4$5 Po ...... 1130 5.0 +0.25 

908 +0.70 1130 5.0 +0.95 

17 +o. 50 1130 5.0 +0.75 

633 +0.50 A +0.50 

273 +3.00 a +3.00 

273 +3.00 800 7.2 +3. 36 

247^ 1 eu 800 7.2 +0. 36 

Of  d' oa’ wees, Uh. cides 

308 —2.95 —2.95 

800 +3.00 +3.00 

1862 —3.00 Ar weg —3,00 

192 —3.00 5000 1.2 —2.94 

234 +0.12 5000 1.2 -Fo.18 

178 +o.12 ds s +0.12 

69 To.12 $000 1.2 +0.18 

iss 358 J ...... 5000 I.2 -+0.06 

B 7321 165 J ...... € T TED MEC rn 


For a complete round trip over the entire route the time curves must be 
plotted for the entire route in both directions. The run in one direction be- 
tween two stations only wil] be considered in the numerical calculations given 
below. 

Next lay off on a piece of tracing cloth, see upper part of Fig. 7, a distance 
equal to the time of run between the two stations (156 seconds in the example), 
to the same scale as Figs. 3 to 6. The braking speed-time curve can be laid 
off directly at the far end of the run by placing Fig. 6 under the tracing cloth 
and tracing the curve. Similarly, by placing Figs. 3 and 4 under the tracing 
cloth and tracing for the proper distance the curve corresponding to the proper 
grade, an acceleration curve can be built up until this curve intersects the 
braking curve. If the total distance, as read off from the corresponding dis- 
tance-time curve, is greater than the actual distance, it will be necessary to 
introduce a coasting period of proper duration to make the total distance as 
read off from the distance-time curves equal to the actual distance. This can 
be done by placing Fig. 5 under the tracing cloth, and by cut and try finding 


the proper amount of coasting. 


Pd 
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In case there are curves or crossovers, requiring & reduction in speed at 
certain points, these reductions should be allowed for in plotting the speed-time 


s 
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qa 
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1000 
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curve. A rough rule for the permissible speeds on properly constructed curves 
ELSE Speed on curve = ~ Radius of Curve, 


where the radius is in feet and the speed in miles pet hour. 

The dotted curve in Fig. 7 was obtained from test. 

Current-time Curve.— The motor current fo ee 

taken directly from the speed-time curve and motor characteristics. des 
the motor currents the line current is readily found by multiplying by half 

number of motors during the series portion of the controller peri e rent tine 


total number of motors during the rest of the time power 15 02- sags 
curves (line current) for the various grades may also be drawn once 0 S: 
he curve with the sq 


the same manner as the speed-time curves inFig.3. T ; 
shoulder in Fig. 7 is the current-time curve for the example considered troller 
Watt-hours per Ton-Mile. — During the first half of the con 
period the input per motor is equal to the product of the current per p A 
approximately one-half the line voltage (series-parallel control assumed); i 4 
the rest of the time that power is on, the input per motor is equal to the P [dé 
of the motor current by the line voltage. Hence, calling A the area d UM 
current-time curve from the start until power is ghut off, and I» the 
current, E the average line voltage, T; the seconds duration o 
period, L the length of the run in miles, M the number of motors 
weight of the train in tons, then to a fair approximation, 
EM (A — o.28loT1) 
2 -mile = ee f 
Watt-hours per ton-mile 3600 WL 


a 
Dan ee morona 


— ~~ 
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A more accurate, but tedious method, is to plot a power-time curve by multi- 
plying the total current per train at successive intervals of time by the average 
line voltage during this interval, and then integrating this curve to find the total 
watt-seconds. This area, in watt-seconds, divided by (3600 WL) will give the 
watt-hours per ton-mile. In making such a calculation note that during the 
series part of the controller period the current per train is equal to the current per 
motor multiplied by kalf the number of motors. 

Root-mean-square Current per Motor. — This may be found by squar- 
ing the ordinates of the current-time curve (current per motor), plotted as de- 
scribed above, and dividing by the time of run including stops and taking the 
square root of the quotient. Or, the current-time curve may be plotted in 
polar co-ordinates, taking time in seconds as the angle in degrees and current 
in amperes as the radius vector. See 
Fig. 8. Calling B the area of this curve, 
the unit of area being the square whose 
side has a length corresponding to r 
ampere, then the root-mean-square cur- 


rent is "s ^ 
I, = IO. 7 \ / B ; 
T Te MO 


where T is the time that the train is 
moving and 7, the standing time, both Fig. & 
in seconds. 

Average Motor Voltage. — For a simple run, such as shown in Fig. 1, 
average motor voltage during the controller period is equal to approximately 
55 per cent of the line voltage, assuming 10 per cent of line voltage across the 
motors at the instant of starting. Let 

E = average line voltage, 

Ti = time of controller period, from speed-time curve, 

T» = time motor is running on full line voltage, 

T = total time that the train is moving, 

T, — total standing time. 


Then average motor voltage for the entire run is 
Ère 0.55s ET + ET, 
T+T, 


For a complex run, where the controller is shut off and put on again during 
` the run, a voltage-time curve may be plotted and the average ordinate obtained 
by integration. 

MOTOR CAPACITY. — A railway motor is usually rated in terms of 
the output in kilowatts or horse-power which ít will give when run for r hour 
at rated voltage with a temperature rise above the surrounding air not exceed- 
ing 75° C. in any part of the motor, other than the commutator (see Standard- 
ization Rules). — 

The size of motor required for any particular service (i.e. for a given route, 
schedule, weight of car, line voltage and per cent coasting) depends upon two 
factors, (1) the motor must be of such a size that the maximum current required 
will not produce harmful sparking at the brushes or dangerous mechanical 
Stresses in any part of the motor, and (2) the temperature must not rise to a 
value which will cause the insulation to deteriorate. 


Size of Motor Limited by Commutation and Mechanical Stresses — 
The maximum current is usually that required at starting, and since the start- 


0 50 100 150 20 250 300 
Amperes 


+" 
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ing current remains practically constant up to the point where full tine voltage Cave 
is impressed across the motor, the corresponding maximum horse-power output Qui 
of the motor can be calculated directly from equation (4), when 9 is taken as i 


the speed at the end of the controller period and W as the weight of the train pns | 
per motor, i.e., W is taken equal to the total weight of train divided by the kisi 


number of motors. A safe rule for non-interpole motors in single-car or multiple- Wa 
unit service is to limit the starting current to a value equal to the rated current. gui 
For interpole motors in like service the starting current may safely be 25 to 50 ir 
per cent in excess of the rated current. ae 

a 


In locomotive work a heavier starting current is sometimes demanded, and 
due to the low acceleration rate during the starting period the motor must bend 
carry this current for a longer interval than in the case of single-car or multiple- aa 
unit service. In selecting a motor for such service, information should be ob- Corer 
tained from the manufacturer as to the maximum current which the motor can 
safely carry during a limited period, say for 5 minutes. This maximum curent — ; Par 
may be limited by sparking at the commutator, by mechanical stresses, oF by | RU 


local heating of the windings. See also section below on Size of Motor Limited a 
by Short-time Heating. d: 
TABLE XI.— RATED AND CONTINUOUS CAPACITY OF ta 
WESTINGHOUSE RAILWAY MOTORS ; it 
Rik 
Continuous current om 
capacity Weight ‘ 
oe. Rated | Rated | Rated | h " 
hause H.P. | voltage | amperes p XE ss pounds 
At 300 At 400 
volts volts DER 
92À. 35 500 65 30 28 2265 E 
" 1o01B2 40 500 75 35 33 d S 
€ 93A2 60 500 105 50 46 340 OR 
E 112B 75 500 135 60 55 in n 
5 I2I 85 500 150 80 15 pe | p 
E 119 125 550 196 95 85 4 T 
a 5300 t. 
114 160 550 245 120 IIO Es is 
I13 I95 550 300 150 ee t 
at 350 V. ei 
a 
323A 32 500 58 28 26 i e 
307 50 600 73 37 35 ki y 
306 50 500 87 44 40 E 
o 310 60 500 107 50 46 a E 
$ *305 60 500 107 50 46 = 
304 75 500 130 60 5S 
4 303 100 550 158 70 65 395 
4685 v 
302 125 550 195 95 85 n P 
301 160 550 246 120 Ho 6s | 
300 200 550 310 ISO 130 


f dif ; 
Size of Motor Limited by Heating. — The heat developed aes by 
motor is carried partly by conduction through the several parts an 


—— —ülà 
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convection through the air to the motor frame, whence it is distributed to the 
outside air. As the temperature of the several parts is thus dependent not only 
upon their own internal losses, but also upon the temperature of the neighboring 
parts, it becomes necessary to determine the actual value and distribution of 
losses in a railway motor for a given service in order to determine with pre- 
cision what the temperature rise will be; or, vice versa, to determine what size 
of motor will be required to avoid too great a temperature rise. 

For ordinary electric railway calculations, however, in view of the other un- 
certain elements which enter, it is usually sufficiently accurate to assume that 
the relative temperatures in the different parts of the motor are independent of 
the relative values of the copper and core losses. The copper loss, i.e., the rate 
at which heat is developed in the windings, is proportional to the square of the 
current, and the core loss, i.e., the rate at which heat is developed in the core, 
due to hysteresis and eddy currents, may be taken as proportional to the first 
power of the voltage across the motor terminals (this latter relation being ap- 
proximate only). When the motor reaches a constant temperature under a 
constant load, the temperature of any part will then be proportional (approxi- 
mately) to the total power (kilowatts) lost in the windings and core. Similarly, 
under a fluctuating load continuing over a long period during which there are 
no excessively long breaks or excessive overloads, the temperature becomes 
fairly constant and the rise is proportional to the average power (kilowatts) 
lost during this period. There will be times at which the temperature rise will 
exceed this average and times at which it will be less, but on account of the heat 
storage capacity (or thermal capacity) of the materials of which the motor is 
made the fluctuations in temperature will be very much less than the fluctuations 


in the load. 

Size of Motor Limited by Average Temperature Rise. — The 
manufacturers supply information as to the current which any motor will carry 
continuously (on stand test) without overheating, at various voltages from one- 
half to full voltage; see Table XI. From this information, making the as- 
sumptions noted in the preceding paragraph, it is possible to determine the 
approximate temperature of the motor for any given run or series of runs. The 
process is to calculate the root-mean-square current per motor and the average 
motor voltage for the particular service contemplated, using the methods given 
above in the paragraphs headed Root-Mcan-Square Currrent per Motor and Aver- 
age Motor Voliage. Call these values of the r.m.s. service current and average 
motor voltage Ie and Em respectively. Let Ic be the continuous-current capac- 
ity at a given voltage Ec, as given by the manufacturer (see Table XI), and let 
T; be temperature rise corresponding to this continuous rating. (Motors having 
ordinary fibrous insulation are rated on the basis of a 75? C. temperature rise 
on stand test, which corresponds to about 65? C. rise in actual service, due to 
better ventilation; see Standardization Rules of the A.I.E.E.; hence for ordinary 
motors Te is 65? C.). Let Je be the corresponding core loss and Ke the corre- 
sponding copper loss and Le = Je + Ke be the corresponding total electrical 
losses. Then the total electrical losses corresponding to the average load are 


Em ImM 
La = ET. «( Ke, 
and tbe average temperature attained by the motor in service will be approx- 
imately 
La 
T a= Le T Cc 


For safe operation the average temperature rise Ta should never exceed the 
value Te, which for motors with ordinary fibrous insulation is 65? C. 


ro 
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Approximate Values of J. and K,. — When the core loss and copper 
loss are not given separately, a rough estimate of Je and Ke may be made by 
assuming that at rated load (one-hour rating and line voltage) the core los 
is, say, 4th of the total electrícal losses. The total electrical losses Ly in kw. 
at rated load may be found from the characteristic curves of the motor by 
using the formula 


Ly = (105-0 


where P is the one-hour rating in kilowatts, e the efficiency of the motor with 
gears, and the o.o5 takes into account the frictional losses in the motor and 
the gears. Let I, be the rated current and E, the rated voltage; then 


L; Ec eb (I) 
See K.=°-—{—]- 
ve 4 Er au É 4 Mr 


Size of Motor Limited by Short-time Temperature Rise. — When the 
service is such that the motor must take a heavy current for a comparatively 
long interval (e.g., a long starting period or a heavy grade for a considerable 
distance) followed by a like period of light load or no load, the average tempera- 
ture for the run, as calculated above, may be within the required limits, but the 
short-time temperature rise may be excessive. This short-time temperature 
rise depends upon the heat-storage capacity of the motor, i.e., upon the energy 
loss (number of kilowatt-hours of heat developed in it) required to raise its tem- 
perature one degree, say, assuming no radiation of heat from its surface. 
one-hour rating of a motor is an indirect measure of this heat-storage or 
capacity. : 

The temperature-time curve during the first bour's application of a load si 
practically a straight line whose slope is proportional to the load. The nse m 
temperature of the motor due to a short-time load may then be assumed to be 
proportional to the energy (kilowatt-hour) input during this time, and the n 
of proportionality may be obtained from the one-hour rating as follows: Le 

„ = the temperature rise at the end of one hour due to a load equal to i 
one-hour rating of the motor (rated current and rated voltage), L, = the o 
electrical losses in kilowatts corresponding to the rated load, La T the P 
electrical losses in kilowatts corresponding to the average load in service = 
and La may be estimated by the method given in the preceding section), Lp : 
the total electrical losses in kilowatts corresponding to any given eu 
or peak load, £p = the number of minutes’ duration of this peak t is 
during this interval £p the rise of temperature above the average value ^a 


tp Tr (7 LL 
Tp Ta 60 Lr (Lp a). 

Tp as calculated from this formula gives approximately the maxim ture 
perature rise during the run. For safe operation this maximum pod For 
rise Tp should not exceed the safe limit stated by the manufacturer: 
motors with ordinary fibrous insulation Tp should not exceed 75 C. ET 


Final Choice of Motor. — No motor should be employed for a EP P, 
which does not meet the above requirements regarding the maximum ts may 
and heating limits. A larger motor than that fixed by these require consul 
prove the cheaper in the long run, if by using such a motor the energy Or the 
tion can be materially reduced by increasing the amount of coasting dune : 
run. In any event the motor should be of sufficient capacity to pare 
reasonable amount of coasting under normal conditions, $0 ed slow- 
a sufficient margin in which to make up for lost time, due to unexpect 
downs or extra stops. 


—— —— ln 
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ANALYTICAL METHOD OF PREDETERMINING ENERGY AND 
MOTOR EQUIPMENT. — The following method was suggested by that 
developed by Cary T. Hutchinson, in two papers in the A.J.E.L. Trans., Vol. 19, 
p. 129, 1902, and Vol. 22, p. 657, 1903. In this method a speed-time curve 
similar in shape to the curve ABCEF in Fig. 1 is assumed. ‘That is, the 
acceleration during the controller period, the truin resistance and the braking 
retardation are all assumed constant, but a ''motor-curve" period (BC in 
Fig. 1) is also taken into account, this latter constituting the essential differ- 
ence between this method and the “straight-line” speed-time curve method 
frequently employed for approximate calculations. The introduction of thig 
motor-curve period in the calculations enables one to approximate much more 
closely actual working conditions, and the results are much more accurate. In 
addition this method enables one to predetermine, without choosing any par- 
ticular equipment, the effect of rate of acceleration, rate of braking, per cent 


of coasting, etc. 
TABLE XII. — AVERAGE MOTOR CHARACTERISTICS 


fæ ratio of trac- p= ratio of 
tive effort at this | power input at 
this speed to 


y= ratio of any 
given speed to 
speed at rated speed to rated 


input 


tractive effort rated input 


Average Motor Characteristics. — To take into account the motor- 
curve portion of the speed-time curve it is necessary to consider the speed, 


| 
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tractive effort and current input characteristics of the motors. However, in- 
stead of using the motor characteristics for any specific motor, the average 
characteristic curves of direct-current motors * given by Mr. Hutchinson are 
employed, see Table XII. These average characteristics were calculated by 
plotting the characteristic curves for the various sizes of direct-current motors 
manufactured by the General Electric and Westinghouse Companies, €x- 
pressing the various quantities (current, speed, and tractive effort) as frac- 
tions of their values at rated load. Such curves are found to lie very close 


together, which justifies the use of a single set of curves representing the avet- 


ages for the various motors. Mr. Hutchinson's curves were calculated from 
und to check also 


the characteristics of non-interpole motors, but have been fo 

quite closely with the curves for interpole motors. It is also found that these 
curves have practically the same shape irrespective of what point, between 757 
and 125% of rated load, on the curves is taken as unity. 


Method of Calculation. — The following symbols are employed: 


n = number of stops per mile = total number of stops including one terminus 
divided by the distance between termini in miles, 
V = average running speed in miles per hour, 


600 : . l ; 
T= r = average running time between stops 1n seconds, 


a = acceleration in miles per hour per second, 

b = braking rate in miles per hour per second, 

r= train resistance in pounds per ton corresponding to à speed from 10 
to 20% greater than the average speed V, 

G = “equivalent” grade in per cent (see above), 

g = average curvature, in degrees (see. above), 


riette = average “ effective” coasting retardation 
hour per second, ed 

e = over-all efficiency (expressed as a fraction) of motors and gears at és 
load; e is about 0.85 for direct-current motors and about 0.75 KT 
alternating-current motors, the latter figure including step-down trans- 
former losses, 

s = ratio of total standing time (including stops and 
that the train is moving, 

W = total weight of train in tons, 

M = total number of motors for the entire train, 

E = average line voltage. 


C= in miles pet 


lay overs) to total time 


* The method is also applicable to alternating-current motors, but ife Ar 
acteristic curves for such motors are not available. They may, however, 
constructed, or the characteristic curves given for direct-current motors MAY 
as an approximation. 

t When the starting tractive effort is given, then a is to be calculated 25 s 
formula a = (F — r) + 100, where F is the tractive effort in pounds "Y The actual 
train resistance corresponding to a speed from 1o to 20% ter than : 
starting acceleration will be greater than this, due to the lower train resis 
S Vice versa, if the starting acceleration is given, then the oí 
effort (and therefore the starting current and horse-power) at end 0 As far 
period will produce a starting acceleration in excess of the assume? “ag jn the a 
the energy consumption and heating are concerned, however, these diff : 
tual and assumed accelerations will be balanced by the higher tra 


higher speeds. 


Gi 
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Calculate ` 
B= =, 
c 
V nV2 
a T 3600 
I I 
9^ :- 2À (2 = i) 
q= 4 itm): 
Select a value of the ratio 


$ time power is applied 
time of controller period 


A run of specified distance can be made in a given time with various values 
of this ratio x, since this ratio depends upon the proportion of the time that the 
train coasts; i.e., the greater the coasting time the smaller the value of x, see 
Fig. 1. The less the value of this ratio, however, the greater will be the start- 
ing current required, and therefore the larger the motor capacity in order to 
avoid sparking. By carrying through the calculations for several values of x one 
can determine the relation between energy consumption, time of coasting and 
starting current, and, by plotting, find the minimum value of the energy con- 
sumption corresponding to the data assumed, sce Fig. 9. In typical rapid- 
transit service (1 or more stops per mile) minimum energy consumption usually 
corresponds to a value of x between 2 and 5, i.e., for the controller period lasting 
from 5o to 20 per cent of the total time power is on. 

From Tables A to D, pp. 1196 and 1197, find the values of y, A, u and ¢* 
corresponding to the selected value of x and the ratio B. Using these values 


calculate 


2 
Jua a+ By m-— Ha A+ By? 
q 2q 


Then calculate the quantities listed in the following table. 


* The analytical expressions for x, A, s and i in terms of y, f and p (see column headings 
of Table XII for definitions) are 


Bdy 
cert fs GT5/-1i 
TIN ydx 

1 


1 4-8 * 
umi [5 fos] 
mia) V f; 
$ = 199 rtg +f p? dx. 

1 


In the expression for s the constant 0.75 is for series-parallel control. For straight 
resistance control change 0.75 to 1.00 and for series-series-parallel control change 0.75 
to 0.69. Fora-c. commutator motors change 0.75 to 0.56. Tables A to D were made 
up by calculating the value of the above expressions graphically, using for y, f and p 
the values given in Table XII. Similar tables may readily he calculated for a-c. com- 
mutator motors, or for any other type of motor whose "percentage" characteristics 


differ from Table XII. 


f 
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V 


Speed at end of controller period in miles per hour... . I= 
2 J4- V m(H -jì 


Maximum speed in miles per hour,............ es. 


Watt-hours per ton-mile 


Ratio of total running time to time on controller..... 
Ratio of coasting time to running time 


Horsepower output at end of oóntroller period 


(x — 0.45) E 
X (1 +3) 


* For alternating-current series motors insert the power factor (as a decimal) in the 
denominator of the formula. 


Example. — Consider the following example: 


Number of stops per mile...... "—— — “80.098 
Average running speed. ......... ees. — es V = 28.7 mph. 
Acceleration rate... 0... ccc cece cece eee se eeee ae 1.84 mphps. 
Braking rate........ — —— peat ees. b= 1.60 mphps. 
Train resistance at 34.4 mph. ..........euseee y= 15 lb. per ton. 
Average equivalent grade.............. sues. G = 0.22 per cent 
Average curvature... essen ve £51.32 per cent 
Average effective coasting retardation —ÓÜ € = Q.2I 
Efficiency of motors and gears at rated load..... € 0.88 
Ratio of standing to running time (20 sec. stops). $0.15 
Total weight of train in tons................... W = 132 tons 
Total number of motors... ...... Tm M=6 
Average line voltage........ EU aS E= 571 

Then 


1.84 
B O21 8.76, 


0.938 (28.7)? 


A= = o. 
gum 0.214, 


I I 
m = a x 0.21 XR ME AN ee . 
3 (=. 3 LA 


2s 1.84 (1+ 1.77) 
0.214 


= 23.8. 


| Then (see above for meaning of symbols) 
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I 2 


I 00 1.43 
1.00 3.52 
0.0462 0.0822 


e+ 8.76 y 
23.8 
A+ 8.76 y1 


8-CAR TRAIN IN BOSTON-CAMBRIOGE SUBWAY 
TOYAL WEIGHT OF TRAIN 132 TONS 
STOPS PER MILE 0. 838 


- 
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10 
Qoasting Time as per cent of Running Time 


Fig. 9. 


These results are plotted in Fig. 9. An actual test on this road was made, 
showing an average coasting time of 10 per cent. The table on p. 1198 gives the 
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TABLE A. — VALUES OF y IN TERMS OF x 


Numbers in first line give values of B= : 


Example. — For = 2 and B= 5, y= 1.35. 


—À || M | —— |—1—1——— |—M | —— | ———— dM 1———— 
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TABLE B.— VALUES OF A IN TERMS OF X 


Numbers in first line give values of B = = 
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TABLE C.— VALUES OF u IN TERMS OF x 


Numbers in first line give values of B = z 


baa re wr | | a a a re ee of enn of ee 


0.0445! O.c440 


I jc. ieee 6205 .0530/0.9515 0.0495 C.0481 C.047210.04606 0. 0460 0.0456 
I.5 |0.125/0.0922 0.081 3]0. 0760 0.0729 0. 0709 0. 269 5'0.008 50.007 6'0.c670| 0.0042! 0.0627 
2 /0.161/0.115 jo.100 |o. 0940, 0.0895 0.0863 0.0843 0. 849. .0819,0.0810j 0.0780] 0.0769 

| eroi 0.0980!0.0960,0.0948 0.0948; 0.0902! 0.0888 
0.113 |O.110 (0.107 lo.106 '0.104 | 0.100 | 0.0975 
{ 


0.135 |O.I3I (0.128 [0.126 [0.124 | O.118 | OWLS 


nn ee 0.118 [0.109 !0.104 
0,230,0.155 |0.13j |O.123 (9-117 
0.298|0.193 |0.162 |O.149 '0.140 | 
0.362/0.232 |0.194 |0.175 :0.163 'o.ts6 0.150 [0.146 10.143 |O.T41 | 0.135 | 0.133 
0.431/0.270 |0.222 |o.199 'o.185 [0.176 [0.170 lo.165 |o.162 lo.1s0 | O.ISI | 0.147 
0.500,0.310 |0.252 |0.223 0.207 id 0.188 j0.182 |0.179 0.176 0.166 | 0.161 


0.565/0.347 [0.279 |0.247 10.227 (0.215 |0.207 0.200 ]O.195 0.190 | 0.179 | 0.174 
'¢.206 | 0.192 | 0.188 | 


0.634!0.386 0.309 {0.270 (0.249 0.233 ,0.223 10.216 [0.210 G 

IO  |0.705/0.425 |0.338 |0.293 ;C.270 (0.252 |O.241 |0.232 |O.227 |O.221 | 0.204 | 0.199 | 
I2 0.833,0.500 0.390 10.339 |0.307 ,0.287 [0.273 |0.263 |O.255 [0.249 | 0.230 | 0.220 

14 0.965/0.580 |0.450 10.384 '0.349 0.324 [0.309 |0.296 [0.286 (0.278 | 0.251 | 0.239 
16  |r.11 [0.653 |0.504 10.430 |0.388 (0.360 |0.349 [0.327 |O.314 [0.305 | 0.273 | 0.259 


I8 [1.24 10.738 10.560 |0.475 10.427 10.395 |0.373 10.356 |0.342 [0.331 | 0.293 | 0.278 
20  |1.38 |0.809 |0.620 {0.521 |0.468 [er 0.106 |o.387 |o.371 |0.359 | 0.311 | 0.290 
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TABLE D.— VALUES OF i IN TERMS OF x 


Numbers in first line give values of B = 
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actually observed values of the various quantities and the corresponding values 
taken from the calculated curves in Fig. 9 for a coasting time of ro per cent. 


l Observed Calculated | 


Watt-hours per ton-mile........ 0... cece eee ees 
Horse-power output at end of controller period. . 
Starting current per motor............. sese 
Root-mean-square current per motor............. 
Average motor voltage. .............uueeeeeese 


From Table XI the proper size of motor would be the interpole motor No. 
300, which is rated as 200 horse-power at 550 volts. The motor actually used 
was a Westinghouse motor, designated as 300 — B, and rated at 225 horse-powet 
at 600 volts. The temperature rise from test, after 13 hours in service, was 


Artatüte.« decore re eo oi e bubus n sedem t Ca 65° C. 
ComimnubatoE- vol uio s knrn ia bra Ye dada wos hens 75° C. 
Series field..... — — P ase welt ene oi 46? C. 
Interpole Beld.. ciis eoe are ER REA e 52°C, 
Trame se cca n ESAE UA cS DR ae GI ESEA 37°C, 


. Importance of Coasting and Selection of Gear Ratio. — A study of 
Fig. 9 shows that a much less energy consumption would be required for a 

coasting period of 50 per cent instead of the actual coasting period of 10 per cent, 

namely 72 watt-hours instead of 88 watt-hours. The starting current required 

in order to obtain this higher coasting time is 406 amperes instead of 345 amperes, 

or an increase in the starting current of 18 per cent. If no change in the size of 

motor were made, this would require approximately the same percentage in- 

crease in the gear ratio. The root-mean- 

square current would increase from 131 

to 150, but the average motor voltage g K j 

would drop from 350 to 170. The motor 

could therefore probably operate at this B am œ œi mm 

higher gear ratio without seriously over- 

heating, but it would be safer to use a (c) 

larger size motor, particularly as the Load Diui 

starting current of 406 amperes is also 

close to the safe commutating limit. 


Salle 
TRAIN AND LOAD DIAGRAMS. Sae 
—The current-time curve for a train ike 
making a number of stops may be repre- 
sented as shown by (a) in Fig. 10. On 
& railway line where there are several 
trains, the total current may be obtained states 


Miles 


Sabe 


by placing the current curve for each Hours 
train at its proper place in the time scale, "NT 


and adding the ordinates of the curves. 
Such a process is very tedious and unnecessary where there is a large number 
of trains. In such cases the high and low parts of the curves become staggered 
with respect to one another moré or less accotding to the laws of chance, so 
that each current curve may be replaced by a rectangle of the same area but with 
a base extending over the entire running time as shown by (b) in Fig. 10. 
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When this is done the kilowatts and amperes per train are derived from the 
watt-hours per ton-mile by the following formulas: à 


kilowatts = — — X (watt-hours per ton-milc), 
1000 


amperes = —,- X (watt-hours per ton-mile), 
where E 

W = weight of train in tons. 

V =average running speed (excluding 
stops) in miles per hour, 

E = line voltage. 

The time when the current is cut off is 
indicated by r, and that when the train Load Dinzrum 
stops, by 2, in Fig. 10. 

Another approximation, which is even more 
often used, is to replace the series of rec- 
tangles shown at b, by a single rectangle as 
shown at c in Fig. 10. The area of this 
rectangle will be equal to the sum of the areas 
of the smaller rectangles or current curves. 
Using this approximation, kilowatts or am- A.M. PM. 
peres may be obtained from the above for- , Hours 
mulas, taking, however, V to be the schedule Train Diagram 
speed (i.e., speed including stops). The pro- Fig. 11. 
cedure is to plot a train diagram showing 
when each train comes on aud off the line, neglecting intermediate stops, as 
shown for a simple case in Fig. 11. Fach time a train comes on or off, the corre- 
sponding kilowatts or amperes are added to, or subtracted from, the load diagram. 


Power Required for Car Heating and Lighting. — In addition to the 
energy required for propelling the cars, a very appreciable amount is also re- 
quired in the winter, for heating them, and a small amount at night for lighting. 
In making up a load diagram this energy should be included. 

The average power for car heating varies, of course, with the climate and time 
of year. The following figures represent usual requirements in the northern 
parts of the United States: 


Kw.or Amperes 


Miles 


TABLE XIII.— HEATING AND LIGHTING OF CARS 
| 


Length of car, | Average* kw. | 


Averaget kilowatts for heating 


feet for lighting Average Severe 
conditions conditions 


* During the hours lights are on, using Tungsten lamps. 
t During the time car is in service. 


Substation and Power-station Loads. — The load diagram obtained as 
described above gives the total load at the trains. To obtain the load at a sub- 


" 
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station, the kilowatts or amperes must be increased by a suitable amount to 
allow for the losses in the distribution system. The load diagram of the power 
station should allow for all transmission and distribution losses between the 
power house and substation (see Power Stations; Substations; Third-rail Systems; 
Trolley Systems), and also for all auxiliary power, such as that required for sta- 
tion lighting, shop machinery, etc. 


BIBLIOGRAPHY. — Anderson, G. H., cited by F. W. Carter, Trons. 
AJ.E.E., 1906, Vol. 36, p. 240; Carter, F. W., Predetermination in Railway 
Work, Trans. A.I.E.E., 1903, Vol. 22, p. 133; Carter, F. W., Some Noles on 
Heat Runs, Jour. 1.E.E., 1903, Vol. 32, p. 1104; Carter, F. W., The Mechanics 
of Train Movement, Jour. L.E.E., 1913, Vol. so, p. 434; Del Mar, W. A, 
Approximate Predetermination of Train Energy, Elec. Ry. Jour., 1913, Vol. 42; 
Frendenberger, L. A., Plotting of Speed-time Curve from the Acceleration-speed 
Curve, El. W., 1903, Vol. 42, p. 96; Hutchinson, C. T., The Conditions Governing 
the Rise of Temperature of Electric Railway Motors in Service, Trans. ALEE. 
1903, Vol. 22, p. 657; Keiley, J. D., Some Brake Tests and Deductions there- 
from, Trans. A.I.E.E., 1902, Vol. 20, p. 219; Kimball, E. E., Notes om the De- 
termination of Power Station Capacities, Gen. Electric Review, 1908, Vol. 10, 
pp. 77 and 120; Mailloux, C. O., Notes on the Plotting of Speed-time Curves, Trans. 
A.I.E.E., 1902, Vol. r9, p. gor; Mailloux, C. O., Method of Determining the 
Continuous Current having the same Heating Effect as a Variable Current, Int. 
Elect. Congress, Turin, 1911; Valentine, W. S., A Graphical Method of Making 
Time-s peed Curves, St. Ry. Jour., 1902, Vol. 20, p. 303; Schmidt, Ed. C., Freight 
Train Resistance, Bulletin No. 43, University of Illinois, 1910; Berlin-Zossen 
Tests and Their Results, Elec. Ry. Jour., 1905, Vol. 25, p. 988; Train Tests in 
the Cambridge Subway, Elec. Ry. Jour., 1912, Vol. 40, p. 280. 

(W. A. DEL Mas and H. Penpes} 
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RAILWAYS, LOCATION AND PERMANENT WAY FOR. — 
(See also Railways, Energy Requirements and Motor Capacity for; Rauways, 
Electric, Traction Systems for; Third-rail Systems; Trolley Systems.) There are 
four general steps in the determination of the location of a railway, (1) the 
reconnoissance, which is a personal examination by the locating engineer of 
the country through which the railway is to run, (2) a preliminary survey and 
investigation more particularly of the topographic features of the proposed 
road, (3) office study of the data obtained in (1) and (2), and (4) the tield 
location and the preparation of tinal location plans. 


RECONNOISSANCE. — First a careful examination of the country should 
be made, with a view not only of obtaining a line which will be reasonably 
straight and as free from grades as possible, but also with a view of selecting a 
line or lines which will earn a suitable revenue. An electric railway recon- 
noissance calls for a much more detailed study of the country than a steam 
railroad location and a very much more detailed study of the amount of popu- 


lation, its growth, and the likelihood of the population making use of the pro-. 


posed line. The adapting of an electric line to take in the various intermediate 
centers of population is practically a necessity if the income of the line is to be 
sufficient to take care of the investment. The engineer should therefore realize 
fully that the commercial and financial matters relating to the road are more 
important than the engineering problems, and should always bear in mind that 
the road is constructed for the purpose of selling transportation. 

Electric railway locations are divided in general into two classes: those 
which are operated on the public highways, and those which are operated upon 
their own private rights of way, where they are free to make the fastest practi- 
cable schedules. Speed and comfort must be considered. Both of them are, 
as a rule, better obtained on private locations. It is essential in this recon- 
noissance for the engineer to make a careful estimate of the probable gross 
income of the road, as well as to choose two or three lines which will later on 
be investigated by preliminary surveys. 


PRELIMINARY SURVEY. — After the favorable lines have been deter- 
mined by the locating engineer in his reconnoissance, a party is sent into the 
feld to make a preliminary survey. This is usually a linear traverse run by 
transit and tape. After this a level party determines the profile of this line, 
this party being followed by a topographical party which sketches in the s-foot 
contours, the locations of brooks, highway crossings, the number and kinds 
of industries located within say a mile or so of the line, the location of exist- 
ing recreation points and picnic grounds, as well as the possible location and 
development of those which do not now exist. The engineer running the 
preliminary line should keep in mind that the railroad is built for the con- 
venience of the public and that any inconvenient detail of the road will have a 
material effect upon its gross income. 

The topographical party should note the character and property value of 
buildings or other structures which the line may affect, the character of soil 
(whether rock or grave!), the location of possible borrow pits, etc. In some 
locations the topographical features should extend a considerable distance 
from the transit line; in other locations, where, for example, the line is pass- 
ing through a narrow valley, the topographical features need not be taken very 
far from the transit line. While the line should be as straight as possible, 
Some curves are necessary. In locating curves consideration should be taken 
of the fact that electric traction permits of very rapid acceleration and re- 
tardation, and therefore sharper curves are permissible than in steam railroad 
practice because of the shorter time required to pass around it, even at the 
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slower speed rendered necessary because of its greater curvature. The time 
lost in passing around the curve as well as the permissible speed are factors 
which should be taken into consideration. Roughly speaking, a safe rule is 
that the speed on curves in miles per hour can be equal to the square root of 
the radius in feet. 


OFFICE STUDY. — On the preliminary map an accurate paper location is 
drawn and an estimate is made of the cost of the road and of the probable 
gross earnings, as well as of the fixed charges and the cost of operating 
and maintaining. This study is one of great importance and if the recon- 
noissance and preliminary survey are not thoroughly accomplished, errors in 
judgment may very easily creep into this part of the work. The office study 
shows the final alinement and the proposed grades of the road. 


FIELD LOCATION. — Aíter the completion of the office study the line is 
finally located in the field. Field location requires running out the line by 
straight lines and curves, using easement curves at the beginning and end of 


all changes in direction; the preparation of property maps showing the loca- 


tion required for the railway and all parcels of property affected by actual 
takings for slope easements; as well as studies of grade crossing eliminations 
where they are necessary. At this time soundings or borings are taken for 
bridges or other structures. Cross sections are made of the line, from which 
careful estimates are made. These cross sections are used in computing the 
final payment for the work of construction. 


Locations in Existing Highways. — Such locations usually have the great 
advantage of easy grades which frequently cannot be so cheaply obtained upon 
private land. Locations in highways have the disadvantage of requiring much 
slower speed. Where such locations are made it is necessary to survey the high- 
ways as laid out by the proper officials, and not infrequently it is necessary to 
consider the widening of such highways by takings on either side. The electric 
road, for example, may be a 2-track road laid out in the center of the roadway, 
in which case the road would possibly occupy nearly the full width of the exist- 
ing highway. In this case the electric road would be required to purchase 
additional property on either side and probably to build roadways for other 
vehicles in lieu of the portion which the electric line occupies. When this is 
done high speeds can sometimes be maintained. Where the electric road occu- 
pies one side of an existing highway, the speed often has to be reduced to a rela- 
tively low rate. This affects the amount of traffic which the road will attract 
and thereby reduces the gross earnings. 


DEFINITIONS OF TERMS USED ON RAILWAY MAPS AND 
PROFILES. — Some of the more common terms are defined below. 


Curves. — A curve is generally composed of successive arcs of circles joining 
two straight lines or tangents. When these arcs are of varying radii decreas 
ing with the distance from the tangents the curve is said to be compounded ot 
spiralled. To insure smooth riding the curve should begin with a large radius 
and gradually grow sharper until the circular part is reached. At the same 
time the outer rail should be gradually raised (see below) until it reaches its 
maximum elevation. A curve so built is called an easement curve. Curves, d 
properly eased, may be run at full speed. Qn high-speed lines curves sharper 
than 10 degrees should be avoided. 

The following terms are in general use: 


The point of curvature (P. C.) is the beginning of the curve, and the point of 


tangency (P. T.) is the end of the curve, going in the direction of the surveyors 
stationing on the line. 
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The point of intersection (P. I.) is the point where the two tangents through 
P. C. and P. T. intersect. 

The tangent distance is the distance between the P. C. or P. T. and P. I. 

The degree of curvature is the angle subtended at the center of a curve by 
a chord 100 ft. long. Up to a curvature of 12 degrees the radius of curvature 
may be found to a close approximation by dividing 5730 by the degree of cur- 
vaturé. The exact relation between the degree of curvature C and the radius 
Ris 


2G 
siu - 
2 
The middle ordinate is the perpendicular distance from the center of a chord 
to the curve. 


Elevation of Outer Rail on Curves. — The outer rail on curves is raised 
above the inner an amount depending upon the velocity of cars and the degree 
of the curve. This elevation must be gradually attained. The amount of ele- 
vation required in order to make the weight of the car just balance the centri- 
fugal force on the curve is 


where D is the distance between center lines of the two rails (not the track gage), 
V the speed of car in feet per second, and R the radius of curvature in feet. 
For standard track gage, viz., 4 feet 842 inches from inside edge of the head of 
one rail to the inside head of the other rail, and taking R =5730/C, where C is 
the curvature in degrees, the above expression for the elevation becomes 


E = 0.000325 V?C inches. 


Grades. — A railroad grade is expressed in per cent, this per cent being the 
number of feet vertical rise in a horizontal distance of 100 feet; i. e., a 4 per 
cent grade means a rise of 4 feet in a horizontal distance of 100 feet. Calling 
L the distance in feet along the track and H the vertical rise in feet in this 
distance, the per cent grade may also be expressed as 


100 H 
C= VR’ 
which for a grade less than 10 per cent is equal to 100 H/L with an error of less 
than 1 part in 100. 

Grades should be as small as financially practicable. It may be cheaper to 
operate over a grade than to pay interest on the sum needed to reduce it. Some 
steam road grades are as steep as 4 per cent, but such grades are extremely 
costly to operate. Two per cent is about the limit for steam roads and most 
roads try to keep grades down to about o.5 per cent. On electric lines operat- 
ing single trolley cars grades as steep as 10 per cent exist, but no grade over 
6 per cent ought to be used unless it is absolutely unavoidable. 


Virtual and Momentum Grades. — A driving force or tractive effort 
is required to accelerate a train, and a driving force or tractive effort is required 
to cause a train to ascend a grade at constant speed; hence an increase of the 
speed of the train may be considered, as far as the motive power is concerned, 
as equivalent to an up-grade. Vice-versa, a decrease of speed may be consid- 
ered as equivalent to a down-grade. The energy required to give the train a 
speed of y miles per hour is the same as the energy required to raise it a height 
of 0.0334 v feet. Hence, if to the actual elevation of the profile at each point 
is added a height of 0.0334 v? fcet, where v is the velocity of the train at this 
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point, and a line is drawn showing the sum of the actual elevation and this 
velocity head at each point, this line may be looked upon as the “virtual pro- 
file" of the road, and the slope of this virtual profile, at any point, i.e., the 
change in its elevation per hundred feet, is called the “virtual grade” at this 
point. 

The virtual grade at any point on an actual up-grade will be Jess than the 
actual grade, if the speed of the train is decreasing as it passes this point; the 
grade in this case is sometimes called a “momentum grade." That is, if the 
train has a high speed when it strikes an up-grade, and the operating require- 
ments of the division will permit of a slowing down of the train as it ascends the 
grade, then the effective or virtual grade will be less than the actual grade. 
Under such circumstances a given locomotive can pull a given train up a short 
steep grade on which it could neither start this train nor pull it at constant 
velocity. A momentum grade must be comparatively short. 


Ruling Grade.— The limiting or ruling grade on a division is that 
grade which limits the weight of the train which can be hauled over this division 
by the regular motive-power unit. Ordinarily, it is the maximum grade on the 
division, but if momentum grades are relied upon, the ruling grade might be 
the maximum. virtual grade. Reliance upon momentum grades is not always 
considered good practice, since a heavy train which might get over this grade if 
it strikes the grade with sufficient momentum, cannot start on this grade if it 
should have to stop on the grade due to some emergency. When stecp grades 
occur at only one or two places in a division it is sometimes economical to use 
helper engines on these steep grades, thus making possible the hauling of heavier 
trains, the weight of train then usually being limited by maximum grade on 
the remainder of the division. 


Switches, Frogs, Cross-overs, Etc. — A switch is an arrangement of 
rails, which permits a car or train to pass from one track to another. A cross- 
over consists of a pair of switches connected by a short piece of track in such a 
way as to allow a car or train to pass or cross over from one track to another 
parallel one. A turn-out or siding is a short length of track parallel to the 
main track and connected thereto by a switch at each ; 
end; when used as a means of passing cars or trains m W i 
. it is usually called a turn-out, and when used pri- 


marily for storing cars or loading it is called a siding. w H 
A frog, Fig. 1, is that part of the switch where B 
the two inner rails cross each other, and is so de- Fig. 1. 


signed as to allow the flange of the wheel to pass 

over without “riding up” on the rail. A guard rail is set close to the switch 
rail opposite the frog. The lead of a frog is the distance of a frog from the 
frog point P, see Fig. 1, to the point of the switch. The point of the switch 
is the tip end of the movable rail of the switch which is planed down to fit 
closely against the main rail. The number of a frog is equal to the quotient of 
the distance from P to the line AB divided by the length of the line 47. 


Turn-outs. — Turn-outs are short sidings used on single-track roads to permit 
cars running in opposite directions to pass each other. The proper location of 
turn-outs is governed to a certain extent by topography. They can be readily 
located by drawing up a train diagram; see Railways, Energy Requirements and 
Motor Capacity for. To keep the number of turn-outs at a minimum the time 
intervals between cars (headway) should all be multiples of the shortest time 
interval. For accurate results the diagram should be carefully drawn to a scale 
large enough so that locations can be measured with an error not to exceed 
200 feet for distance and one minute for time. 
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CONSTRUCTION OF PERMANENT WAY. —-In the preparation of the 
roadbed for ballast, ties and track, it should be noted that rails settle more or 
less and allowance must be made for this when grading is in progress. The 
surface of the roadbed should be flat, fromi4 to 20 feet wide for a single-track 
road, and from 9 to 1o feet wider for a double-track road, with a ditch at 
each side for drainage. On this the ballast of broken stone, gravel or cinders is 
laid varying from 6 to 12 inches thick under the ties. The ballast should ulti- 
mately be brought up level with the tops of the ties. 


Ballast. — Broken stone is best but most expensive in first cost and main- 
tenance. It is clean and dustless. Gravel is cheaper and very satisfactory 
from a maintenance standpoint. It is apt to be very dusty. Cinders are fairly 
satisfactory but are very dirty. 


Ties.— Ties are of the following materials in the order named: Oaks, southern 
pine, Douglas fir, cedar, chestnut, cypress, western pine, tamarack, hemlock, 
redwood, lodge-pole pine and white pine; sec article on Timber. The average 
cost is from 8o to 30 cents each. Treated ties cost 95 cents. With the rapidly 
increasing cost of ties, preservative treatment is becoming important. Creosot- 
ing is best. Zinc chloride treatment is satisfactory in arid regions only. The 
average life of an untreated tie 1s 5 years for hemlock, 7 to 12 years for 
white oak, and 15 years for cedar ties. "Treated ties may last 30 years, but 
must be protected from mechanical injury by rails and spikes. For this pur- 
pose tie-plates and screw spikes should be used. Fies are spaced about 2 feet 
between centers. 


Rails. — See article on Rails, Track and Third. 


Grade Crossings. — On high-speed lines grade crossings should be avoided 
wherever practicable. It costs less to avoid them in the beginning than to 
eliminate them afterwards. To eliminate an existing grade crossing costs 
Írom $40,000 up unless the topography is unusually favorable. 


COST OF PERMANENT WAY. — When tracks are laid in paved streets 
the railway usually has to pay for paving 18 inches of the street outside the 
rails. The total cost of such track, excluding overhead construction, and 
using 8- or 9-inch girder rails is about $5 per foot of single track. When 
the track is constructed with a light T-rail, as may be the case when laid on 
a private right of way or at the side of a street where there is no paving, 
the cost may be as low as $1 per foot, exclusive of ballast, bonding, and over- 
head construction. Ballast will cost from $1000 for cheap gravel to $3000 for 
thin rock, per mile of track. Thick rock ballasting as used on steam railroads 
may go as high as $5000 per mile. 

Maintenance Costs. — Maintenance of way costs will depend largely 
on the character of the original construction and also upon the character and 
amount of traffic. On typical Massachusetts street and interurban railways 
maintenance of way expenses are reported as from $200 to over $500 per mile 
of track. $200 per mile is not sufficient to maintain the road and track in an 
adequate manner, but from $350 to $380 is probably a fair figure. 


BIBLIOGRAPHY. — Herrick, A. B., Praclical Electric Handbook, N. Y., 
1906; Herrick and Boynton, American Electric Railway Practice, N. Y., 1907; 
Gonzenbach, Engineering Preliminaries for an Interurban Electric Railway, N. Y., 
1903. 

[L. E. Moore.) 
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REACTANCE COILS OR REACTORS.— (See also Alternating Currents; 
Inductance and Inductive Reactance.) Coils designed particularly for the pur- 
pose of introducing reactance (see Inductance and Inductive Reaclance) into a 
circuit, when connected therein, are called ‘reactance coils” or "reactors." 


APPLICATIONS. — Reactance coils are used wherever (1) it is desired to 
produce a voltage drop in an a-c. circuit without producing a proportionate loss 
in power (see Controllers); (2) to introduce inductance into a circuit where a 
compounding effect is to be obtained by passing a leading current through the 
coils (see Converters, Synchronous) ; (3) in large power stations to limit the 
short-circuit current; and (4) as “choke coils” in connection with lightning 
arresters (see Lightning Protectors). 


RATING OF REACTANCE COILS. — It has been common practice to 
rate a reactance coil in terms of the kv-a. absorbed by it when carrying such a 
current (of given frequency) as will produce a temperature rise of 40° C. above 
a 25? C. room temperature; see, however, the recent recommendations regard- 
ing rating in the article on Standardization Rules. Usually the resistance is 
negligible compared with the reactance, and under these conditions the kv-8. 
rating = xI*. 

Per cent Reáctance. — A reactance coil having a reactance of x ohms is 
said to have a “per cent reactance” equal to (zoo x J) + V, where J is the normal 
or full-load current through it and V the fofal normal voltage across the circuit 
in which it is placed; i.e., the percentage reactance is the percentage ratio of 
the reactance drop at normal current to the total voltage impressed on the 
circuit in which it is inserted. When the coil is to be inserted in one branch 
of a Y, the voltage V is the volts to neutral. 

In the case of a three-phase generator, three-phase transformer or bank of 
transformers, or set of three single-phase reactance coils, the Y reactance, 1, 
(see Alternating Currents) is related to the per cent reactance, f, by the formula 


_ 10 pE 
TS (&v-a.) i W) 


where E is the kilovolis between phases (i.e., between the terminals of the F) 
and (kv-a.) stands for the total kilovolt-ampere rating of the three phases. 


DESIGN OF IRON-CORE REACTANCES. — When a high inductance 
is required the coils are usually wound on an iron core, which usually contains 
an air gap, for the inductance of a coil on a completely closed iron core is by 
no means a constant, due to the variation of the permeability of the iron with 
the magnetizing current, and a straight-line relation between voltage and cur- 
rent does not hold. When a relatively low inductance is required the iron 
core may be omitted entirely. Reactance coils for use in connection with 
synchronous converters have an iron core. 

In iron-core reactances the air gap is usually of such a length that practr 
cally all of the reluctance of the circuit is in the air gap. Hence in calculat- 
ing the reactance of the coil the reluctance of the iron portion of the path 
may be neglected without materially affecting the results, provided normal 
magnetic densities exist in the iron (60,000 to 80,000 lines per square inch, 
maximum values). As the gap is made adjustable such errors as result {rom 
this approximation are allowed for by adjusting the gap afterwards. 

The inductance L in henries and the reactance x in ohms are given approx 
mately (neglecting effect of iron) by the equations 


3.2 XA (2) 
L i9] and x= 22fL, 
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where S = number of turns in coil; A = cross section of path in gap, in square 
inches; }= length of gap, in inches; f= frequency in cycles per second. This 
must, however, be checked to see that the magnetic density B is not too 
great at the maximum current to be used, thus, B = (3.2 X V2 ST) + l, where 
I = the effective value of current; B= maximum value of flux density = 60,000 
to 80,000 lines per sq. in. 

The losses in such a coil are the core-loss in the iron and the RZ? in the copper. 
See article on Magnetic Properties of Materials for the method of calculating 
the core-loss. The procedure in proportioning the various parts is similar to 
that employed in the design of transformers (q.v.). 


POWER-LIMITING REACTANCES.* — (See also Power Stations.) In 
order to avoid the prohibitive expense of high-voltage insulation, power-limiting 
reactances are always designed to be installed in the low-tension circuits. From 
the standpoint of economy, this requirement prohibits the use of a magnetic 
core. When power-limiting reactances are installed at a distance greater than 
one-half their diameter from any iron or steel structure, no appreciable eddy cur- 
rent or hysteresis losses will be produced in such structures. 

The inductance and reactance of the coils can be calculated from the formula 
for a short solenoid given in the article on Inductance and Inductive Reactance. 

It is desirable to reduce the size of reactance coils as much as possible, and they 
are therefore now usually designed for a temperature rise of 70° C. As to the 
dielectric test, the A.I.E.E. rules recommend 2% times the line voltage plus 2000 
for one minute, from conductor to ground. 


Location of Reactance Coils. — As noted above the reactance coils may be 
inserted in the leads from the generator, between sections of the low-tension 
bus-bars, or in the low-tension leads of the transformers. Which one of these 
locations or combinations is preferable depends on a number of conditions. 
Modern water-wheel-driven generators are now designed for a very high inherent 
reactance and external power-limiting reactances are usually inserted between 
the bus-bar sections or in the low-tension transformer leads. 


Reactances in Generator Leads. — With reactances in the generator 
leads the current flowing in the armature winding is limited, and this method 
therefore affords an excellent protection for the generator itself. An objection 
to generator reactances is the fact that a short-circuit on or near the bus-bars 
will cause a voltage drop on all the feeder circuits connected thereto. 


Reactances between Bus-bar Sections. — With reactance inserted 
between the bus-bar sections the trouble is confined to the particular section 
on which short-circuit takes place. Bus-section reactances afford no protection 
to the generators connected to the bus to which the faulty line is connected, but 
they give added protection to the generators on the other sections. 


Reactances in Low-tension Leads of Transformers. — Reactancea 
in the low-tension leads of the transformer banks are of considerable value for 
protecting against short-circuits in the lines, where they, of course, mostly take 
place. They are, however, not of value if the short-circuit should occur on the 
low-tension bus or in the generators or in their leads. There is also a constant 
loss of power in the reactance coils when they are inserted in the transformer 
leads, as is also the case when they are installed in the generator leads. For 
large systems this may reach a considerable value and must not be ignored when 
the selection of reactances is made. 


Calculation of Short-circuit Kilovolt-amperes.— The short-circuit cur- 
rent for any arrangement of reactances and for a short at any point can be found 


* By D. B. Rushmore. 
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with sufficient accuracy by neglecting the resistances of the apparatus and con- 
nections and calculating the resultant reactance by applying successively the 
formulas for two reactances in series or in parallel, as the case may be. Note 
that the resultant reactance Xs of two reactances, x; and 2» in series, and the 
resultant reactance Xp of two reactances, xı and x» in parallel, are respectively 


MX 
aT x g 


provided the resistances of the circuits are negligible. The reactances, n, 5 
etc., of the various circuits can be calculated from the percentage reactance by 
formula (1). Let X, be the resultant reactance of all the circuits feeding 
into the short circuit, and let E be the kilovolt rating of the generators, then 


1000 Ei () 
X, : 


For example, consider the case of four, 12,000 kv-a., three-phase, 11,000-volt 
generators feeding into a bus which is divided into two sections, A and B, with 
two generators feeding into each section, and one transmission line from each 
section, each line fed through à bank of transformers. A set of reactance coils, 
having 6 per cent reactance, connects the two bus sections. The inherent react- 
ance of each transformer bank is 8 per cent, and the inherent reactance of each 
generator is 20 per cent. The reactance of each generator is then 2.0 ohms; 
of each transformer bank 0.4 ohm, and of each set of reactance coils 0.6 ohm. 
Let a short circuit occur between the three wires of the line connected to the 
bus section B. We then have 2.0/2 = 1.00 ohm in series with 0.6 ohm, ora 
total of 1.6 ohms, which total is in parallel with the other two generators, i.e, 
in parallel with 1.0 ohm, giving a resultant reactance up to the transformer 
bank of 0.6 ohm; this is in series with the transformer bank, giving a final re- 
sultant reactance, X, = 0.6 + 0.4 = x.o ohm. Hence the total kilovolt-amperes, 
from formula (4), is 121,000, or about 10 times the rating of each generator. 


DIMENSIONS, WEIGHT AND COST. —lIron-core reactances with 
air gap occupy from 0.30 to 0.50 cubic feet per rated kv-a., weigh from 20 to 
so pounds per rated kv-a. and cost from $2.00 to $4.00 per rated kv-a. the 
first figure in each case applying to air-blast reactances and the latter figure to 
oil-cooled reactances. Power-limiting reactances occupy from 0.3 to 0.6 cubic 
feet per rated kv-a., weigh from 20 to 30 lbs. per rated kv-a. and cost from $4 to 
$12 per rated kv-a. The first figure in each case applies to reactances having à 
rating of approximately 5oo kv-a. and the latter for ratings of approximately 
5o kva-a. These figures apply to 6o-cycle reactances and should be increased 
from xo to 15 per cent for 25-cycle reactances. 


BIBLIOGRAPHY. — Davis, C. M., The Use of Power Limiting Reactances, 
G. E. Rev., 1913, Vol. 16, p. 365; Newberry, Dann, Mahoney and Peters, 
Power Limiting Reactances, Elec. Jour., 1914, Vol. 11, p. 188; Lyman, Rossman 
and Perry, Protective Reactances in Large Power Stations, Trans. A.I.E.E., Feb., 
1914; Porcelain Clad Reacters, Elec. World, 1912, Vol. 60, p. 1332; Wilson, 
H. R., Selection of Power Limiting Reactances, G. E. Rev., 1914, Vol. 17, p. 694; 
Barton, F. C., Feeder Reactances, G. E. Rev., 1914, Vol. 17, p. 424. See 
Bibliography in article on Transformers. Schuchardt and Schweitzer, The Use of 
Power-Limiting Reactances with Large Turbo-Alternators, Trans. A.LE.E., 1911, 
Vol. 30, p. 1143. 
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RECTIFIERS. — (See also Arc, Electric; Converters; Motor-Generators.) The 
term rectifier is applied to any stationary apparatus or rotating commutator 
for transforming alternating into direct current, or vice versa. Three types 
of rectifiers are in commercial use, viz., the mercury-arc rectifier, the electro- 
lytic rectifier and the rotating commutator driven by a synchronous motor, 
but only the first type is at present of much importance commercially. 


MERCURY-ARC OR MERCURY-VAPOR RECTIFIER. — The oper- 
ation of this rectifier depends upon the fact that a tube containing mercury 
vapor under a low pressure and having one electrode of mercury, and the other 
of some other conductor, offers a very high resistance to a current tending to 
flow through the tube from the mercury to the other electrode, but has a very 
low resistance to a current flowing in the opposite direction, provided the cur- 
rent is once started by forming an arc in the tube, e.g., by tilting the tube so 
that the mercury touches for an instant the other electrode. See article on 
Arc, Electric. 


Application. — Mercury-arc rectifiers find their chief application as a means 
of charging storage batteries and supplying a certain series type of d-c. arc 
lamp (see Lamps, Electric) from an a-c. supply. In the latter case the rectifier 
receives its current from a constant-current transformer and delivers a direct 
current of constant value. Mercury-arc rectifiers have also been tried out ex- 
perimentally on electric cars and locomotives, power being supplied to the car 
or locomotive from a high-voltage a-c. trolley, stepped down to a lower volt- 
age by transformers and converted into low-voltage direct current by means of 
the rectifiers. Although this scheme has not yet proved satisfactory commer- 
cially, it seems to be particularly promising when used in connection with 
high voltage (1200-volt) railway motors. The difficulty lies chiefly in produc- 
ing a tube of rugged and lasting qualities. 


Connections for Single-phase Operation. — The connections employed in 
practice are shown in Fig. 1. The complete equipment consists of a source of 
alternating current HG, the rectifier tube AA’, 
two reactances E and F and the load represented Ln —| 
as a storage battery J. The rectifier tube is an ormar 
exhausted glass vessel in which are two graph- A.C. Supply 
ite electrodes (anodes AA’) and one mercury 
cathode B. Each anode is connected to a sepa- 
rate side of the a-c. supply, and also through 
one-half of the main reactance to the negative 
side of the load. The cathode B is connected 
to the positive side. There is also a small 
starting electrode C connected to one side of 
the a-c. circuit through a resistance and used 
for starting the arc. When the rectifier tube 
is rocked so as to form and break a bridge of 
mercury between the cathode B and starting 
anode C a small arc is formed. This produces 
mercury vapor in the tube and the arc immedi- 
ately jumps to one or the other of the main 
anodes and alternates on these during regular Fig. 1. Mercury-vapor 
operation. Rectifier 


Mode of Operation. — To analyze the operation, assume an instant when 
the terminal G is positive and H negative. The positive current will then 
flow from anode A’ to cathode B, through the load J to D and through reactance 
F back to H. The current cannot jump from A’ to A on account of the high 
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counter electromotive force of the arc. The small arrows surrounded by cr- 
cles show the path of the current during this half cycle. During the next half 
cycle the terminal H is positive and the current flows to A through the tube 
to B, through the load J, reactance E and back to G. The small arrows show 
the path of the current duting this half cycle. Hence during a whole cyde 
the cathode B is continuously negative but first one anode is active and then the 
other. If the voltage and current should become zero coincidentally the arc 
would become extinguished and operation cease. Hence the reactances E and 
F are introduced. At the end of the first half cycle described, when the 
line voltage drops to zero, the inductance of F maintains the current and a 
local circuit is formed through A, B and F, which maintains the arc until the 
voltage at G has risen to a value which will maintain the atc. 

The rectifier thus makes use of both half waves, or the entire alternating 
current, and the result is a uniform pulsating uni-directional current. On 
account of the reactance in the circuit, this current in the load never falls to 
zero and, in fact, with sufficient reactance, may be made very nearly constant. 
But this extreme is not always desirable, as it distorts the current wave in the 
a-c. supply circuit. 

Arc Rectifiers on Polyphase Circuits. — Rectifiers may be arranged on 
two-phase and three-phase circuits, and in fact there is an advantage in the 
arrangement of the reactances in these cases. 


Efficiency of Mercury-arc Rectifier. — The losses in the rectifier corre- 
spond to a constant counter e.m.f. of about 14 or 15 volts, thus the eficency 
of the tube is constant at all loads and at high voltages is very high; the higher 
the voltage the higher the efficiency. In fact, for high voltages the losses in 
the transformer and reactance coils form the major part of the total losses 
On account of the small losses in the tube itself, there is very little heat to be 
dissipated, and rectifier tubes of large capacity are very small in bulk. 


Kilowatt Capacity of Mercury-arc Rectifier. — Rectifiers have been built 
‘for voltages up to 6000. The tubes may be of glass or steel. The glass tubes 
have a capacity of about 40 amperes and the steel tubes from 200 to 300 
amperes. Several rectifiers may be operated in parallel for large currents. 
The power factor of the combination of tube and controlling devices is about 
9o per cent. Rectifiers have been built of a capacity sufficient to operate 
motor cars and locomotives. 


Dimensions, Weights and Costs of Meroury-arc Rectifier Outfts.— 
A standard outfit consisting of rectifier tubo, transformer, reactance, switch- 
board panel, switches and instruments to supply a load of 30 amperes at 110 
volts d.c. would occupy a floor space 16 X 19 in., have a height of about 64 in, 
and weigh complete about 600 pounds. The first cost of the outfit would be 
between $200 and $250 and the cost of renewing the tube about $20. The net 
efficiency would be about 78 per cent. Such an equipment is frequently used 
for charging the batterics of electric vehicles from a-c. supply circuits. 


ELECTROLYTIC RECTIFIERS. — (See also Condensers; Lightning Pro- 
lectors.) The operation of this type of rectifier is in a general way the same 
as that of the mercury-arc rectifier, being based on the fact that a certain elec 
trolytic cell having electrodes of different metals (e.g., aluminum and steel 
electrodes in a solution of ammonium phosphate) have the property of allow- 
ing a current to pass in only one direction. By suitably combining two of these 
cells both the half waves of an alternating current may be rectified. Such 
rectifiers have a low efficiency and due to the large losses in them heat very 
rapidly. They are therefore applicable only to the rectification of small cut 
rents. Examples are the electrolytic rectifier of Nodon described at the It* 
ternational Electric Congress of 1904. 
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MECHANICAL RECTIFIERS. — These usually consist of a commu- 


tator driven by a synchronous motor. Each commutator has as many live 
segments as there are poles on the synchronous motor. Alternate segments 
are connected to the source of alternating currents, and brushes properly spaced 
and bearing on the commutator collect the direct current. The objections 
to these devices are that if there is much inductance in the d-c. circuit (e.g., a 
motor) there will be a great deal of sparking, or if the load has a constant counter 
e.m.f, (e.g., a storage battery) there will be sparking. By alternating live and 
dead segments, this trouble can be obviated, provided the current to be recti- 
fied is not too large and the proportions of the live and dead segments are prop- 
erly chosen. Commutator rectifiers of this type capable of rectifying currents 
Up to 5o amperes at 200 volts have been constructed. The principal losses 
are in the driving motor; the efiiciency is poor at light loads. 

Many attempts have been made to produce a satisfactory rectifier by vari- 
ous schemes for interchanging the connections to the a-c. circuit at the end of 
every halí wave, but none of them have as yet proved satisfactory for rectify- 
ing currents of any considerable magnitude. The difficulty lies chiefly in pro- 
viding a means of preventing the formation of a spark when the circuit is 
interrupted or commutated. 


BIBLIOGRAPHY. — Steinmetz, C. P., Constant Current. Mercury Arc 
Rectifiers, Trans. A.L.E.E., Vol. 24, p. 371; Whitney, W. Rọ, Mercury Are Rec- 
lifer, G. E. Review, 1911; Jackson, R. P., Mercury Rectifiers, Electric Journal, 
May, 1909, June, 1912. í 

[W. I. SLIcHTER.] 
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REGULATORS. — (See also Batteries. Storage, Applications of; Controllers; 
Rheostats; Starters, Motor; Switchgear Equipment for Power Stations.) Devices 
for adjusting and controlling the voltage in an electric circuit are called regu- 
lators. They may be divided into two classes, depending on whether they 
operate directly on the circuit or indirectly by means of the excitation of the 
generator. 


FEEDER OR POTENTIAL REGULATORS, as the name implies, oper- 
ate to raise or lower the feeder voltage. Where a feeder circuit is operated from 
a constant potential bus and it is desirable to compensate for the drop in the 
feeder, there is usually installed a regulator which adjusts the voltage impressed 
upon the feeder so as to maintain proper voltage at the point of distribution. 

With d-c. circuits the only way to raise the voltage of the feeder above that 
of the bus is to connect a booster or a storage battery (q.v.) in series. 
The feeder voltage may be lowered by connecting in resistance. Owing to the 
inefficiency of resistance control and the complication of providing boosters or 
batteries, feeder control of d-c. circuits is used only in special cases, such as for 
the distribution system of a direct-current railway. 

Feeder control for a-c. circuits is accomplished by transformer action. Feeder 
regulation for such circuits can be made in various ways, the most common 
being the "induction" type and the "step" type. 

Induction Regulators, also called “induction potential regulators,” ace used 
on either single-phase or three-phase circuits and are arranged for hand opeta- 
tion, motor operation with distant control, or for full automatic operation by 
means of relays. An induction regulator is a special type of transformer, 
built like an induction motor (q.v.) with a coil-wound secondary. The primary 
is permanently connected across the feeder circuit, and the secondary which is 
connected in series with the feeder is normally stationary, but is movable at 
will for the purpose of adjusting the voltage. In comparison with the step-type 
regulator (see below) the induction regulator possesses the advantage of being 
operated without short-circuiting any transformer coils. It has the disad- 

vantages of a large magnetic leakage and a high value of exciting current. 


Single-phase Induction Regulator. — This regulator has a secondary 
induced voltage whose value depends on the relative angular position of the 
primary and secondary coils, but which is always in time phase with the pri- 
mary voltage. This induced voltage is a maximum when the axes of the coils 
coincide and it is zero when the coils are at right angles to one another. The 
resultant feeder voltage is equal to the arithmetical sum (or difference) of the 
primary and secondary voltages. 

Polyphase Induction Regulator. — This regulator has a rotating flux 
of constant value, set up by the primary current. Thus the secondary induced 
voltage is also constant in value but differs in phase from the normal line voltage 
depending on the angular relation between the primary and secondary windings. 
The resultant delivered voltage is the vector sum of the primary and secondary 
voltages, and its value varies with the position of the movable member. 


Step-type Regulators, also called “ contact-voltage regulators," consist essen- 
tially of a stationary transformer provided with a large number of secondary 
taps for cutting in and out sections of the transformer windings. The taps art 
connected with a dial or drum so that any pair of taps can be connected to the 
feeder circuit according to the voltage required. . 

The moving arm on the dial-type regulator is usually arranged so that 19 
passing from the position of maximum boost the number of secondary turns In 
series with the circuit is reduced in equal steps until the turns are all cut out. 
Further rotation in the same direction throws over the reversing switch and 
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then cuts in the same secondary turns in opposition to the main voltage until 
the position of maximum bucking is reached, when a stop prevents any further 
rotation in that direction. A similar stop prevents overtravel in the position 


of the maximum boost. 

Automatic Operation of Feeder Regulators with cither single- or three- 
phase circuits is obtained by the action of a voltage relay, which may or may 
not have a compensating device. "This relay acts in conjunction with the motor 
on the regulator so that, as the load comes on or as the bus-voltage drops, the 
motor will turn the regulator in such a direction as to increase the voltage. By 
means of a compensator which can be set for a certain resistance and a certain 
inductive drop, the voltage at the point of distribution can be maintained 
constant independent of the amount and power factor of the load, provided the 
total drop is within the range of the regulator. 

FIELD REGULATORS. — In order to maintain practically-constant volt- 
age on a-c. and d-c. generators, or to have these machines compound automati- 
cally to take care of feeder drop, field regulators of either non-automatic or 
automatic types are employed. The former are hand-controlled field rheostats 
(see Rheostats). The latter are made in various forms, of which the ‘Tirrill 
regulator is the best known in America. 

Tirrill Regulator. — This regulator depends for its operation upon the 
rapid opening and closing of a circuit that shunts the field rheostat, and thus 
changes the resistance in the field circuit of the generator to be regulated. For 
d-c. service the regulator usually works upon the main generator field and for 
a-c. service upon the field of the exciter. In both cases the rheostat is so ad- 


The 


justed that when in circuit it tends to lower the voltage considerably below nor- 
mal, and when the rheostat is short-circuited the generator voltage rises. 


regulator automatically closes the shunt Main 
I C Contact 


circuit when the voltage drops toa pre- 
determined value and opens the shunt 
circuit when the voltage rises above that 
value. 

The main features of the Tirrill regu- 
lator and those which have been so con- 
ducive to its successful operation are: (1) 
the method of control by shunting the 
rheostat and (2) the fact that with the 
total range of regulation from no load to 


E] 
full load the maximum travel of the only 
moving parts, the vibrating contacts, is 
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only 342 inch. The vibrations are so sae 
rapid that the time factor is reduced to 

a minimum and there are no retarding 
effects due to dash pots or other damping 


devices. 


Tirrill Regulator for Direct-cur- 
rent Generator (Fig. 1).— This con- 
sists essentially of a main control mag- 7 
net whose winding is connected across M TEN for Direct-current 
the generator terminals, and a differen- mE Tirrill Regulator i 


tially-wound relay magnet. When the 
effect of the potential winding increases, due to a rise in the generator voltage, 


the contact of the main control magnet is opened and in turn one winding of 
the relay magnet is deénergized. Thus the relay contact is opened and the 
short-circuit removed from the generator rheostat. When the generator volt- 
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age drops, the main contact is closed and the differentially-wound relay magnet br bl 
acts to short-circuit the field rheostat. The relay contacts are shunted by a cp 
condenser to reduce sparking. bre 
In case the generator is to overcompound for line drop a current winding theme 
is added to the main control magnet and is connected across a shunt in one of dy 
the local mains. The action of this current winding opposes the action of the iiey 
potential winding in the control magnet end, and thus makes the generator over- aiten 
compound for line drop. Regulators of this type can be adjusted for a line t alt 
drop up to 15 per cent. nt 
Where the generators are shunt wound a separate regulator is required for ; 
each machine which is operating at any time. Where several small compound ma 
machines are operating in parallel and all of the regulating is done by one ma- X 
chine, the others trailing after, provision is made for connecting any machine to THs a 
the regulator. For field currents in excess of about 3 amperes at 250 volts, it is Tey 
found that one relay contact is not sufficient, and for such cases regulators are iu 
built with as many as ro relays, all being operated by a single main control "rh 


magnet. For still larger d-c. generators whose field current could not be handled 


j 
bya multiple-contact regulator, it is necessary to supply a separate exciter or ex- &r 
citers and the regulator then controls the field circuit of the exciter as described mn 
below for a-c. generators. un 

Tirrill Regulator for Alternating-current Generator (Fig. 2). — This cu 
works on the exciter field. The main contacts with this type of regulator are Y 
acted on by two sets of control magnets, one connected across the exciter bus pn 

Main Contacts 2n 
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: Fig. 2. Connections for Alternating-current Tirrill Regulator 


and tending to move the main contacts further apart as the exciter voltar 
rises, and the other acted upon by a-c. potential and current coils. Suitabi 
springs and counterweights allow the proper adjustment to be made. When 


the main contact closes it energizes the relay magnet, thus closing the relay 
| contact, short-circuiting the exciter rheostat and raising the exciter voltage and 
i consequently the generator voltage. The use of the exciter voltage as one ol 


the main control circuits prevents the generator voltage “overshooting,” fot 
as the exciter voltage rises to bring up the a-c. voltage the d-c. control tends to 
keep the main contacts apart and so reduce the voltage again. 

The compensating current winding of the a-c. solenoid is provided with a 
dial switch to give any amount of compensation required for the feeder creuit 
in which the current transformer is located. Where it is desired to compensate 
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for both resistance and inductive drop under varving power factors a special 
compensator i$ provided. A modification of the regulator to take care of the 
large exciters has a number of relay contacts all operated at the same time from 
the one set of control contacts, the various relays being shunted by condensers 
to reduce the sparking. A single regulator may serve a number of alternators 
if they are operated in parallel and if all use the same exciter. If two or more 
exciters are operated in multiple, a single regulator will suthce; if not operated 
in multiple, a separate regulator must be installed for each exciter. 


REGULATORS, STORAGE BATTERY. — See articles on Batteries, 


Storage. 

COSTS. — Tirrill regulators for d-c. service are built for pressures up to 550 
volts and for controlling a total excitation current up to 30 amperes at 250 volts. 
The regulators for use with exciters are built for machines with a range 
of 2 to 1 from no-load to full-load excitation current. For a-c. service Tirrill 
regulators are built for controlling a total excitation current of o6 amperes with 
a range of 2 to r from no-'oad to full-load excitation current, "The cost of both 
d-c. and a-c. types varies considerably according to the character of the instal- 
lation, but for rough preliminary estimates may be taken as ranging from $230 
fora total excitation current of 2.5 amperes at 250 volts to Sgio for a total ex- 
citation current of 55 amperes at 250 volts. 


BIBLIOGRAPHY. — Shackleford, F. W., Proc. N.E.L.A., Vol. 23, p. 907; 
Lehr, E. E., Proc. N.E.L.A., Vol. 23, p. 924, and Flec. Jour., Vols. 8 and 9; 
Moody, W. S., Trans. A J.E.E., Vol. 27, p. 255; Laycock, H. A., Trans. A.I.E.E., 


Vol. 30, p. 554; Tirrill, A. A., Elec. Jour., Vol. 5. 
[S. Q. Hayes] 
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RELAYS. — (See also Circuit Breakers; Telegraphy; Telephony; Regulators; 
Signaling, Railway.) A relay is a device which opens or closes a local circuit 
under predetermined electrical conditions of the main circuit. There are three 
general classes of relays as determined by their respective functions of (1) pro- 
tecting the main circuit, (2) regulating the current in the main circuit, or (3) 
signaling the condition of the main circuit. 

PROTECTIVE RELAYS are auxiliary devices supplied for use with cir- 
cuit breakers on systems that require protection more selective and flexible 
than that afforded by the usual control features of automatic circuit breakers 


(q.v.). The closing of a local circuit through the action of the relay causes in 
turn the tripping of the circuit breaker. 


Types of Protective Relays. — The types which are most commonly em- 
ployed are given in the following table, together with the apparatus with 
which each type is applied ahd the protection furnished by the operation of the 
relay. 

Relays are built to furnish protection against overvoltage, no voltage, over- 
load, no load, reverse load and reverse phase. They may operate either directly 
or in connection with other relays, and may be made instantaneous or provided 
with a time limit either of definite duration (time-limit relay) or inversely pro- 
portional to the extent of overload (inverse-time-limit relay). 


TYPES OF RELAYS 


Approxi- 
Type of Relay Application Operations mate cost 
per relay’ 


D-C. overvoltage Storage batteries Prevents overcharging | $1300 
d-c. apparatus Prevents damage from 

excess voltage 

Prevents discharging | 4300 
into charging source 

Protects against re- 
versal of flow of 
energy 

Operates if voltage 13.00 


D-C. reverse current | Storage batteries 
rotary converters 


D-C. low-voltage D-C. motors 


release falls below given 
value 
D-C. underload Storage batteries Disconnects on com- 13.00 
pletion of charge 
A-C. overload Feéders, motors, ro- Protects against over- | 14.50 
tary converters, load 
transformers 
A-C. overload and Feeders, generators Protects against over- | 32.50 
reverse load load and reversal of 
flow of energy 
A-C. low-voltage Induction motors | 


Protects against fallin | — 14.50 
line voltage 

Synchronous apparatus | Protects against re-| 3250 

versal of phase pro- 

gression 


A-C. reverse phase 


* Costs do not include shunts for d-c. relays or current and potential transformers for 
a-c. relays, as the cost of these varies greatly with current and voltage. 
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Definite Time-limit Relays are used with circuits where the service 
must be maintained at all hazards no matter how great is the overload, provided 
it does not last more than a definite period of time, say from two to eight seconds. 
The allowable length of this time depends on the ability of the system to with- 
stand such conditions; also on the length of time required for various feeder 
breakers to trip out and thus relieve the system protected by the breaker with 
definite time limit. 
Inverse Time-limit Relay gives a sclective action, whereby the time of 
operation varies inversely with the load. With this type of relay the faulty 
line carrying the heavier load usually will have its breaker tripped out before 
the other breakers are affected. 
Example of Use of Relays. — The various types of rclays that may be 
used to advantage in a system are shown diagrammatically in Fig. 1, where | 
1 


Fig. 1. Diagram Illustrating Use of Various Types of Relays | 


three a-c. generators operate in parallel with their neutral points grounded 
through a resistance and feed a common bus supplying current to power trans- 
formers, rotaries, etc., for a-c. and d-c. distribution. Relays for the operation 
of circuit breakers are inserted as follows: 
At A — a-c. overload and reverse load relays. 

B — a-c. overload time-limit rclays. 

C — a-c. reverse load, time-limit relays. 

D — d-c. reverse current, inverse time-limit relays. 

Principle of Operation of a protective relay depends somewhat on the duty 
to be performed. The actuating mechanism usually involves such a motive 
device as a solenoid and core, or a rotating motor. The mechanisms described 
below are those most frequently used for the respective types of service. 

D-C. Overvoltage Relay. — One design consists of a permanent 
magnet which forms a base and two iron corcs mounted parallel to the base 
and attached to it at one end with an eccentrically-pivoted armature carrying 
a suitable contact. With no current flowing the two cores exert an equal pull 
(due to the magnetic field of the permanent magnet) on the pivoted armature, 
which, due to its eccentric mounting, is pulled up against one core. When 
voltage is impressed on the coils wound on the iron cores the magnetism in one 
pole is strengthened and in. the other weakened. At the predetermined over- 
voltage the position of the armature is reversed, notwithstanding its eccentric 
mounting, and the contact is closed, tripping the breaker. 

D-C. Reverse-current Relays for instantaneous operation are similar 
in construction to overvoltage relays (see preceding paragraph). The solenoids 


-—- 
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however, are operated from a shunt in such a way that with the current in the 
normal direction the contact is held open, but when the current reverses in direc- 
tion the contact is closed, thus tripping the breaker. 


Reverse-current Time-limit Relays are built on the principle of a 
permanent-magnet d-c. ammeter operated from a shunt. In normal operation 
the armature of the relay tends to turn in one direction but Ís restrained by a 
stop; in the case of current reversal the armature turns in the opposite direction, 
its rate of movement being proportional to the strength of the current. The 


angle through which the armature has to turn to close the contacts is adjustable 
by moving the stationary contact. 


A-C. Overload Relays are usually built in single-phase units and for 
either instantaneous, definite time-limit, or inverse time-limit operation. The 
relay consists essentially of a solenoid and core. In the instantaneous relay the 
core lifts immediately upon occurrence of overload and closes or opens the 
circuit-breaker contacts when the current in the coil reaches a certain value. 
With the inverse time-limit relay the movement of the core is retarded by a 
bellows which has an adjustable valve and which is mounted above the coil. 
With the definite time-limit relay the same kind of bellows and valve is used 
but the solenoid does not work directly on the bellows. When the overload 
occurs the core rises instantly, compressing a spring which in turn acts on the 
bellows. If the core, due to continued overload, keeps the spring in compression 
the required time, the air will be forced out of the bellows and the tripping circuit 
operated. Relays of this type are usually operated from current transformers, 


but are sometimes mounted on a high-tensjon insulator and connected in the 
high-voltage circuit. 


A-C. Reverse-load Relays are usually made of the wattmeter type with 
moving contacts adjustable to trip the breaker at any predetermined load in 
the reverse direction. They are made so as to have practically the same torque 


at low power factor as at high, and to be operative when the voltage drops almost 
to zero, 


Relay Switch. — Where, as frequently happens, the tripping contacts ol 
a relay will not carry enough current to trip the circuit breaker, a relay switch 
is employed. .In this case the relay merely energizes the operating coil of the 


relay switch whose contacts can be made suitable for any reasonable amount 
of current. 


Rating of Protective Relays for overload service is given usually in terms 
of maximum current in the main circuit (secondary of transformer with a-c.). 
For reverse-load relays the rating is expressed as the percentage of reverse load 


on which they will operate. For relays which are not instantaneous in their 
action a time rating in seconds is usually given. 


REGULATING RELAYS. — See article on Regulators. 


SIGNALING RELAYS. — See articles on Telegraphy; Telephony; Signal 
ing, Railway. 


COSTS. — See table above. 


BIBLIOGRAPHY. — G. T. Chellis, Trans. A.I.E.E. Vol. 24, p. 247; M.C 
Rypinski, Elec, Jour., Vol. 5; H. W. Brown, Elec. Jour., Vol. 5; R. P. Jackson, 
Elec. Jour., Vol. 7, p. 908; P. MacGahan, Elec. Jour., Vol. 3, p. 470; Vol. 5, p. 
638; Vol. 6, p. 635; and Proc., N.E.L.A. 1913; G. Neuhaus, Trans. Turin Ini. 


Elec. Cong., 1911; Ricketts, F. E., The Protection of Transmission Circuits by 
Relays, Eléc. Jour., Apr. 1914. 


[S. Q. Haves] 
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RESISTANCE AND CONDUCTANCE, ELECTRIC. — (See also 
Alternating Currents; Bridges for ldectrical Measurements; Electricity and Mag- 
nelism, Principles of; Resistors, Standard; Skin Efect; Wires and Cables; Wires, 
Resistor.) The general definition of the resistance R’of a substance between 


any two equipotential surfaces intersecting the path of a current J is 


x P^ 
R' = aa (1) 


where Py is the power dissipated as heat between the two equipotential surfaces 
and J is the effective value of the fofal current from one surface to the other. In 
the case of a varying current this dissipation of heat may occur in four different 
ways, viz., (1) as heat due to the conduction current through the substance, 
(2) as heat due to dielectric hysteresis accompanying the displacement current 
through the substance (when the latter is an msulator), (3) as heat due to 
magnetic hysteresis accompanying the varying magnetic flux produced by the 
current and (4) as heat due to eddy currents induced in neighboring conductors. 

In the case of a continuous (non-varying) current the last three effects do 
not occur, and the heat is that due to the conduction current only. The re- 
sistance offered by a substance to a continuous current is called the “true,” 
“ohmic,” *continuous-current ” or ''direct-current" resistance, as distinguished 
from the "effective" resistance offered by the substance to a varying current. 
The effective resistance, even when there are no losses due to dielectric or mag- 
netic hysteresis, is in gencral greater than the ohmic resistance, due to the 


skin effect; see Skin Effect. 
Similarly, the gencral definition of conductance is 


Ph (2) 


where Ph has the same meaning as above and V is the effective value of the 


potential difference between the two equipotential surfaces. When the voltage 
is non-varying the conductance is called the “true,” “ohmic,” ‘continuous- 
current" or "*direct-current" conductance as distinguished from the “effective” 


conductance to a varying current. 
In the case of a continuous, or constant current J, the above expressions for 


resistance and conductance reduce to 


V I 
R = —, and G = — 

I y' (3) 
provided there is no source of e.m.f. between these two surfaces. The ohmic 
resistance and conductance, given by equations (3), are reciprocals of each 
other, but this is not true for the effective resistance and conductance. 


RESISTIVITY AND CONDUCTIVITY. — When the current stream lines 
from one equipotential surface to the other are straight and parallel and uni- 
formly distributed, and / is the distance between the two surfaces and A the 
area of each, the ohmic resistance and conductance of the prism or cylinder of 
the substance thus formed are respectively 


i A 
R=p 7 and G-y31: (4) 


where p and y (which are reciprocals) ate called the resistivity* and con- 
ductivity* of the substance respectively. For a given material at constant tem- 
perature throughout p and * are constants. 

* Also called specific resistance and specific conductance; 


——n 
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Units of Resistivity and Conductivity. — From (4) it is evident that pis 
the resistance of a cube of the substance of unit length on each edge when the 
current stream lines are uniformly distributed and parallel to four of the edges 
of the cube; similarly, y is the conductivity of such a unit cube. Resistivity 
is therefore frequently expressed as ohms or microhms per centimeter cube ot 
per inch cube, and conductivity as mhos or mega-mhos per centimeter or inch 
cube. Note that a resistivity of x microhms per centimeter (or inch) cube is 


e . * I e e 
equivalent to a conductivity of " mega-mhos per centimeter (or inch) cube. 


Ohms per Mil-foot. — It is frequently convenient in dealing with 
wires to express lengths in feet and cross sections in circular mils. The corre- 
sponding value of the resistivity p is then expressed in ohms per mil foot. 


Ohms per Meter-gram. — The cross section of a bar or wire of uni- 
form cross-section is equal to the volume of the bar divided by its length, and 
the volume of the bar is in turn equal to its mass divided by the density of the 
material of which it is made. Hence, using the same symbols as above, and 
in addition calling m the mass of the conductor and 6 its specific gravity, 


R= pb. () 


For a given material at a given temperature pô is also constant, hence 


Rot. (sa) 
"m 


where & is a constant (equal to pô) for a given material at a given temperature; 
this factor k is then called the specific resistance of the conductor in “ohms pet 
meter-gram " when / is in meters and m in grams. 


Pounds per Mile-ohm. —In telephone and telegraph practice the 
specific resistance of a conductor is also expressed as the weight w, in pounds, 
of a wire one mile long having a resistance of one ohm. This weight t i$ 
sometimes called the ‘‘ mile-ohm equivalent" of the wire. 


* Annealed Copper Standard." — Matthiessen’s Standard. — In 155: 
Matthiessen published the results of a number of determinations of the 
resistivity of copper. Recent determinations of the conductivity of a number 
of samples of commercial annealed copper wire at the Bureau of Standards 
(Bull. Bur. Stand., 1911, Vol. 7, p. 103) gave a mean value of the resistivity 
very close to Matthiessen’s value. A conductivity corresponding to 0.15328 
ohm per meter-gram at 20° C. has been adopted (1912) by the Bureau and by 
the American Institute of Electrical Engineers (1914)* as the “standard " of 
conductivity, the name “ Annealed Copper Standard " being suggested for it. 
(See Standardization Rules of the A.I.E.E.) Matthiessen’s Standard, formerly 
used by the American Institute of Electrical Engineers as the basis for that 
wire tables corresponded to 0.141729 ohm per meter-gram at o° C. 

To reduce the value of the Annealed Copper Standard to resistivity s» 
conductivity in volume units the value of 8.89 has been adopted as the densty 
of copper in grams per cubic centimeter at 20? C. which corresponds to 3.9 
grams per cubic centimeter at o*C. i 


Per cent Conductivity. — The Bureau of Standards recommends that wher 
ever the conductivity of a sample is expressed as a percentage, the measure! 
resistivity or conductivity be corrected to reduce it to the value it would havt 


* Also adopted by the national electrical engineering societies in Germany and Frans 


ty 
a 
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at 20° C.; see section on Temperature Coefficient of Resistance, below. A con- 
ductivity of P per cent is equivalent to 

15.328 + P ohms per meter-gram at 20° C. 

172.41 + P microhms per centimeter cube at 20° C. 

67.87 + P microhms per inch cube at 20° C. 

1037.1 + P ohms per mil-foot at 20° C. 
For example, a conductivity of 60 per cent is equivalent to a resistance of 17.285 
ohms per mil-foot. 

CALCULATION OF THE OHMIC RESISTANCE OF A CON- 
DUCTOR. — Values of the resistivity of various materials are given in the 
table below. Experiment shows that the resistance of a given length of wire of 
uniform cross section is independent of the shape into which the wire is bent, pro- 
vided the diameter of the wire is small compared to the radius of curvature of 
the curve into which it may be bent. This condition is almost always realized 
in practice, and conscquently formulas (4) and (sa) are in general directly appli- 
cable to the calculation of the resistance of a wire whether the wire be straight 
or curved or wound into a coil of any shape. These formulas are also applicable 
to the calculation of the resistance of a rod or bar, provided the rod or bar is 
not bent into a sharp curve, and the distance between its points of connection 
to the circuit is large compared to the linear dimensions of its cross section. 
Care should be taken, however, to express all quantities in the proper units; for 
example, the resistance in ohms of a wire which has a specific resistance of 1.6 
microhms per centimeter cube, a length of 1000 feet and a cross section of t4 


square inch, is 
1000 X 12 X 2.54 


0.25 X (2.54)? 


Resistance Formulas When the Stream Lines are Not Parallel and 
Uniformly Distributed. — When the stream lines of the current are not all of 
the same length, as, for example, when a current is established in a heavy short 
bar bent into a sharp curve, the resistance of the bar can be calculated only 
when the distribution of these stream lines is known. Again, when the stream 
lines of the current are not parallel, e.g., the leakage current through the insula- 
tion of a cable, these formulas are not applicable. However, when the formula 
for the capacity between any two conductors is known (see Capacity and Charg- 
ing Current), the resistance of the insulation, if uniform throughout, may be 
found by multiplying the reciprocal of the capacity, viz, =, by a where p is 
the resistivity of the insulation and K the specific inductive capacity in the 
capacity formula. See articles on Rheostats and Wires and Cables, Insulated. 


TEMPERATURE COEFFICIENT OF ELECTRIC RESISTANCE. — 
The resistance temperature coefficient 8, of a substance at any temperature £ is 


one 


defined as the rate of change of the resistance at this temperature, viz. ài]. 
t 


R= 1.6 X 107* = 0.0302 ohm. 


divided by the resistance Rz at this temperature, i.e., 
B 2 (2) 6 
E Re\ at], (6) 


The mean temperature coefficient at between any two temperatures # and 4 
referred to the temperature ¢ is defined as the average change in the resistance 


in this interval per degree change of temperature, viz., 


Ra = Rt K 
= Ri (S 0 (7) 


=. aey a 
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General Expression for Change of Resistance with Temperature. — In 
general, the relation between the resistance Rz of a given mass of a substance at 
any temperature ¢ may be expressed in terms of its resistance Rs at zero de- 
grees as follows: 


Re= Ro (1+ at+ db? + ...), (8) 
where a, b, etc., are constant coefficients. 


Linear Relation Between Resistance and Temperature. — When all the 
coefficients except the first one, a, are of negligible magnitude, i.e., when the 
relation between the resistance and temperature is a linear one, then, from the 
above definitions, the mean temperature coefficient (œ) referred to a given tem- 
perature / is equal to the temperature coefficient (8+) at that temperature, and 
the zero degree temperature coefficient ao ( = Bo = a) and the } degree tempera- 
ture coefficient a,’ are related as follows: 


ar = 


0 
repr (9) 
and R45 Ro (1+ ad) = Ry [1 av (1— 0)], | (10) 


where Ro is the resistance at zero degrees, Ry the resistance at # degrees and Ri 
the resistance at / degrees. 

For most metals the simple linear relation expressed by equation (ro) repre- 
sents the experimental facts within practical limits of accuracy and for ordinary 
temperature ranges; values of o are given in the table below. For dielectrics, 
however, the relation between the resistance and temperature is by no means 
linear, and several terms in such an expression as equation (8) are needed to 


represent the facts; see Insulating Materials, Properties of, particularly the sub- 
headings Cambric, Paper and Rubber. 


Calculation of Change in Resistance With 'Tésiperalüte. ~~ Equation 
(10) may be conveniently expressed in the form 


Re Tot?’ r (ii 
Rt Tot E’ 


where To is written for the reciprocal of o, viz., To = =. (11a) 
0 


Equation (1r) will be found very convenient for calculating the change of re 
sistance with temperature and the change of temperature corresponding to 
two measured resistances, particularly when a slide rule is used. 
To is approximately equal to the number expressing the absolute zero on the 
mercury thermometer scale (except for magnetic metals) and is sometime 
called the “inferred absolute zero " for the particular metal in question. 


MEASUREMENT OP RESISTANCE, RESISTIVITY AND TEM- 
PERATURE COEFFICIENT. — The simplest method of measuring a resist 
ance in ordinary engineering work is to send a direct current through tbe 
conductor and measure this current by means of an ammeter (q.v.) and 
measure the potential difference across it by means of a voltmeter (q.v). 
For measuring very low resistances, however, and for high-precision meas 


urements, a bridge method should be used; see Bridges for Electrical Miss- 
urements. 


VALUES OF RESISTIVITY AND TEMPERATURE COERFH- 
CIENT. — The resistivity and temperature coefficient of the more commoa 
metals and alloys are given in the table below. 


SESST 


ca 
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„a2: RESISTIVITY AND TEMPERATURE COEFFICIENT OF RESISTANCE” 
> 1 microhm per centimeter cube = — — microhms per inch cube 
2.5400 


= 6.0153 ohms per mil-foot 

= 0.01 ô ohms per meter-gram, where 6 is the 
specilic. gravity. 

= $7.08 6 pounds per mile-ohm. 


; 172.. -- 
p microhms per cm. cube at 20? C. = zd per cent conductivity at 20° C. 
p 


The zero degree Fahrenheit temperature coctlicient is equal to 


e EL ON 
D 9 — 16009 
Mi- i Mean temperature 
crohms | coefficient referred 
-| to o? C. 
Substance dido = T 
timeter 
(Numbers refer to Remarks cube || Tempera- 
T authorities, top of p. 1225) at o°C. || ture range 
eG. a, 
Advance (3)..,........ Copper-nickel........ 0.000018 
Aluminum (1)..,......] Pure.............0.- 0.00423 
Aluminum (7)......... Wire, ó1^o cond..... 0.00423 
; Alum. bronze (1)...... 97 Cu -3Al.......... 0.000897 
f 61.6Cutis.8Ni+ | 
Argentan (1)........ j 226 Zn... í 0.000387 
Brass (D) esee onda 9o.9 Cu--9.1 Zn...... 0.00204 
Brass (1)..,........... 65.8 Cu+34.2Zn .. 0.00158 
Bronze (1).............| 88Cu+128n+0.94P.. —0. 00050 
Calido (8)............. Ni+Cr+Fe......... 0.00034 
Carbonf (1)........... Graphite.......... 70.0000 
—0O.001I2 
Carbon (1)............ Incand. lamp........ —0.0003 
Climax (3)........ ,...| Nickel-steel......... 0.00055 
Constantan (1)........ 60 Cu+40 Ni..... r4 0.0004 
Annealed 
Copper (7)...... Ps j Standard } 0.00427 
Copper (1)............. Electrolytic. ........ 0.00428 
Copper (1)............. Hard-drawn......... 0.00408 
Copper-iron (2)....,.. 4% FO rite crei 0.00155 
Excello- (Dices cotes esi Dabo De ee cee weds ©. 00016 
Perromickel (3). ue 6| i vee easweeweeeeica ies 0.00216 
G , 18% Ni with Cu } 
n silver (3)... | and Zn......... 33:1 A i 


Gold (1) ........ T" 99.9% Au............ 


0.00368 


* See Wires and Cables, Bare, for the resistance of various sizes of wires; Wires, Re- 


4 


| See also p. 565. 


sistance, for additional data on resistance wires; and Insulating Materials, Properties of, 
for the resistivity of dielectrics. See also the articles on Aluminum, Copper, and Rails, 


ys 
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RESISTIVITY AND TEMPERATURE COEFFICIENT OF 
RESISTANCE — Continued 
Mean temperature 
coefficient referred 
Substance 
(Numbers refer to Remarks 
authorities, top of p. 1225) 
Ideal (8).............. Cu ui.cnces 
Ja Ia soft (4)........... Copper-nickel....... 
Ja Ia hard (4). ........- Copper-nickel....... 
Iron (I)... sees Very pure........... 
wai l a steel .......... 
eee, ded hard steel.......... 
Iron, cast (2).......... SOO cies Ere fos 
Iron, cast (2).......... hard soi. senden: 
Krupp metal (5)....... Nickel steel. ........ 
Lead (3)... Pures ue vests 
Lead-bismuth (1)..... 42.3 Pb+57.7 Bi...... 
Manganese-copper (1)..| 70Cu+30Mn........ 
Manganin (3).......... Cu+Mn+4+Ni..... 
Mercury (I). scs osveuxnl vex ke a AI EA es 
Molybdenum (6)...... Hard drawn ........ 
Molybdenum (6)...... Annealed ........... 
. Monel metal (3)....... Copper nickel........ 
Nichrome (3)..25 c cs dade Ee E eens 
Nichrome II (3)......|] ..................... 
Nickel (1)............. Electrolytic......... 
Nickel (3)............. Commercial wire.... 
Nickel steel (1)........ 4.3596 Ni............ 
Phosphor-bronze (9..| ..................... 
Platinum (1).......... Dtawü..-. ecce 
Platinum-iridium (1)..| 80 Pt4-2oIr.......... 
Platinum-rho- 
diui) - enis go Pt--10 Rh........ 
Rheotan (1)...........| «eese rre 
, 48.9 Bi+23.5 Sn+ 
Rose's metal (1)..... 21.6Pb.......... 
Silver (1).............. Electrolytic......... 
Steel (see Iron)* 
Superior (4........... Nickel-teel.........| 87.1 |l.....]...... 
Tantalum (1)......... Püre. lll lis 
Therlo (3)............. CuTtMn-cAl........| 46.4 |......|...... 
Tin) aranesa amet pests SERE sews 
Tungsten (6).......... Hard drawn 


@eeesvan 


Tungsten (6).......... 
Wood's metal (1).... | 


"7926092292985 


55.7 Bi-F13.7 Sn 
+13.7Pb+16.2Cd 


eeevreefereereeeereeeeesunaeeeene 
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Sources of Data in Preceding Table. — (1) Landolt and Bérnstein's 
Physical-Chemical Tables, 1912 Edition. (2) Smithsonian Physical Tables. 
(3) Driver Harris Wire Co. (4) Herman Boker and Co. (5) Thomas Prosser 
and Son. (6) Dr. Frink, Trans. Am. Electro-chem. Soc.. 1g10, Vol. 17. 
(7) Copper Wire Tables, Circ. No. 31, Bureau of Standards, 1914. (8) Elec- 
trical Alloy Co. 

Resistivity and Temperature Coefficient of Some Common Solutions. 
— (See also Electrochemistry, Principles of.) The table on p. 1226 is based on 
data given by Kohlrausch and Holborn (Leitvermógen der Flektrolyte, Leipsig, 
1898). The temperature coefficient given is that corresponding to an increase 
of temperature from 18? C. to 19°C., and is a negative quantity, i.e., for an 
increase of temperature the resistance decreases. ‘The resistivity temperature 
coefficient of aqueous solutions diminishes rapidly with increase of temperature, 
ie. the higher the temperature the less is the decrease in resistance for each 
degree increase in temperature. 


Resistivity and Temperature Coefficient of Ordinary Water. — The 
resistivity of ordinary tap or river water ranges from 1200 to 12,000 ohms 
per centimeter cube, ordinarily being between the limits 2000 and 5000 
ohms per centimeter cube. The change of the resistance of such water with 
temperature between the limits o? C. and 100? C. may be represented to a fair 
degree of approximation by the formula 


40 Rx» 
204-4" 


where Rn is the resistance at 20? C. and / is any other temperature between o? C. 
and 100°C. (From Tests by A pplequest and McKenny, Mass. Inst. of Tech., 1912.) 
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RESISTIVITY OF SOLUTIONS AND THEIR TEMPERATURE 
COEFFICIENT OF RESISTANCE 


: 
zohm per centimeter cube= pum à ohm per inch cube. 
i * o 


By per cent solution is meant the weight of the dissolved salt or acid expressed asa 
percentage of the weight of the solution. 

For a dilution less than 5% the resistivity is approximately inversely as the per cent 
of dissolved salt or acid, i.e., a 2 per cent solution of common salt has a resistivity ol 
approximately 14.9X 5/2= 37 ohms per centimeter cube. As noted above the ress 
tivity of ordinary tap water ranges from 1200 to 12,000 ohms per centimeter cube; 3 


solution made from such water can not of course have a resistivity greater than that of 
the water. 


: d 

Ohms per| 18? C. Ohms per| 18° C. P 
Per centi- | temper- Per centi- | temper- 

= cafe cent méter | ature bus cent | meter | ature s 
solution | cubeat | coef- || solution| cube at | coef- ` 9 

18°C. | ficient E: 
NER ENDEN ERRORES RES NER MERE. Jur 
-—-0.021 » 
10 2.18 —0.014 10 31.2 —0.022 E 
20 1.41 —0.014 20 21.4 —0.024 m 
30 1.28 —0.014 30 22.5 —0.02; gt 
40 I.37 —0.015 || CuSO, 5 53.0 ~o 02. Th 
HCl 5 2.53 —0.016 || NaSO 5 24.4 —0.02! us 

IO 1.5Ó —0o.016 x 


10 14.6 —0.025 E 
15 11.3 —0,020 | l: 
Na4CO; 5 22.2 0.025 | : 
IO 14.2 —0.02 | 
IS 12.0 —0.029 | e 
NaCl 5 14.9 —0.022 
IO 8.25 —0.021 | 


IS 6.09 ~0,021 
20 5.10 ~0.022 , 
25 4.68 0,023 , 


NHC 5 10.9 —0.02 | 
I0 5.63 -0.08, |. 
IS 3.86 -0017 |. 
20 2.97 ~0.016 | 


-0.015 


BIBLIOGRAPHY. — See references in text. 
(H. Penner and R. G. Hupsox.] 
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RESISTORS, STANDARD, AND RESISTANCE BOXES. — 
(See also Bridges for Electrical Measurements; | Resistance and Conductance; 
Wires, Resistance; Rheostats.) The primary standard of resistance is a mercury 
column of certain specified dimensions (see below). Secondary or commercial 
standards are made in two forms, viz.: (1) resistance standards each consisting 
of a single coil, carefully calibrated, mounted in a metal case, and (2) the ordin- 
ary resistance box, which contains a group of coils of known resistance. 

The ultimate or primary standard of resistance, when measured in the inter- 
national units, is the resistance of a column of mercury at o? C. having a length 
of 106.300 centimeters and having a mass of 14.4521 grams (see Unils, Practical 


Electrical). 


STANDARD MERCURY RESISTANCE. — For the practical realization 
of such a standard, the International Conference on Electrical Units held in 
London in 1908 adopted the following specitications: 

The glass tubes used for mercury standards of resistance must be made of a 
glass such that the dimensions may remain as constant as possible. The tubes 
must be well annealed and straight. ‘The bore must be as nearly as possible 
uniform and circular, and the area of cross-section of the bore must be approx- 
imately one square millimeter. The mercury must have a resistance of approx- 
imately one ohm. 

Each of the tubes must be accurately calibrated. The correction to be applied, 
to allow for the area of the cross-section of the bore not being exactly the same 
at all parts of the tube, must not exceed 5 parts in 10,000. 

The mercury filling the tube must be considered as bounded by plane surfaces 
placed in contact with the ends of the tube. 

The length of the axis of the tube, the mass of mercury the tube contains and 
the electrical resistance of the mercury are to be determined at a temperature 
as near to o? C. as possible. The measurements are to be corrected to o? C. 

For the purpose of the electrical measurements, end vessels carrying connec- 
tions for the current and potential terminals are to be fitted on to the tube. 
These end vessels are to be spherical in shape (of a diameter of approximately 
four centimeters) and should have cylindrical pieces attached to make connec- 
tions with the tubes. The outside edge of each end of the tube is to be coin- 
cident with the inner surface of the corresponding spherical end vessel. 'The 
leads which make contact with the mercury are to be of thin platinum wire fused 
into glass. The point of entry of the current lead and the end of the tube are 
to be at opposite ends of a diameter of the bulb; the potential lead is to be mid- 
way between these two points. Ali the leads must be so thin that no error in thg 
resistance is introduced through conduction of heat to the mercury. The 
filling of the tube with mercury for the purpose of the resistance measurements 
mugt be carried out under the same conditions as the filling for the determina- 
tion of the mass. 

The resistance which has to be added to the resistance of the tube to allow 
for the effect of the end vessels is to be calculated by the formula 


0.80 [1 I 
= —+-—)oh 
a x +4] € 
where 7 and rs are the radii in millimeters of the end sections of the bore of the 


tube. 
The mean of the calculated resistances of at least five tubes shall be taken to 
determine the valug of the unit of resistance. 

For the purpose of the comparison of resistances with a mercury tube, the 
measurements shall be made with at least three separate fillings of the tube. 
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STANDARD SINGLE-COIL RESISTANCES. — The mercury standard 
resistance is cumbersome to work with and must be kept at constant zero tem- 
perature. Secondary standards, made of wire having a low temperature co- 
efficient, are therefore universally employed in ordinary testing laboratories. 
The unit is provided with suitable heavy copper terminals so arranged that 
it may be hung from mercury cups and dipped into an oil bath. The object of 
the oil bath is to keep the temperature constant. Very low-resistance units, 
designed to carry large currents, are kept cool by means of water circulating in 
a coil of pipe within the case itself. Low-resistance units are also provided 
with “potential terminals," see Fig. 1, the stated resistance being the resist- 
ance between these terminals. 
^ Reichsanstalt and N.B.S. Types. — There are at present two recognized 
types of resistance standards, the Reichsanstalt type and the National Bureau 
of Standards (or N. B. S.) type. Fig. 1 shows a o.1-ohm standard of the first 
type, and Fig. 2 a 1-ohm standard of the N. B. S. type. 


ban 


Fig. 1. Reichsanstalt Type Fig. 2. N.B.S. Type 
Resistance Standard Resistance Standard 


The Reichsanstalt type and the N. B. S. type standards are insulated and 
baked in much the same manner as the coils in ordinary resistance boxes, though 
of course more carefully calibrated. The chief difference between the two 
types of standards is that the N. B. S. type is hermetically sealed in an oil-filled 
brass case, the oil having previously been freed from air by boiling. It is claimed 
that the N. B. S. units hold their calibration better than the Reichsanstalt units, 
the latter being subject to slight variations of resistance in climates where wide 
changes of humidity occur. (See Bulletin Bureau of Standards, Vol. 5, p. 413.) 


Precision and Current-carrying Capacity of Standard Resistances. — 
The makers of standard units usually guarantee their accuracy as given below. 
The current-carrying capacity of the units is also given. 


REICHSANSTALT TYPE, STANDARD RESISTANCE 


Size of Max. Error not Size of Max. Errot not 
unit amp. | greater than unit amp. | greater than 
©. 0001 100 Yes % 10 3 V oo So 
0.001 30 Vos 100 I Yoo 
0.01 10 Yeo 1,000 03 Yoo 
0.1 3 Vo 10,000 or Yoo 
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The National Bureau of Standards will calibrate any of these units and guar- 
antee their accuracy of calibration to the above degree of precision, the charge 


being $4 to $6 per unit according to the value of the resistance. 


RESISTANCE BOXES. — A brief description of the construction and 
arrangement of the coils in ordinary resistance boxes is given below. 

Construction of Coils. — The coils are always wound non-inductively, that 
is, there are as many turns carrying the current in the right-handed direction ag 
in the left-handed direction; this construction is illustrated in Fig. 3. Mane 
ganin wire (see Wires, Resistor) is usually employed. ‘This wire is double-silk or 


enamel insulated, and is wound on wood or metal spools. 
Metal spools do not change in shape as wooden spools are 
liable to do, and since they more readily conduct the heat 


away, they may be safely used with larger currents. 

The wound spools are then dipped in shellac and baked 
from 1o to 15 hours at a temperature of r40? C. This 
baking removes the tension from the wire due to the wind- 
ing and the resistance is rendered constant, whereas coils n. : 

H : : . 2: Fig. 3. Resistance 
not treated in this manner will change their resistance : 
: ^ : Coil Construction 
to some extent long after being wound. The resistance 
coils are adjusted to the desired values by varying the length of the wire, and 
copper terminals are silver soldered to the ends of the resistance wire. The 
coils are then ready for soldering in place in resistance boxes. 

Arrangement of Coils, — The principal arrangements employed at the 

present time in the construction of resistance boxes are the 1, 2, 3, 4 plan, the 


1, 2, 2, 5 plan and the decade plan. 

The 1, 2, 3, 4 and the r, 2, 2, 5 Plans. — Resistance boxes built on 
the 1, 2, 3, 4 plan have coils of the following resistances: 1, 2, 3, 4, 10, 20, 30, 
40, 100, 200, 300, 400, 1000, 2000, 3000, 4000 ohms. These coils are all in 
series and each block on the top of the box is connected to a junction between 
successive coils. Inserting a plug therefore short-circuits a coil, see Fig. 3. In 
the 1, 2, 2, 5 plan the construction is similar, but the coils of any group have 
resistances in the ratio 1: 2:2: 5. Any resistance from r to 10,000 ohms can 
be obtained by either of these plans. On account of the large number of plugs 
to be manipulated, the large number of plug contacts and the necessity of 
making a mental summation of the values unplugged, these arrangements are 
being superseded in modern resistance boxes by the decade plan described below. 


1 
Fig. 4. ro-coil Decade Fig. 5. 4-coil Decade Fig. 6. 4-coil Dial Decade 
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Decade Plan, — The name decade arises from the use of ro plug holes 
(but only one plug) for each group of coils, each hole corresponding to a given 
number of units, tens, hundreds, etc. 

There may be either 10, 9 or 4 coils per set. The 10-coil arrangement is 
shown in Fig. 4, a 4-coil plug decade arrangement in Fig. 5, and a 4-coil dial 
decade arrangement in Fig. 6. The 9-coil decade differs from the 10-coil dec- 
ade only in the omission of the tenth coil. 

The only gain in having the tenth coil is to make it possible to check the total 
resistance of the 1o coils of one decade against any one coil of the next higher 
decade. The 4-coil arrangement possesses all the advantages of the 9-coil decade, 


. and has the added feature of fewer coils to get out of adjustment. 


Precision of Resistance Boxes. — The precision to which the various coils 
in a resistance box are adjusted depends on the design and use to which the bor 
is to be put. In the cheaper boxes the actual resistance of any coil may differ 
from the stated resistance by as much as % per cent, whereas higher grades of 
boxes can be had having an accuracy of Yo per cent. 

Precautions to be Taken. Care of Resistance Boxes, — The directions 
under these same headings given in the article on Bridges for Electrical Measure- 
menis also apply to the use and care of resistance boxes. 


COSTS. — An ordinary ro,oo0-ohm resistance box (with coils for obtain- 
ing all resistances from 1 to 10,000 ohms) with the coils accurate to V per cent 
costs about $30. A high-grade ro,ooo-ohm resistance box with coils accurate 
to Vas per cent costs about $90. The costs of Reichsanstalt standard resist- 
ances are approximately as follows: 


o.oorohm ............. $40 | 1 to 1000 ohms.. ........... $20 
0.001 ohm. ........... eee 30 | 10,000 ohms........... A. 
o.o1 and o.1 ohm. ......... 30 


" BIBLIOGRAPHY. — Same as for Bridges for Electrica] Measurements, q. . 
` (H. PENDER AND H. R. RANKEN] 
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RHEOSTATS AND RESISTORS. — (See also Controllers; Control Sys- 
lems for Railway Motors; Motors; Regulators; Resistors, Standard; Starters, 
Motor.) A rheostat is a resistance device, usually adjustable, placed in a cir- 
cuit for the purpose of regulating the current in that circuit. If used in con- 
nection with a machine, it may serve for regulating the speed, input, output, 
voltage or power factor. The name resistor is also used synonomously with 
rheostat, but is sometimes limited to mean a non-adjustable resistance device. 
This article treats primarily of the design of the resistance units, or resistors, 
used in the various controlling and starting devices employed commercially and 
in the laboratory; for their application, connections, etc., see the articles listed 
at the head of this article. 

General Principles of Design. — Rheostats used for starting motors or 
for other intermittent work are usually designed on the assumption that no 
heat is radiated by them during the period (usually from 15 to 3o seconds) that 
they are carrying current. On this assumption the maximum allowable current 
I which a resistor can carry for ¢ seconds without exceeding a temperature rise 
of T degrees is proportional to the square root of the ratio of T' to 4, the 
factor of proportionality depending upon the specific resistance and size of the 
current conductor, and the specilic heats, weights and volumes of the materials 
heated, including the insulating material in which the resistors are embedded; 
see Heat and Thermal Properties. However, since there are so many variables 
entering into this factor A, the usual method employed in designing a rheostat 
is to determine experimentally the relations between current, temperature rise 
and time for a series of resistance units and to plot these relations in a set of 
curves. Sce also below under Commercial Forms of Rheostats. 

The maximum temperature rise in the case of rheostats designed to carry a 
continuous load will occur when the heat radiated equals the heat generated. 
The proper resistance units for any service are determined from capacity curves 
for a variety of units subject to various conditions. Capacity curves are ob- 
tained by plotting as ordinates degrees of final risc of temperature against watts 
dissipated as abscissas. See also below under Commercial Forms of Rheostats. 
Natural draught is usually depended on for ventilation. For very large capaci- 
ties forced ventilation is occasionally applied, if the space available is limited 
but little is saved on the initial investment, and the maintenance expense is 


increased. 

COMMERCIAL RHEOSTATS. — The term “commercial rheostat” is 
commonly meant to include besides the resistance elements the complete switch- 
ing and control mechanism which serves to vary tbe resistance in the circuit for 
any particular kind.of regulation. 

Forms of Resistance Elements for Comineccial Rheostats. — The more 
common forms of resistance elements are described below. 

Standard ‘‘ Unit" Type of Resistance Element. — Units of this 
type are made in cither a flat or cylindrical form. One form of flat unit consists 
of a moulded flat core of vitreous material on which the resistance wire is wound; 
the surface is then coated with a special cement and baked. Thus the resistance 
material is protected from injury and made proof against moisture. 

Standard cylindrical units usually have a core of asbestos tubing, or sometimes 
of metal tube coated with a suitable insulating material, such as enamel. A wire 
of low temperature coefficient is used; see Wires, Resistance. The tube with 
winding is covered with a suitable insulating compound, and porcelain bushingg 
or metal rings (the latter for the clip type) are placed on the ends. The units. 
are then thoroughly baked and mounted rigidly on a frame or in a suitable 
case. The coating protects the resistance material from mechanical injury, 
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forms a good conductor of heat, and in case of a burn-out prevents appreciable 
arcing and unwinding of the wire. As a further protection, a sheet metal 
covering is sometimes placed around the cement. 

The sizes and capacities of cylindrical units cover the following ranges approxi- 
mately: power capacity, from 30 to 350 watts; current capacity, from 0.06 to 
40 amperes; resistance, from 0.1 to 10,000 ohms; length, from 4 to 22 inches; 
diameter, from 1 to 2.5 inches. The watt capacity for these resistance units 
varies from approximately 1.5 to 3.5 watts per square inch of surface for con- 
tinuous service, when assembled in frames affording good ventilation. This 
type of rheostat is rarely employed when currents of more than 50 amperes ate 
to be handled. 


Plate Type of Resistance Element. — In this type the resistance coils 
are attached to a circular base of insulating material. The coils are either 
covered with an insulating, heat-conducting cement and baked, or are enclosed 
in a ventilated iron case. Suitable contacts and a switch arm are provided. 
Currents higher than 60 amperes are rarely handled by this type of rheostat. 
'The common sizes of plates range from 9 to 15 inches in diameter. 


Grid Type of Resistance Element. — This type of rheostat, Fig. 1, 
consists of cast-iron grids assembled on horizontal rods bolted to pressed steel 
end-plates, and is the type generally used for large currents. The rods are 
covered with a mica insulating sleeve. If mounted on a frame affording good 
ventilation, the continuous capacity of the standard grids is approximately 
700 amperes per square inch of cross section for a maximum rise of 240° C. 

Switching and Control Mechanism for Rheostats. — (See also Starters, 
Motor.) With those rheostats which contain distinct resistance elements, ot 
units, the terminals of the elements are brought out to metal contacts usually 
arranged in a circle on an insulating, fireproof plate. The contact of the switch 
arm for small currents up to 25 amperes per contact arm consists of an ordinary 
straight finger contact brush; for currents up to 350 amperes, solid sliding 
plungers with evenly-faced surfaces held by springs against the contact segments 
are used in the switch-arms. For higher currents the laminated brush has been 
found more satisfactory because of the more uniform contact obtained. Most 
designs are based on the rule that for maximum current, 20? C. rise of temperature 
above surrounding air should not be exceeded for contacts and face parts. 
When hand-operated rheostats cannot be mounted on the panel, chain and 
sprocket drive is usually employed. Gear control is also occasionally used. 
Large rheostats are frequently operated by solenoids or motors. Motot- 
operated rheostats are usually employed for currents in excess of 350 amperes. 


Special Forms of Commercial Rheostats. — For any particular class of 
service, the nature of the regulation desired, and the kind of circuit to which tbe 
rheostat is to be connected will determine the arrangement, size and number af 
the resistance steps necessary as well as the proper type of switching mechanism 
and control. See also Motors, Indusirial Application of. 


Field Rheostats. — The number of steps for a field rheostat depends 
on the closeness with which adjustments of field current are to be made and on 
the range desired. For ordinary conditions a rheostat resistance equal to the 
resistance of the generator field is satisfactory. Machines which are regulated 
by automatic voltage regulators frequently require a rheostat resistance of from 
2 to 4 times that of the generator field. Field rheostats for currents up to 60 
amperes are usually in form of the plate type or unit type. For higher capacities 
the grid type is employed. Field rheostats commonly have from 30 to 7 
divisions of resistance. Double this number may be obtained in case of two or 
more plates, if the plates have the levers staggered. Field rheostats are either 
hand-controlled or solenoid- or motor-operated. 


Rheostats and Resistors 1233 


Field Discharge Resistors. — These resistances are placed across the 
field of motor or generator whenever the main-line switch is opened, for the 
purpose of providing a gradual dissipation of the electromagnetic energy stored 
in the field, thus limiting the arc on opening and reducing the back electromotive 
force due to the inductance of the field circuit. They are commonly designed 
for 15-second duty. In general, a resistance equivalent to that of the field is 
recommended. They are frequently included with the field rheostats. 


Starting Rheostats. — See Sturters, Motor. 
LABORATORY RHEOSTATS AND RESISTORS. — (See also Resistors, 


Standard.) On account of the extreme variety of the requirements for rheostats 
in a laboratory, there are but few standard forms of rheostats for laboratory 
use on the market. Therefore, most laboratory rheostats are of special design. 

A good form of laboratory rheostat for moderately-large currents is one con- 
sisting of a thin metal tube, on which enameled resistance wire is wound. The 
sliders should carry two or more laminated brushes, below which the enamel 
is scraped off. For fixed resistors the slider is omitted. The continuous 
capacity of this form of resistor of diameter from r inch to 2 inches ranges from 
4 to 6 watts per square inch of surface, if ventilation is good. 

Grooved porcelain tubes or rectangular slate slabs wound with bare resistance 
wire will carry on an average from 2 to 4 watts per square inch continuously. 

Resistance wire (see Wires, Resistance) wound on open wooden frames is 


frequently used for laboratory rheostats. 

- Data on Galvanized Iron Wire. — Iron wire, although it has a much 
lower resistance than the various forms of resistance wires on the market, is 
much cheaper and is therefore sometimes used. The following data will be 


found useful in designing iron wire rheostats. 
DATA ON GALVANIZED IRON WIRE 


Maximum* ; 
Circular allowable Feet required 


mils 
current 


for 110 volts 


1,023 2.5 
1,288 2.9 
1,624 3.5 
2,048 4.2 
2,583 5.0 
3,257 6.0 
4,107 7.I 
5,178 8.5 
6,530 JO.I 
8,234 12.0 
10,380 14.3 


13,090 17.1 
16,510 20.3 


* In air with free radiation. 


Carbon Rheostats. — This type of rheostat consists of a series of carbon 
plates stacked in a suitable frame and provided with an adjusting screw such 
that the pressure between the plates may be varied. Alternate plates of two 
different sizes are sometimes used in large rheostats to secure greater radiating 
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surface. These rheostats are very useful when continuous variation of resist- 
ance over relatively small ranges is desired; they are also very durable and cheap. 


Data for the Design of Carbon Rheostats. — The following dats 
is taken from an article by C. R. Moore in the Elec. Rev. and West. Elec., 1912, 
Vol. 6o, p. 672. Carbon plates, either circular or square, varying in thickness 
from % to % inch are satisfactory, the sizes from 1% to 34s inch being preferable 
because of the more uniform contact obtained between the plates. Since prac- 
tically all of the resistance is in the contacts between successive plates the 
plate surfaces must be ground very smooth. The current-carrying capacity for 
such rheostats varies from 5 to 12 amperes per square inch with an average dl 
7 amperes per square inch. For temperature rises ranging from 4o to 85°C. 
the radiating coefficient is from 0.002 to 0.005 watt per square inch of radiating 
surface per degree centigrade rise. For pressures ranging from 7.5 to 180 lb. per 
sq. in., the variation in resistance per square inch per contact based on average 
results is shown in the following table: 


RESISTANCE OF CARBON-PLATE RHEOSTATS 


Resistance, Resistance, 
ohms per ohms per 
sq. in. per Sq. in. per ; 

contact contact 


Pressure, 


Ib. per 
sq. inch 


7.5 0.0230 . 0.003) 
10.0 0.0185 0.0027 
I2.5 0.0145 0.0024 
IS.0 0.0125 0.0021 
20.0 0.0100 0.0018 
25.0 0.0082 0.0015 
30.0 0.0071 


Example for Design of Carbon Rheostats. — Given a circuit of 
5 ohms resistance connected to constant potential mains of 110 volts, the current 
is to be adjusted between the limit of 17 and 21.5 amperes by means of a seris 
rheostat. Hence the corresponding voltage drops through the rheostat are 
25 and 2.5 volts respectively, which calls for a resistance ranging from 1.47 
ohms to 0.116 ohm. For a current-carrying capacity of 7 amperes per square 
inch, the plates must have an area of 21.5 + 7 = 3 sq. in. approximately; square 
plates 1.75 by 1.75 in. may therefore be used. A convenient thickness for plates 
of this size is ¥% in. With 8 lb. per sq. in. as the minimum pressure, the resistance 
per plate is 0.022 + 3 = 0.0073 ohm (from table and area of plates as computed 
above). Hence the number of plates for 1.47 ohms resistance is 1.47 + 0.0073* 
200; thus the length of the rheostat is approximately 200 X 0.125 = 25 in. 
The minimum resistance of 0.116 ohm requires 0.116 + 200 = 0.00058 ohm 
per plate, which is equivalent to 3 X 0.00058 = 0.00174 ohm per square inch 
per contact. Hence, from the table the maximum pressure must be 165 lb. pet 
sq. in., which is equivalent to a total pressure of 3 X 165 = 495 lb. acting ot 
the frame supporting the carbon blocks. 

Radiating surface must be provided for a maximum of 25 X 17 = 425 watts 
With a radiating constant of 0.004 watts per square inch per degree centi 
rise of temperature, a maximum rise of temperature of 75°C. will require i 
radiation of 0.004 X 75 = 0.30 watts per square inch. Hence a radiating sut 
face of 425 + 0.30 = 1420 sq. in. must be provided. Since the 200 plates rep 
resent a radiating surface (edges only) of only 200X 4X 0.125 X 1.75 = 17599 
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in., every ather plate must be of a larger size. This may be secured by using 
roo smali plates 134 by 184 by % inch, having a total radiating surface (edges 
only) of 87.5 sq. in., and 100 plates 3 by 3 by % inch, having a total edge surface 
of 3X 0.126 X 4 X 100 — 150 sq. in.; the total area of their projecting sides rep- 
resents (3 X 3— 3) X 2X 100 = 1200 sq. in. Thus the total radiating surface 
is 87.5 + 150+ 1200 = 1437.5 sq. in. 


SUBMERGED WIRE RHEOSTATS. — Steady loads for temporary work 
may be obtained from galvanized iron resistors placed in a river or tailrace or 
in a barrel continuously fed with supply water. The proper diameter and length 
of wire for any set of requirements may be calculated from the following formulas: 


d= KI, Dac 


in which d= diameter of wire in mils, I = the current in amperes, E = the 
impressed voltage, / = length of wire in feet, 112 = average value of ohms per 
mil-foot of galvanized iron wire. Values of K for barrels or tanks range from 
3.25 to 2.75, for tailraces or rivers of moderate flow, 2.75 to 2.25, for conditions 
of rapid flow, 2.25 to 2.0. Wooden sticks with fairly-sharp edges will make 
reliable supports for the wire. For more careful work the wires may be held 
by porcelain cleats screwed to wooden frames, The heating of these wires in 
water is so great that there must be no obstructions to a free circulation of the 
cooling water, otherwise failure may occur due to the formation of gaseous 
envelopes surrounding the wire. The water used must be clean to prevent 
rapid destruction by electrolysis. When tanks or barrels are used, it is preferable 
to raise the container above the ground (on wooden blocks about two feet high) 
$0 a$ to avoid seriously grounding the circuit through the stream of cooling water. 


DATA FOR SUBMERGED RHEOSTATS OF GALVANIZED IRON WIRE 
From Rhkeostats for Dynamo Load Tests, Am. Elec., 1903, Vol. 15, p. 512. 


Minimum length in feet for 


Safe safe carrying capacity at different Feet per 
carrying voltages ohm, 
capacity, | RECEN, hot 
amperes 


tro volts | 220 volts $00 volts 


—————— |—————— |. ——————— 1 —————————— |—————————— 


584 66 131 298 348.0 
489 62 124 282 276.0 
42 59 
347 55 
293 52 
245 41 
205 AS 
173 42 
145 40 
122 38 
103 36 
88 34 
71 32 
6o 30 
5o 29 
42 27 
36 25 
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WATER RHEOSTATS. — A water rheostat serves as a simple, cheap and 
satisfactory means of dissipating large amounts of energy. It is extensively 
used in the commercial testing of apparatus and for other purposes where an 
adjustable, high-power-capacity resistance is required. Permanent installations 
are sometimes made in hydroelectric stations to improve hydraulic or electric 
regulation and to furnish an artificial load. 


Resistivity of Water and Common Solutions.— The resistivity of ordinary 
water at 20°C. (= 68? F.), taken from streams, wells or reservoirs, usually 
ranges from about 800 to 2000 ohms per inch cube (2000 to 5000 ohms per 
centimeter cube) though extremes may be found as low as soo and as high as 
5000 ohms per inch cube (1200 and 12,000ohms per centimeter cube respectively). 
In water rheostats designed for less than 1000 volts it is usually desirable to 
increase the conductivity of the water by adding a salt (common salt, copper 
sulphate or other cheap salt) or an acid (usually sulphuric). For example 
the resistivity of a 5 per cent solution of common salt at 18? C. is 14.9 ohms pet 
inch cube (38 ohms per centimeter cube). The resistivity of various solutions 
of different strengths is given in the article on Resistance and Conductance. 

As noted in the article just referred to, the resistance of ordinary water and 
of salt and acid solutions diminishes rapidly with increase of temperature. To 
a close approximation the change in the resistance of ordinary clean water 
between o? C. and 100° C. may be calculated from the formulas 


R 40 Ra 72 Ræ 
t= » ;* 
20+? At 


where Rs is the resistance at 20? C. = Res, the resistance at 68° F., and ¢ is any 
other temperature centigrade and /' any other temperature Fahrenheit. 

Before designing a large high-voltage rheostat it is desirable to determine both 
the resistivity and temperature coefficient of a sample of the water which vill 
be used. The sample should be tested in a miniature, low-voltage rheostat. 
If the large rheostat is to be operated on alternating current, the test with the 
miniature rheostat should also be made with alternating current, in order to 
avoid the effects of polarization. Determinations for a direct-current rheostat 
should be made with direct current, using a miniature rheostat of the same 
materials as are to be used in the large rheostat, and operated at the same 
current density and voltage. In designing a rheostat for permanent use data 
should also be obtained on the variations in the resistivity of the water through- 
out the year, for these variations are very marked in some cases. 

Low-voltage Water Rheostats. — A simple form of water rheostat fot 
direct-current or single-phase low-voltage work can be made of an oil barrel and 
two iron plates. One plate is placed on the bottom of the barrel. An insulated 
copper wire is connected to this plate and brought up along the side of the barrd 
and out through the top, or it may be attached to the underside of the barr 
by means of a bolt passing through the plate and the bottom of the barrel 
The other terminal is attached to a movable plate which is held by a window 
cord strung over two pulleys, the plate being held in position by a suitable 
counterweight at the free end of the cord. The barrel is filled with water, to 
which a relatively strong solution of common salt (NaCl), sal ammoniac (NH 
or washing soda (NasCOs) is added in sufficient amount to give the required con 
ductivity. It is essential that the substance should be dissolved before it 5 
added to the water barrel and that the solution should be poured in very cie 
fully, because a very small amount of a salt solution will add considerably to 
the conductivity of the water. A single-phase load of 100 amperes at 100 volts 
may be carried continuously in a 4o-gallon barrel without causing the water to 
boil. The plates should have a surface (one side only) of at least 1 square ind 
per ampere, 


or Ri! = 


— = ah y aum 
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For low-voltage three-phase work a barrel with three pipes, suitably mounted 
and arranged to be raised or lowered by means of a cord and pulleys, is some- 
times used. The pipes should have an immersed surface (outside surface only) 
of at least 1 square inch per ampere. 

A serious objection to the use of a water rheostat containing a salt or acid 
is that the resistance for a given setting of the electrodes does not remain con- 
stant, due to the evaporation of the water, rendering the solution more con- 
centrated. The increase in the temperature of the solution also causes very 
appreciable changes in resistance. When direct current is used the change in 
the concentration of the solution at the two electrodes (polarization) also causes 
a variation in the resistance with time. : 

High-voltage Water Rheostats. — For voltages above 1ooo the conduc- 
tivity of the tap or river water available is usually ample, without having re- 
course to the use of salts or acids. The use of ordinary water also makes it 
possible to keep a continuous flow of water through the rheostat and thus 
maintain a practically constant temperature. The discussion of such high- 
voltage rheostats given below is adapted from an excellent paper on this subject 
by E. A. Ekern in the Stone and Webster Public Service Journal for Nov., 1911. 


Grounded 
Electrode 


Water Supply” 
Fig. 2. Closed-column Type 


. 1 of Cylinder 
Fig. 3. Open Type, Three-phase Rheostat ~ Fig. 4. Mixed Type, Three-phase 


Types of High-voltage Water Rheostats. — Fig. 1 illustrates a simple 
form of such a rheostat, and will be referred to as the ‘‘open-column”’ type, and 
Fig. 2 illustrates another simple form which will be referred to as the “ closed- 
column" type. The illustrations are for single-phase rheostats; three-phase 
rheostats are made by combining three single-phase elements with the neutral 
point grounded. Fig. 3 illustrates a three-phase type suitable for immersion 


| 
| 
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in an open body of water; this type will be referred to as the “open type.’ 
The type shown in Fig. 4, which is a combination of the column type and open 
type, will be referred to as the “mixed type;" the illustration shows a three- 
phase rheostat with three plates for terminal electrodes sandwiched between 
four neutral electrodes. The plates should preferably have rounded edges. 

Calculation of Resistance. — The resistance of the column type of 
rheostat (Figs. 1 and 2) is computed by the formula 


Repo (1) 


L 


where p = the resistivity of the water in ohms per inch cube (as noted above 
p is usually between 800 and 2000 ohms per inch cube), L = the length of the 
column in inches, and A = the area of the cross section of the column in sq. in. 

For the open type (Fig. 3) the resistance between any cylindrical electrode 


and the neutral is given by the formula 


p 2D 
R- 275 | Pe" ( F ) | (4) 
where p = the resistivity of the water in ohms per inch cube, / = the wetted 
length of cylinder in inches, D = distance between cylinders in inches (center 
to center), and d = external diameter of each cylinder in inches. The equation 
is 3ufficiently accurate for all practical purposes when 2 D+ d is greater than & 
and may be used with but small error when this ratio is as low as 40. (See also 
the article on Resistance and Conductance.) 

The resistance to neutral of the mixed type (Fig. 4) is computed by the formula 

RiRs 


= , ) 
Rit Rs E 
where 
S p 4s 
= p — d = — j; 
Ri p A an R: 2 te ( , (4) 


R, is the resistance between the face of any one terminal plate and the two 
neutral plates between which it is placed and Rz is the resistance between the 
wetted edge (assumed rounded) of the terminal plate and the two plates between 
which it is placed. The letters in the expressions for Ri and R: have the follow- 
ing meanings: p= resistivity of the water in ohms per inch cube, S= the 
distance between adjacent plates (terminal plate to neutral plate) in inches 
A_= area in square inches (one side only) of terminal plate, £ = thickness of 
each terminal plate in inches, À » total length in inches of wetted edge (perim- 
eter) of one terminal plate. The expression for Re is a rough approximation. 
but as Re is small compared with Ri, the error in the resultant resistance R due 
to an error in R» is relatively small. 

Allowable Current Density. — A current density at the electrodes in 
excess of 4 amperes per square inch is accompanied by a “ spitting" or arcing 
and there is danger of short circuit. This limiting current density applies to 
clean water, but as there is always a likelihood of foreign materials getting into 
the water, it is not advisable to use a current density between flat plates in 
excess of x ampere per square inch, but at the edges of the plates or where 
there is a free and large circulation of water a current density as high as j 4m 
peres per square inch may be safely used. 

Minimum Distance between Electrodes. — Calling o the maximum 
allowable current density and v the voltage to neutral, then in terms oi tk 
notation defined above, the minimum spacing of the electrode is; 


For column type (Figs, 1 and 2) L= . (5! 


—-—  — a eer 
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; d 0.869 v 
For open type (Fig. 3) D = - log! ( 29 ji (6) 
2 pdo 
In the mixed type the limiting current density is usually at the edge of the 
plates, and the minimum spacing in this case is given by the relation: 


t 869 1 
For mixed type (Fig. 4) =— loge! (° ae J (7) 
4 pla 


The logarithms are all common logarithms (i.c., to the base ro). 


Minimum Size of Electrodes. — Using the sime symbols as above, 
and in addition calling Z the current per phase (terminal to neutral), the mini- 
mum area of each plate in the column type (Figs. 1 and 2) is A = I + ø square 
inches, and in the open type (Fig. 3) the minimum diameter of the electrodes is 
d =[+ (rio) inches. In the mixed type the total area of the terminal plate 
(both sides and the edges) is approximately (pS) + R, where R is the total 
required resistance. The area of the flat surface of the plate (onc side only) 
may be taken from 10 to 15 per cent less than half of this total surface, to allow 
for the edges. The actual division of current between the edges and the tlat 
surfaces will be inversely as the resistances Ri and Re given by equations (4). 

Example of Calculation of Dimensions. — The more complicated 
case of a mixed type of rheostat is chosen, to illustrate the use of both types of 
formulas, Power to be dissipated 3000 kw. at 2300 volts, three-phase. Then 
voltage to neutral is V = 1328 volts, current per phase / = 753 amperes, 
corresponding to a resistance of 1.762 ohms. Assume the plates to be 4 inch 
thick, then ¿= 0.25. Allowing a maximum current density of 3 amperes per 
sq. in. at the edges, and taking p = 800, the minimum spacing is then, from 
equation (7), S = 5.27 inches. 

The total surface (both sides and edges) of cach terminal platc, assuming p = 
1200, to allow for an increase in the assumed resistivity of the water, will be 
(1200 X 5.27) + 1.762 = 3580 sq. in., and the area of the plate should then be 
say r5 per cent less than 33580 + 2, ot 1500 Sq. in. approximately. A plate 
60 by 25 inches will be a suitable size. The two resistances Ri and KR: are 
then from equation (4), Ri = 2.1 ohms and R:= 11.6 ohms, and from equation 
(3) R= 1.775, which practically agrees with the required value of 1.762 ohms. 


Supply of Water. — Due to the change in the resistivity of water with 
increase in temperature it is preferable to supply the rbeostat with sufficient 
water to prevent much of an increase of temperature. At a hydroelectric 
station it is usually possible to use an open-type rheostat (Fig. 3) placed in a 
running stream or in a large body of water. When the water supply is limited 
it is sometimes necessary to allow the water to heat or even boil in extreme 
cases. Even in the case of limited water supply, however, a small steady 
overflow should be allowed, in order to prevent an accumulation in the rheostat 
of the salts contained in the water. 

For an increase of T? F. in temperature the water required to carry off P 
kilowatts, assuming no radiation or evaporation, is 


0.91 P 


8 


, 6.8 P A 
cu. ft. per min. = T gallons per min. (8) 


If only G gallons of water per minute are available and the water is allowed to 
boil, then calling T the difference between the boiling point and the temperature 


. of the supply water in degrees Fahrenheit, the water evaporated when P kilo- 


watts are supplied to the rheostat would be 
TU IB gallons per min (9) 
ê 143 970 j 2 


— 


~ 
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Example. — To dissipate 3000 kw. with a 10° F. rise in the temperature of 
the water would require (6.8 X 3000) + 10 = 2040 gallons per min. If only 
60 gallons per minute are available at 62° F., Ge = 3000+ 143 — 60X (212- 
62) + 970= 11.7 gallons per min. will be evaporated, leaving 48.3 gallons per 
minute for the overflow. 

Notes on Design of Water Rheostats. — The column type of rheostat 
may be used for any capacity and voltage. For voltages up to 23,000, the mixed 
type is usually preferable for large loads. . For higher voltages, the open type 
may then be employed to advantage. Common iron pipe or steel plates are 
satisfactory materials for electrodes. Rheostats designed for permanent use 
should have galvanized electrodes. For voltages of 2300 volts and less, well-viled 
and shellacked wooden containing vessels for the water have been found satisfac- 
tory. Open-or mixed-types of rheostats may be put in any tank or body of 
water where the clearance to sides or bottom is greater than one-half the 
spacing of electrodes. Column type rheostats up to 44,000 volts having columns 
built of vitrified glazed tile cemented together with Portland cement shellacked 
over have been operated successfully. Open-type rheostats made of iron pipes 
insulated and held securely above the water surface are very satisfactory. Mixed- 
type rheostats having plates separated by common porcelain line insulators and 
all clamped into a wooden frame have been| used very successfully. Plates or 
electrodes should always be so arranged and located as to obtain free circula- 
tion of water. Where insulating material may be partially or intermittently in 
and out of the water, material may be deposited from the water and sufficient 
leakage surface must be provided. Innumerable arrangements and contrivances 
for the operation of rheostats may be designed but the important considerations 
are sufficient insulation to protect the operator, and positive movements to 
obtain the required degree of adjustment. Water rheostats are practically 
non-inductive. A slightly-leading current is obtained due to electrostatic 
capacity, but it is often more than offset by the inductive reactance of the 
conductors. 


BIBLIOGRAPHY. — Hallock, F. D., Notes on Rheostat Design, Elec. Jour. 
1907, Vol. 4, p. 105; Jagger, C. A., Generator Field Rheostat Control, G. E. Review, 
1912, Vol. 15, p. 299; Brown, P. M., Submerged Wire Rheostats, Elec. World, 
1909, Vol. 53, p. 1091; Davies, F. H., Artificial Loads for the Dissipation of 
Electric Power, Elec. World, 1911, Vol. 57, p. 549; Eker, E. A., The Woler 
Rheostat as Artificial Load for Electrical Installations, Stone & Webster Pub. 
Ser. Jour., 1911, Vol. 9, p. 312; Moore, C. R., Carbon-plate Rheostats, Elec. 
Rev. and West. Elec., 1912, Vol. 6o, p. 672. 
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ROOTS AND POWERS. — The symbol a^ where n is a positive whole 
number means a multiplied by itself s times; s is called the exponent of a. 
The conception of an exponent is also extended to include negative and frac- 
tional exponents as follows: Let m be a positive whole number and let 


n= — m; then the expression a" = g^" is defined as equivalent to; that is, 
a 
87" is taken as equivalent to the reciprocal of 2", Again, let m be a whole 
1 
number and let n = ia then the expression a” is defined as equivalent to a” = 
m 
1 


m . p LÀ 

v/a; that is, g” is taken to represent the m root of a. In general, then, the 
properties of exponents are the following, where m and n may be positive or 
negative whole numbers or fractions: 


I 
C = a 
G (a™)” = gn 
1 
a" e^ a e * Im T 
g™ m a” 
a"? m on 
os a? my 
eat 
a 


— — 


The calculation of roots and powers can be conveniently carried out by 
means of logarithms (q. v.); for the highest accuracy, a seven or nine place 
table should be used. Note that 


log a” =n log a 


log Va = = log a 


[W. A. DEL Mag.] 
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ROPES AND ROPE DRIVE. — (See also Wires and Cables, Bare.) The 
following terms relating to ropes and cordage are commonly employed: 
Yarn. — Natural fibers twisted together. 
Thread. — Two or more small yarns twisted together. 
String. — Same as thread except of little larger yarns. 
Strand. — Two or more large yarns twisted together. 
Cord. — Several threads twisted together. 
Rope. — Several strands twisted together. 
Hawser. — A rope of three strands. 
3 Shroud-laid rope. — A rope of four strands. 
| Cable, — Three Aawsers twisted together. 


" In a strand the yarns are laid up left-handed; in a rope the strands are laid 
= up right-handed; in a cable the hawsers are laid up left-handed. 


WEIGHT AND STRENGTH OF ROPES. — The following tables give 
| the weight per foot and breaking strength of hemp and steel ropes. Cotton 
; ropes have approximately the same weight per foot as hemp ropes, but their 
i f breaking strength is only 60 per cent of that of hemp ropes. Iron ropes have 
m the same weight per foot gs steel ropes, but ohly 5o per cent of the breaking 
: ^ strength of cast-steel ropes. 


EARS SE Se 


(Trenton Iron Company) 


A APPROXIMATE BREAKING STRENGTH OF STEEL-WIRE ROPES 
: 
i 
i 


6 strands of 19 wires each 


Approximate breaking 
stress, 1b. 


Approximate breaking 


| 

6 strands of 7 wires each | 
| 

stress, Ib. | 


—— | ————— | ——— ——— [| ——————— |————— 


REEERE 


^0 A E Tee i, le ox e t 


"XE 


t2 c s. t 


ee ee ee Pee ee ee J aes e 


Ropes and Rope Drive 1243 


MANILA ROPE 
(From Blue Book of Amer. Mfg. Co., N. Y.) 


— tt ey 


Breaking | TN, Approx. | Breaking 
strength, | of rope, pounds per| strength, 


Diameter Approx. 
of rope, pounds per 
inches foot | pounds 


inches | foot pounds 


Factor of Safety. — For ordinary purposes the maximum safe stress in 
wire ropes should be about one-third the ultimate, and for shafts and elevators 
about one-fourth the ultimate. In estimating the stress due to the load for 
shafts and elevators, allowance should be made for the additional stress due to 
acceleration in starting. For short inclined planes not used for passengers a 
factor of safety as low as 2% is sometimes used, and for derricks in which large 
sheaves cannot be used and long life of the rope is not expected, the factor of 
safety may be as low as 2. 

For power transmission by hemp ropes a factor of safety of 36 (referred to the 
nominal strength of the rope) is usually employed (C. W. Hunt, Trans. A.S.M.E., 
Vol. 12, p. 230). 


Splicing and Knots. — See Kent’s Mechanical Engincers’ Pocket-Book. 


ROPE DRIVING. — There are two methods of putting ropes on the 
pulleys, the multiple-rope and the single-rope systems. In the multiple-rope 
system several endless ropes are employed, and thercfore there are as many 
splices as there are single ropes. In the single-rope system one endless rope is 
used, making several turns around the pulleys or sheaves, and therefore with 
but a single splice. In the first case the individual ropes are spliced in place, 
being made very taut at first, and less so as the rope lengthens, stretching until 
it slips, when it is respliced. In the second method tension pulley must be used 
to give the necessary adhesion and also to take up the wear. 


Power Transmitted by a Rope. — The formulas given in the article on 
Belts and Belting are directly applicable to rope transmission, but may be put 
in a more convenient form as follows. Let 

V =velocity of rope, in feet per minute, 

d = diameter of rope, in inches, 

m = weight, in pounds, of t foot of rope 1 inch in diameter, 

Tı actual tension in driving side of rope, in pounds per circular inch (i.e., 

the tension in pounds in a rope 1 inch in diameter), 
Í = coefficient of friction between rope and pulley, 

n =number of half-turns the rope makes around pulley, 

C =1 ~e~"/", where the value of e~"/” is taken from the table of e~* in 

the article on Exponential Functions, putting x = nm. 


Then horse-power transmitted by each taut rope from one pulley to the other is 


Craw —.— WF ) (a) 
33,000 ; 116,000 Tı i 


1 
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Power Transmitted by Hemp Rope.— A formula developed by 
C. W. Hunt (Trans. A.S.M.E., Vol. 12, p. 230) is frequently employed. This 


formula may be written 
diy V 
P zs 248 I- (4)'] (2) 


which is the same as formula (1) when n = 1, f = 0.35, C = 0.67, m = 0.32 and 
Tı = 200. The following table is calculated. from Hunt’s formula. For tem- 
porary work a rope of given diameter may be used with safety to transmit twice 
the horse power given in the table. 


HORSE POWER TRANSMITTED BY HEMP ROPE AT VARIOUS 
SPEEDS 


Com puted from formula (2) given above 


Power Transmitted by Iron and Steel Ropes. — Wm. Hewitt of 
the Trenton Iron Company gives the following formula for the power trans 
mitted by a steel rope, excluding the losses due to journal friction of the sheaves, 


P = Bdts, (3) 


where v is the velocity of the rope in feet per second and B has the following 
values. l 


Number of half turns around sheave = 8 
B for steel rope on 


12.16 | 12.96 
12.66 | 12.8 
12.97 | 13.0 


` For iron rope take for B one-half the figures given in the above table. 
Hewitt’s formula (3) is equivalent to (1) when the centrifugal force of the 
rope is neglected and 7; and f are as follows: 


De a, - 
à 
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Working tension 7; in 
lbs. per circ. inch Coeff. of 
friction «f 


Iron Steel 


It should be noted that the coefficient of friction decreases rapidly with 
moisture or grease on the rope and sheaves, and consequently to transmit a given 
amount of power the tension must then be increased. 

In the following table is given the horse-power that may be transmitted by a 
steel rope making a single half turn (n = 1) on wood-filled sheaves. ‘This table 
agrees approximately with formula (3). The transmission of more than 250 h.p. 
by a single steel rope making a single half turn on filled sheaves is impracticable, 
as the filling would be rapidly cut out due to the increased tension (i.e., total 
tension = Tid?) and high velocities required. If the rope makes several half 
turns around the sheave, however, a greater amount of power can be transmitted 
at a given speed and tension than when only a single half turn is used. 


HORSE-POWER TRANSMITTED BY A STEEL ROPE ON WOOD- 
FILLED SHEAVES 


Velocity of rope in feet per second 


The borse-power that may be transmitted by iron ropes is one-half of the above. 
Power Lost Due to Friction of Sheaves and Shafts. — In the above 


formula no allowance is made for the friction of the sheaves and shafts. Wm. 
Hewitt of the Trenton Iron Company gives the following expression for the 
horse-power lost in friction 

6 x 107* (W + Gi + G3) v, 
where W = total weight of rope, Gi = total weight of terminal sheaths and 
shafts, Gz = total weight of intermediate sheaves and shafts, all in pounds, and 
v= velocity of rope in feet per second. 


.2J Um 
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Diameters of Sheaves. — The following table gives the minimum diameter T 
of sheaves recommended by Hunt for hemp ropes and by Hewitt for steel and iron D 
ropes. The larger the diameter of the sheaves the greater the life of the rope. dii 


MINIMUM DIAMETER OF SHEAVES 
Diameter Steel : Mon 
of rope, 

in. 


12-wire | 19-wire 


24 
30 
36 
42 
48 
54 
60 
66 
73 
& 
96 


Tension Measured by Sag. — (See also article on Transmission Lines.) Let ii 
w = weight of rope per foot, in pounds, 
L = distance between centers of sheaves in feet, 


i ; 4 
S = sag in feet midway between sheaves. 
Then the tension at the sheaves, corresponding to the sag S, is approximately 
wL? 
T = — ~ 
BS +wS pounds 


for either the driving or the slack rope. 


BIBLIOGRAPHY. — Kent’s Mechanical Engineers’ Pocket-Book, N. Y; 
Hunt, C. W., Trans. A.S.M.E., Vol. 2, p. 230; Stahl, A. W., Transmission of 
Power by Wire Ropes, N. Y.; Reuleaux’s Constructor; Brown, E., Transmiting | . 
Power by Ropes, Power, 1912, Vol. 35, p. 354; Davies, F. H., Design of Row | : 
Drives, Power, 1910, Vol. 32, 1461; Catalogue of the Trenton Iron Co. 
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RUBBER. — (See also Gulta-Percha; Insulating Materials; Wires and Cables, 
Insulated.) Rubber is derived from the milky secretion or latex of certain 
tropical trees, creepers and shrubs found chietly in America, Africa, Ceylon 
and Malacca. When these plants are tapped, a thick milky-looking fluid or 
latex exudes from them. This latex is composed of very minute oil-like refrac- 
tive globules, varying in size, which are in a state of rapid Brownian move- 
ment in a clear transparent liquid, called the serum. Besides these caout- 
chouc globules, or rubber-gum proper, the serum contains resins, protein, enzymes 
and various organic and inorganic compounds. Rubber or India rubber is the 
dried-up or coagulated latex. In Brazil coagulation is effected principally by 
dry heat or smoking. A wooden paddle is dipped in the latex and held over a 
smoky fire until the latex has coagulated. ‘This process is repeated until the 
caoutchouc layers have become sutliciently thick, when the lump of raw rubber 
is cut off, dried for several days and despatched usually as “fine Para biscuits ” 
to a trading center. It is believed that the excellence of Para rubber is partly 
due to this mode of preparation, the smoke having a preservative effect and the 
coagulation in concentric layers adding greatly to the “nerve” of the rubber. 
Para entrefine, Negro Heads and Sernamby are usually prepared from fine Para 
rubber which adheres to the tree during tapping or to the vessels containing the 


latex. 

IMPURITIES IN COMMERCIAL RUBBER. — Commercial rubber 
contains, in addition to the caoutchouc, a number of foreign substances, such as 
sand, bark, etc., which can be removed by mechanical washing, followed by 
drying. 

Acetone Extract, — In addition to the pure rubber gum, washed rubber 
contains resins and proteins which are soluble in acetone and are therefore often 


known as “acetone extract." 
The accompanying table shows the loss in washing and the percentage of 


acetone extract in the best brands of raw rubber. 
IMPURITIES IN COMMERCIAL RUBBER 


(Abstracted from a very comprehensive table in “Lectures on India Rubber," 
Fdited by D. Spence, London, 1909.) 


Brazilian Rubber 
Acetone 
Mean |extract in 
; HE loss on | washed 
Trade name Geographical origin nating, dty 
per cent | rubber, 
per cent 


Brazil, the islands of 17-20 I.9-2.I 
the lower Amazon 18-25 Varies 
and its delta, and 35-40 2-6 
also other parts of 
the State of Para 


Para, fine Island, soft cure 
Para entrefine, Islands eatrefine 
Negro Heads, or Islands Coarse Ser- 


namby 


Amazon district. 15-20 | 1.9-2.9 
Also the districts 18-25 Varies 
drained by its 18-25 1.5-1.8 
large tributaries 


Fine Para, upriver, hard cure 

Upriver entrefine, hard entrefine 

Upriver coarse or Manaos Scrappy 
Negroheads 


| Cameta Negroheads Southwestern Para 37-42 I 2-2.2 
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IMPURITIES IN COMMERCIAL RUBBER — Continued 
Brazilian Rubber — Continued 


Acetone 
Mean extract in 
à T loss on | washed 
Trade name Geo cal origin : 
graphical o washing,| dry 
per cent | rubber, 
per cent 
Caucho Balls Amazon district and 25-35 | 364 
Caucho Slabs and Strips its lower tribu- | 35-42 43 
taries 
Ceará Scraps Ceara, Piauhy and | 29- | 21 
Manicoba Rio del Note 
Matto-Grosso, Virgin sheets, white | Matto-Grosso 15-30 | 2.5315 
Para 
Matto-Grosso, Negroheads Matto-Grosso 


25-35 2.56 


Miscellaneous South and Central American Rubber 


Bolivian, fine medium Bolivia 15 1.6 
Virgin, coarse, entrefine = 
Uncut Bolivian s 


Mollendo South Bolivia, Peru 15-25 


Peruvian, fine, medium and scrappy | Peru 15-2 | 1.93 
Peruvian Balls (also Caucho) M 20-35 | 364 


3} 
Orinoco, also Angostura Venezuela 18-22 


Eastern Rubber 


Plantation Rubber, as fine biscuits, 
sheets, fine crepe, scraps and block Malacca and Ceylon | 271 


PEE UU MN pcs UM M aM Ma. M M aa aL ——— mess sd 


African Rubber | 


Upper Congo, black Congo, Ango a í 
Loando Niggers, red fine and fine as a 
black. 


10-20 3 
Kassai, fine = 


7-10 | 33 


MANUFACTURE OF RUBBER INSULATION. — The washed, dried 
rubber is passed between heavy rollers and flattened into thin sheets. Its 
then cut into small pieces and again passed through the rollers with a lart 
proportion of fine powder consisting usually of inert mineral substances, Wa» 
hydrocarbons and sulphur. The mixture is thus masticated until all its c 


stituents are thoroughly mixed and a smooth homogeneous paste obtaine: 
This process is known as compounding. 


Adulterants Used in Compounding. — Experience has shown that 6o ot 


jo per cent of mineral adulterant, or even a greater proportion of rubber sub 


stitute, may be added to rubber gum, before the essential qualities of the rubbe 
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.:: cease to predominate. The majority of commercial 30 per cent insulating 
` compounds have compositions which fall within the following limits. 


. Ingredient Per cent 
Ix: 
ius 
nz Rubber 
zz Whiting 
Zinc oxide 


pee Litharge 
Ozokerite or paraffin 


In addition to the above adulterants, from 2% to 4% of sulphur is added to 
the compound, the greater part of which combines with the rubber in the 
vulcanizing process (see below). 

Barium sulphate, sublimed white lead, lead carbonate, lamp- black, talc, 
magnesium carbonate, red lead, barium carbonate and other substances are 
also used in small quantities. Talc is often objected to, as making the com- 
pound porous, and lampblack, as rendering analysis dithcult. 

Applying the Compound to Wires. — The rubber compound is applied 
* to the wire by “tubing” machines, or is applied in strips, and the wire thus 
covered with the compound is coiled up ready for vulcanizing. See article on 


Wires and Cables, Insulated. 

Vulcanizing. — If exposed for a long time to air and sunlight, rubber looses 
its elasticity and finally oxidizes completely into resinous matter soluble in 
acetone. By vulcanization, however, rubber is rendered more or less immune 
from deterioration by weathering. Vulcanization is the chemical union of 
rubber gum with sulphur or sulphur chloride. It takes place at a temperature 
of from 248° to 302° F. 

The coils of wire, covered with the compound as above described, are placed 

— in a suitable chamber to which steam at the proper temperature is admitted. 
The time required for vulcanization depends upon the thickness of the insula- 
tion, the nature of the compound, the temperature and pressure of the steam, 


^ etc, ranging from 2 to 8 hours. 
Sulphur Required for Vulcanization. — The amount of sulphur re- 
,, quired to produce vulcanization varies with the brand of rubber and the nature 
^ of the adulterants with which it is mixed. The ratio of the weight of combined 
sulphur to the weight of caoutchouc, which is insoluble in acetone, is called the 
~ vulcanization coefficient. The highest grades of 30 per cent Para insulation 
usually have a coefficient between 5 per cent and ro per cent. 
. The vulcanization of some brands of rubber cannot be accomplished without 
either an excess of sulphur or the presence of some mineral accelerator, such as 
^ red lead. Such rubber is to be avoided where permanency is an important 
consideration. It does not follow from this that red lead is a detrimental 
v ingredient. 
, SPECIFIC RESISTANCE. — The specific resistance of 30 per cent Para 
. rubber compounds is extremely variable, all values between 150 millions and 
4000 millions of megohms per inch cube at 60° F., after electrification for one 
' minute, being encountered. Cable manufacturers usually specify the specific 
resistance in terms of the constant K in the following logarithmic equation (see 


Wires and Cables, Insulated). 


I 


M» K logia 5" 
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where . 


uds ma "B— mr oe 


: possessing à very high resistance. Furthermore, strip-laid compound has greatst 


M = insulation resistance of a cable, megohm-miles, 
d = diameter of cylindrical conductor, 
. D= diameter of cable over its insulation, 
K = 5.8 x (millions of megohms per inch cube at 60° F.). 


Hence K varies from 870 to 23,000, but its usual commetclal value is between 
3000 and 8000. 

The specific resistance is some indication of the proportion of rubber gum, in 
the sense that other conditions being equal, it increases with the amount of 
gum. It also depends upon the dryness, it being often ‘possible to double the 
megohms by drying the compound in a dessicator. It is even more affected by 
the afiount of mineral wax present, this substance closing the pores and itelf 


specific resistance than the seamless. 


Température Coefficient of Resistance. — The specific resistance of rubber 
compound decreases rapidly with increase of temperature, this variation being 
somewhat less, the greater the proportion of rubber gum in the compound. At 
any temperature T the rate of change of the resistance per degree of temperature 
rise is approximately proportional to the resistance R at this temperature, ic. 


where C is a constant, which for high-grade 30 per cent Para compound ranges 
from 0.02 to 0.03, the usual value being 0.025. The minus sign before the C 
indicates that the resistance actually decreases with rise of temperature. 

Calling Re the resistance at 60° F., and integrating this equation gives for 
the resistance at any other temperature T the relation 


Rr= Rye- NC. 


See article on Exponential Functions for values of e*. 


Change of Resistance with Time of Electrification,-— The apparent st 
cific resistance 6f rubber decreases with the time of electrification, a steady statt 
being reached after a period of electrification, depending upon the temperatur, 
this period being less the higher the temperature. Above 120° F. the steady 
state is reached almost immediately; at ordinary testing temperatures, such ài 
80° F. to 100° F., the steady state is not reached for an hour or more. 


DIELECTRIC STRENGTH. — The disruptive strength of rubber inse 
lation is generally given as between 350 and 450 kilovolts per inch or abo: 
14 to 18 kilovolts per millimeter, effective a-c. values (E. Jona, Proc. Inst. Ect 
Eng., St. Louis, 1907, Vol. 2, p. 550; H. Osborne, Trans. A.I.E.E., 1910, Vol. 
p: 1553, etc.). The usual stresses in commercial testíng do not exceed one-ht! 
of the above amounts. A series of tests with alternating voltage on high- 
commercial wires in 3-foot lengths gave an average dielectric strength of ab: 
600 kilovolts per inch, effective value, with progressively-increasing tesum 
potential. 

The disruptive strength, however, is not a constant quantity; it depends up ' 


the time of application of the testing potential, amount of moisture present à». | 


upon the temperature. 


The relation between dielectric strength and time of electrification is g: 


approximately by the following table: 
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SPECIFIC INDUCTIVE CAPACITY. — 
Time of 
Relative 


dielectric 
strength 


The specific inductive capacity of pure rubber 
electrifica- 
tion, 


is about 2.3 (Floy), but the vulcaniaed com- 
pounds used for insulation have specific capac- 
ities ranging between 3 and 4. The specilic minutes 

capacities of several compounds of stated com- | ^77 —- eps 
position are given by E. Jona (St. Louis, 190.4), 
but they cannot be considered as representative 
of American practice. 


SPECIFICATIONS. — Specifications for 
rubber insulation for wires and cables will be 
found under Wires and Cables, Insulated. 


BIBLIOGRAPHY. — Boggs, C. R., A Chem- 
ical Specification for Rubber-covered Wires and Cables, E]. W., 1910, Vol. E 
p. 1234; Brannt, W. T., India Rubber, Gutta Perchas and Balata, 1900; Clouth, 
F., India Rubber, Gutta Joc and Balata, Cologne, 1903; Del Mar, W. A., Elec- 
tric Power Conductors, 1914; Fisher, H. W., Tests of Rubber-covered Wires of 
Different Manufacturers, Trans. A.1.E.E., 1907, Vol. 26, p. 997; Hlumann, P., 
High-tenston Cables, E.T.Z., 1910, Vol. 31, pp. 1265-1267; Johnson, W. H., 
Para Rubber, 1904; Joint Rubber Insulation Committee, Preliminary Report of, 
Proc, A.LE.E., Jan. 1914 and Jour. Ind. & Eng. Chem., Jan. 1914; Jona, E., 
Trans. Int. Elect. Cong., 1904, Vol. 2, p. 550, *t. Louis; Seeligmann, Torrilhon, 
and Falconnet, India Rubber and Gutta Percha, 1910; Terry, I. L., India Rubber 
and Iis Manufacture, 1907; Russel, A., The Theory of Electric Cables and Net- 
. works; Weber, C. O., Chemistry of Indiu Rubber, 1902; Wright, H., Para Rubber, 
1906; see also the article on Wires and Cables, Insulated, and that on p. 1580 


- of Vol, 29, Trans. A.L.E.E., 1910. 
| [W. A. Dev Man] d 


SECHOMETER. — (See also Bridges for Electrical Measurements.) The 
sechometer is an instrument used in connection with a Wheatstone bridge 
for changing the direct current from. a battery to an alternating current, and 
commutating the portion of this current that 
. flows in the galvanometer circuit to a direct 

current. The sechometer may be used in the 

measurement and comparison of self-and mutual 

inductances and In the measurement of the re- 
. sistance of electrolytes. : 

Fig. 1 shows the relative position of the com- 
“ mutators and brushes of a sechometer when con- 
- nected in a bridge circuit. A is the commutator 

to which the galvanometer is connected and B 
the one to which the battery is connected. They 
are on the same shaft and turn togethcr. 

The sechometer is not an altogether satis- 
^ factory instrument, due to the variation in the 
, various contact resistances when used for any 

length of time. Whenever possible some other Fig, 1. Connections fur 
7 method of accomplishing the desired results Sechometet 
,*Should be employed, e.g., the use of alternating 

current with some sort of a-c. detector, such as a telephone receiver, electro- 


„ dynamometer or a-c. galvanometer. 


[H. PENDER AND H.R. RANKEN. 
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SELENIUM. — Selenium, an element of rare occurrence in nature, is found i 
sulphur and as a selenide in combination with various metals. Vitreous sele- 
nium,i.e., selenium which has been fused, is dark brown in color and has a specific 
gravity of 4.28. Its melting and boiling points are 217? C. and 700° C. respec- 
tively. Vitreous selenium is a very poor conductor of electricity, its resistano 
being about 60,000 ohms per centimeter-cube at room temperature. When 
vitreous selenium is annealed it assumes a crystalline form sometimes called 
metallic selenium. As a result of the annealing process, the electrical resistance 
is considerably reduced (the amount depending upon the thoroughness of the 
annealing) and becomes a function of the intensity of illumination, a property 
which is possessed to a lesser degree by tellurium and carbon. 
Light-sensitive selenium is said to be light-positive or light-negative depending 
upon whether its resistance decreases or increases respectively when carried from 
dark to light. Sensitive selenium is usually light-positive. The resistance o 
light-negative selenium is usually less than that of light-positive selenium. 


SELENIUM LIGHT-CELLS. — A selenium cell or unit is made by œn- 
necting several narrow strips of light-sensitive selenium in parallel between the 
edges of two brass plates. The higher the resistance the higher the sensibility 
of such a cell, that is, the greater the ratio of its conductivity in the light to its 
conductivity in the dark. The conductivity of a cell made of high-resistance 
selenium may show a change in conductivity of 20,000 per cent (200 times) 
when taken from direct sunlight to a dark room. Cells made of low-resistance 
selenium (light-negative) show a much smaller change in conductivity, seldom 
over 50 per cent for a change from direct sunlight to dark. 


Effect of Intensity of Illumination. — The resistance of the cell when 
exposed to light depends upon the time of exposure and the intensity of the 
illumination. If a strong light is suddenly thrown upon a high-resistance œl 
placed in a dark room, the resistance of the cell decreases to its minimum value 
in a fraction of a second and then begins slowly to increase again. If the in- 
tensity of illumination is not so great or the cell has a comparatively low resist: 
ance the time taken to reach a minimum resistance may be several minutes. 
The majority of experimenters on this subject agree that the change of resist 
ance varies as the square root of the intensity of illumination. 


Effect of Wave Length of Light, Temperature, etc. — It is found thit 
the greenish-yellow rays are the most effective. The sensibility of most ck 
decreases as the temperature increases. In certain selenium cells a lam 
potential difference impressed across the terminals of the cell produces a vara 
tion of resistance in the cell similar to that caused by an exposure to light. 

Uses of Selenium Cells. — The light-sensitive property of selenium hs 
been utilized in the photophone and in connection with the electrical transmis 
sion of pictures. In the photophone a beam of light reflected from a mim 
attached to the vibrating disk of a telephone transmitter is made to play acos 
a selenium cell connected in series with a battery and a telephone receiver. l2 
this manner, speech may be transmitted through space by means of light waves- 

In the transmission of pictures a large number of selenium cells are usually 
made to reproduce the light and shade of the picture. The light reflected {ror 
each point on the picture is then represented at the distant point by a corm 
sponding intensity of current, which may reproduce again electrochemical: 
the intensity of the reflected light at each point. 


BIBLIOGRAPHY. — Brown, F. C., Phys. Rev., 1911, Vol. 33, pp. 1 and 405; 
Crum, Phys. Rev., 1911, Vol. 33, p. 538; Ries, Phys. Zeit., 1908, Vol. 9, p. 9. 


[R. G. Husos] 
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SEPARATORS, STEAM. — (See also Boilers.) Ordinary forms of steam 
boilers, without superheaters, generally deliver steam containing not more than 
I.5 per cent of moisture. When the water level rises too high, however, or when 
the water contains substances which cause foaming, the percentage of moisture 
in the steam may be much higher. Condensation in long lines of steam pipes 
also increases the moisture, and for this reason it is customary to place in the 
pipe line near the engines one or more steam separators. These usually operate 
by suddenly changing the direction of the tlowing steam, so that the particles 
of water are by their momentum carried out of the tlowing current and pro- 
jected against a ballle or bend in the pipe or separator chamber, where they are 
collected and removed through a trap. Separators are also frequently installed 
in the exhaust steam piping to eliminate the cylinder oil contained in the exhaust 


steam. 
BIBLIOGRAPHY. — Gebhardt, G. F., Steam Power Plant Engineering, 
N. Y., 1909; Catalogues of Manufacturers. , 
[Wau. KENT. 


SERIES, MATHEMATICAL. — (See also Equations, Differential; Wave 
Analysis.) In calculating the numerical values of a function for given numeri- 
cal values of the variable, it is frequently convenient to express the function as 
a sum of a series of terms each of which is a simple algebraic function of the 


variable. The simplest form of such a series is the 


Binomial Theorem. — 
(a +a)? = a^ 4 naxf + LAM a? x72 4- — — E! tee gt 


Where 2! means 1 X 2, 3! means 1 X 2 X 3, etc. 
A particular case of this series is when x = 1, a — m and s is taken infinitely 


n 
large. The expression ( z is not unity, but has the value 


TIT — + = ar =+. 
3! 


This is the base of the natural system of E and is numerically equal 
to 2.718282 +. 
Taylor's Series. — Let f(x) be any function of x, and for brevity write 


f'(a) for a, » JG) for ZO, ete 


Then f(x 4- h) -fG) + We) +5 “fe +e AGa) +, etc. 


This expression is known as Taylor’s series. e: a series is a useful expres- 
sion for f(x + k) only when the terms of the higher order are negligibly small, 


in which case the series is said to be convergent. 


Maclaurin's Series is the special case of Taylor's Series when the x in the 
latter is taken equal to o and the 4 in the latter is put equal to x. In this case 


fle) = fo) + af'(0) += f") + =F") rere 


Where by f(o) is meant the value of f(x) for x = o, by f'(o) is meant the value of _ 


f'(x) when x = o, etc. 


AT 
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The following are useful expressions derived from the above relations: 


2 
Palteptgf ee 
21 3! 


A a Ss 

bg ataare h Tin. ic. 
E ae Reng 

sin x= x——+—-— —+ etc. nu 

31 5! 7l m 

PEE n a R Fe à 

21 4! 6l Se Uy 


3 7 
E sinh ze z- 4 Da. y ete, 
| 3! s! 7! 
x? xf a 
cosh mat + Ot git ete. 
(W. A. Dex Max] 


SHAFTING. — (See also Bearings; Belis and Belting.) Ordinary shaíting 
: for mill work is usually made of solid steel rods, although hollow shafting i 
ae sometimes used. 

Diameter of Shaft. — The proper size of shafting to use to transmit a given 
amount of power may be expressed by the formula 


i Fr 
: d= CP 
: N» 


where d is the diameter in inches, P the horse-power transmitted, N the speed 
B in revolutions per minute, and C a constant depending upon the desired fact 
fa of safety, the number and location of pulleys or gears, the weight of pulleys «t 
6 gears and belting, etc. Various authorities assign different values to C, ranging 
= from 40 to 125, the lower value for short shafts used simply for transmitting 
power, a higher value for line shafts (carrying several pulleys), and the highest 
| value for head shafts carrying the main driving pulley. 
J 
1 


Distance Between Bearings. — The distance between bearings may 
expressed by the formula l 


L= A/ Bà, 


F where L is in feet, d in inches and B is a constant dependent upon the elasticity 
: of the shaft, the load on the shaft and the allowable deflection. The latter is 
E usually taken as 3400 of an inch per foot of length. The Pencoyd Iron Wor: 
, take B = 720 for bare shafts, and B = 140 for shafts carrying pulleys. 


Speed of Shafting. — The following represents average practice. 
Machineshops...............eleleleeees. 120-240 revolutions per minute 
Wood-working................eeeeeeeeeeA 250-300 revolutions per minute. 

TU 300-400 revolutions per minute 


BIBLIOGRAPHY. — See Kent's Mechanical Engineers! Pocket-Book and th 


ok various works on Machine Design listed in the Bibliography at the end of artik 
on Bearings. 


fe A, c. 
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= SHOCK, ELECTRIC. — The physiological effects of a shock by light- 
ning or by artificially-produced electricity may be classified into two groups: 
the major effects, cessation of respiration or heart action and the minor effects, 
fractures and internal injuries due to falls, and burns due to contact with elec- 


tric arcs. 
Removal of Victim from Circuit. — If a switch or circuit breaker in the 
circuit is close at hand, open the circuit at once or cut away the conductors with 
a wooden-handled hatchet. If the circuit cannot be opened immediately, 
break the contact of the victim with the conductor by moving the conductor 
or the victim, using any available dry non-conductor such as a board, rope or 
clothing. Do not touch the victim with the bare hands under any circumstances 


unless insulated thoroughly from the ground. 

First Aid for Slight Shock. — If the victim is seen to be breathing, admin- 
ister heart stimulants such as alcohol, ether or ammonia either by the mouth 
or hyperdermically, produce external warmth by rubbing the body or by applica- 
tion of hot substance, loosen constricting clothing about the neck and chest 
and present aromatic spirits to the nostrils to excite consciousness. Give plenty 
of fresh air. 

Artificial Respiration. — If the victim does not breathe, send for the nearest 
doctor, remove any foreign body (tobacco, gum, false teeth, etc.) from his mouth 
and throat and begin artificial respiration at once, even if the victim appears to 
bedead. Proceed as follows:* 

(a) Lay the subject on his belly, with arms extended as straightforward as 
possible and with face to one side, so that nose and mouth are free for breathing; 
see Fig. 1. Let an assistant draw forward the subject's tongue. 


ont 


i 
! 
| 
| 
\ 


Fig. 1. 


(b) Kneel, straddling the subject’s thighs and facing his head: rest the palms 
"of your hands on the Joins (on the muscles of the small of the back), with fingers 
spread over the lowest ribs, as in Fig. 1. 

(c) With arms held straight swing forward slowly so that the weight of your 
body is gradually but not violently brought to bear upon the subject, see 
Fig. 2. This act should take from two to three seconds. Immediately swing 
backward so as to remove the pressure, thus returning to the position shown in 


Fig. 1. 
* Report of Commission on Resuscitation from Electric Shock issued by Nationa] 
Electric Light Association. 
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(d) Repeat deliberately twelve to fifteen times a minute the swinging forward 


; and back — a complete respiration in four or five seconds. NOT 
i; (e) As soon as this artificial respiration has been started, and while it is beng | ^». 


la ue 
hd x 
LE continued, an assistant should loosen any tight clothing about the subject's |^: 
P neck, chest or waist. i v. 
Moos (f) Continue the artificial respiration, if necessary at least an hour, witht | —- 
"eee | interruption, until natural breathing is restored, or until a physician arrives. Í | Tt 
" natural breathing stops after being restored, use artificial respiration again. m 
: (g) Do not give any liquid by mouth until the subject is fully conscious. m 
e Other Methods of Inducing Respiration are: (1) withdraw the tonge | 
E and allow it to recede periodically, the whole manipulation occurring about s 
Y fifteen times in a minute; (2) dash cold water upon the face; (3) rub spine with |^ 
il ice; (4) massage chest in region of heart; and (5) administer oxygen gas (b> |": 
JEN ao 


tained at drug stores) by placing cone over mouth and nose. 


hi After Treatment. — After the victim breathes again, treatment may b 
i i E administered as outlined above in the case of a slight shock. If any bones have 
1 been fractured or if the victim appears to have received internal injuries, do n 


move the victim any more than is necessary and prepare for removal to th 
nearest hospital. 


i 1 Treatment of Burns and Blisters. — If the victim has received burns n" 
«d. or blistered surfaces should be protected from the air. Blisters should not be |. 
: opened. Cut around any clothing that sticks and saturate the adhering doth y 
i or cotton dressing with picric acid (o.5 per cent) or a solution of baking sods 
à (one teaspooníul to a pint of water). Wounds may be coated with a paste d 
flour and water or may be protected with machine, transformer, linseed or olive i 
y oil or vaseline. The dressing should be covered with cotton, gauze, lint, deaa ! 
, waste or clean handkerchiefs held tightly in place by bandages. Oil should not 
: be applied to dry charred burns, a light, dry bandage being preferable. 
Indication of Death. — Efforts to revive the victim should not cease ust! 
death is indicated by the following appearances:* "complete cessation of brat 
ing and heart action, eyelids half-closed and pupils dilated, jaws clenched, 
tongue appearing between teeth with frothy mucus about mouth and nostril, 
fingers semi-contracted with increasing coldness and pallor of surface.” 


[R. G. Hopson 


* J. A. Austin, M.D., Manual of First Aid. 


" and it must therefore stand still and exert torque most of the time. 
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SHOVELS, ELECTRICAL OPERATION OF. — (See also Cranes; 


Motors, Industrial Applications of.) The operating cycle of an electrically- 
operated shovel is about 20 seconds, the component times being: hoist 8 to 10 
seconds, thrust 10 seconds and swing 10 to 12 seconds, the thrust being in 
operation at the same time as the hoist and swing are operating. The motors 
to meet these requirements must have a sutliciently low armature inertia to 
permit of rapid acceleration under small power, and are therefore generally of 
the crane or mill-type construction. 

Hoist Motors. — In the case of the hoist, considerable advantage may be 
gained in this respect by using two motors of one-half the capacity each instead 
of one motor of the full capacity, as the power required for accelerating is much 
less. For example: Assume a shovel that requires a 225-horse-power, 514 r.p.m. 
motor for the hoisting operation. Such a motor requires 144 horse-power 
seconds for bringing up to full speed, whereas if two 115-horse-power, 600 r.p.m. 
motors are substituted in its place, each motor requiring 63.5 horse-power 
seconds or both 127 horse-power seconds to bring up to speed, there would be a 
saving of about 12 per cent in the power required to accelerate the motor alone. 
On the other hand, such an arrangement may require the use of bevel gears and 
additional shafting. 

Swing Motor. — This motor, although not subject to the severe overloads 
and shocks encountered on the hoist motors, is subject to frequent reversals, 
and, as rapid acceleration is required, a motor of similar design as for the hoist 


should be used. 
Thrust Motor. — This motor differs somewhat in its operation in that it is 


* practically stalled during the digging operation, although it may revolve or 
' overhaul according to conditions, and is operated at full speed only after the 


Its duty is to keep the dipper against the bank, 
For this 


reason its design should be very rugged, and the motor should be able to develop 
a heavy torque for short intervals of time while standing still, or rotating very 


hoist operation is completed. 


.; Slowly. 


NW. 


Location of Motors. — The hoist and swinging motors are as a rule located 
on the car and are geared to the drums through suitable reducing gears, while 
the thrust motor as a rule is mounted directly on the boom and communicates 
its motion to the bucket staff through reducing gears connected to a pinion 


. engaging a rack on the staff. 


Type and.Size of Motors. — The motor equipments may be cither of the 
direct- or alternating-current type. The direct-current series motor has ideal 


.. characteristics for this class of service, but it requires the use of a motor-genera- 


bu E 


tor set when only an alternating-current supply is available. With the ordinary 
phase-wound induction motor it is not possible to obtain the maximum torque 


.. at starting and it may therefore be necessary to use a motor slightly larger than 


what would have been the case with direct current to obtain the same result. 


It may be possible that alternating-current commutator motors may find a 


a 
<a 


sa "x MA 


y 


^A 
PN 


r 


useful field in connection with this service, although the objection to the single- 
phase type would be the heavy unbalancing effect on the system, especially at 


, the beginning of each operating cycle, i.e., when the hoist and thrust motors are 
being started. 


The approximate size of motors required for the various operations of a num- 


ber of different size shovels may be obtained from the following table: 


Control Equipment. — The magnetic contactor control is preferable for all 
the motors on the shovel. (See Controllers.) The hoist and thrust motors are 
then provided with a notching-back arrangement which will automatically cut 


— tb mE ewe o c0 T7 


gems 7l 


T — n 
Y Foam 


FEM CIEL. as 


z Ra 


an 
= Taa m 


RI Grrr tm 


e. ue 


secar PHA e 


emule o4 Qut, clem s cB 7 T 


pP i 


1258 Shovels —— Shunts 
TRE 
bus 
Weight of Size of Average Horse power of motors | n 
: : : . cycles of fi 
shovel in dipper in ! 
tons cubic yards Opere gon per 
minute Hoist Thrust | Swing 
| Dd 
6 2 Iso 75 "5 | a 
5 2 150 26 2 Hd 
4 2 150 59 » qd 
3A 24 100 50 $ 4 G 
2⁄2 2b 100 30 » | SE 
2 234 60 30 p rà 
1⁄3 3 60 25 x a 
34 3a 40 20 20 = 
wa 
M 
resistance into the circuit when the current exceeds a certain limiting value ducto | s 
the motors becoming stalled by digging too deep or striking rocks or ott. | z 
obstructions, thus protecting the motors from damage. Sometimes the host | 2 


and swing motors are provided with automatic magnet control while the thrus 


motor is hand controlled, an ordinary drum controller being provided for thi 
motor. 


Brakes for the different shovel motions are generally of the air-brake type 1 
small air compressor being provided on the shovel for this purpose. 


BIBLIOGRAPHY. — Electrically-operated Shovels, Eng. Rec., 1911, Vol. 6% 
p.58; Patterson, W, H., Electrically-o perated Shovels, Elec. Jour., 1910, Vol. 1.» 
853; Cast Record of an Electric Power Skovel, EL Ry. Joar., 1909, Vol. 33, P. 15$ 


[D. B. Rusumors, assisted by E. A. Lor] 


SHUNTS. — (See also Ammeters; Galvonometers; Voltmelers; Wellman 
When heavy currents are to be measured it is impracticable in many ass t 

pass the entire current through the coils of the instrument proper. ln sč 
cases it is necessary therefore to pass the bulk of the current through a pua- 
circuit or shunt and measure only a known fraction of the total current. 


CONSTRUCTION, — For taboratory work standard resistance units” 
Resistors, Standard) are commonly employed as shunts when a high dest“ 
precision is required. Special forms of resistance boxes, usually callel 3*7 
boxes, are also used. For switchboard work shunts made of sheets of mane" 
or other high-resistance metal of low temperature coefficient (see Wires, Rot 
ance) are asually employed. Several sheets of metal are used in order to Y 
vide a large radiating surface. These sheets are brazed into heavy 04” 
termals for clamping to the bus-bars or other heavy conductors; kesty |: 
minals are necessary to insure a uniform distribution of current in the she 
The contact surfaces must be kept bright and the bolts tight. 


pM 


5, 
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Shunts 


THEORY OF SHUNTS. — Fig. 1 shows diagrammati- 


cally a simple shunt such as used with an ammeter or galvan- 
ometer. The galvanometer (or ammeter) current is 


S 
les nn 


G+S 
where G and S are the resistances of galvanometer and shunt Fig. 1. Galvan- 
respectively and Iz is the total current from the battery or Sie and 


other source. 
For example, if the galvanometer has a resistance of 9900 ohms and the shunt 


a resistance of roo ohms, the galvanometer current will be Yoo of the battery 
current. Shunt boxes made on this principle are usually provided with resist- 
ance coils giving a ratio of currents of 4io. Moo and Yiooo when used with a 


7190 
galvanometer having a given resistance. The corresponding readings. of the 
ammeter or galvanometer, multiplied by 10, 100, 1000, or 10,000 will then give 
the current in the battery circuit. 

** Universal " Galvanometer Shunts. — Simple shunts such as above de- 
scribed give even ratios of currents only when used with a galvanometer of a 
certain definite resistance. A set of coils arranged as 
shown in Fig. 2, when used as described below, will 
give even ratios when used with a galvanometer of any 
resistance. A shunt of this kind is known as a universal 
shunt. The Ayrton and Mather shunt is arranged on 
this principle. 

A study of the circuits will show that if the galvan- 
ometer is calibrated (see Galvanomelers) with the termi- 
nal a at b, that is, with all the resistance R in parallel 
with the galvanometer, the same calibration may be used 
for a connected to any other termínal x, provided the cur- 
rent values from the calibration curve are multiplied by 
the ratio R/rz, where rz is the resistance in the box be- 
tween that terminal and A. The various resistances Fig. 2. Diagram of Ayr- 
are usually arranged so that these ratios or “multi- ton and Mather Uni- 
plying powers" of 10, roo, 1000, and 10,000 may be versal Sbunt 
obtained. The galvanometer should have a relatively low resistance compared 
with the total resistance of the shunt. 

Effect of Temperature Changes. — The resistivity temperature coefficient 
of a shunt made of manganin is very much lower than the temperature coefficient 
of the copper circuit of the ammeter or galvanometer. Consequently changes 
in temperature will produce a change in the relative resistances of the shunt 
and ammeter or galvanometer, thus changing the multiplying power. For 
accurate measurements a correction should therefore be made in the nominal 
multiplying power of the shunt. With a universal shunt and a relatively low- 
resistance galvanometer the effect of temperature changes is less marked, since 
the resistances rz and R are both in the same box and are usually made of man- 
ganin or other metal having a low temperature coeflicient. 

COSTS. — A 4-coil laboratory shunt box for use with an ordinary galvanom- 
eter and giving multiplying ratios of 10, 100, 1000 and 10,000 costs about $20. 
Switchboard shunts cost from $3 to $90 depending upon their current-carrying 


' capacity, the lower figure applying to a 10-ampere shunt and the higher figure 
' to a 10,000-ampere shunt. 


BIBLIOGRAPHY. — Drysdale, C. O., Phil. Mag., Vol. 16, p. 136; Patterson 
and Rayner, Proc. Ins. Flec. Eng., Vol. 42; Edgcumbe, K., Industrial Measuring 
Instruments, London, 1908; Argmagnot, H., Instruments et Methods de Mesures 
Electriques Industrielles, Paris, 3902. —— (H. PENDER AND “H.R. RANK Y ] 
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SIGNALING, RAILWAY. — Railway signaling is the art of conveying 
information to the person or persons in immediate charge of the movement 
of a train. The means for conveying the information are various, including 
simple movements of the hands or arms and more or less complicated com- 
binations of positions of semaphore arms by day, or colored lights by night. 


CARDINAL PRINCIPLE OF RAILWAY SIGNALING. — The ar- 
dinal[principle of design of all signal circuits, apparatus and systems, is that 
any failure of any part, such as breaks, open or short circuits, grounds, etc. if 
having any effect on the signal whatever, shall result in a stop indication. 


CLASSIFICATION OF SIGNALING SYSTEMS. — The two main 
divisions of railway signaling are block signaling and interlocking signaling. 
The former has to do with keeping trains which are running on the same tra 
properly spaced. The latter has to do with the handling of trains over tracks 
which intersect at points of crossing or divergence, and has for its object the 
prevention of conflicting movements, the proper routing of trains, and the 
insurance that the movable parts of the track are in their right positions before 


the signals governing movement over them can be made to give a proceed indi- — : 


cation. 


Block signals may be divided into two main classes: non-automatic and 
automatic. In the United States there are 71,469 miles of track protected by 
the former as against 36,943 miles of track protected by the latter. Of the 


non-automatic blocks, those on 70,493 miles of track are operated by telegraph 
or telephone.* 


NON-AUTOMATIC BLOCK SIGNALING. — Systems in this class ated 
two kinds, non-controlled and controlled. 


Non-controlled Manually Operated System. — The manually-operated 
signals used in connection with the telephone or telegraph blocks are located at 
passenger stations, junctions or other convenient points where operators art 
available. They are put in the proceed position to permit a train to enter the 
next block provided information has been received by the operator from tbe 
next station in the direction of traffic that the preceding train has passed out d 
the block. They are placed in the stop position on the passage of the train. 

The operators have blanks on which they enter the designation numbers d 
each train they admit to a block, together with the time of entrance. On th 
same sheet is checked off the departure of the train from the block as advis 
by the operator at the leaving end of the block. The train despatcher, located 


at some central point, is also kept informed of all train movements, so that i 


case the schedule is deranged for any cause he can give the necessary orders t0 
expedite traffic, such as changing orders for passing points and giving supend 
rights to certain trains. 

Defects of Non-controlled Manually Operated System. — The de 
fects of the system are obvious, as misunderstandings may arise between opt 
ators, trains may be checked off by mistake as having left a block when such ï 
not the case, or trains may part and the fact not be noted by the block operate 
because of his failing to note the absence of the tail lights carried by the ru 
car of a train when the first division passes his station. 

Controlled Manually Operated System. — These defects are partial 
overcome by the use of controlled manual block signals. In such system 
electric locks are applied to the levers operating the manual signals. Tt 
locks are included in circuits running between block stations, and so arrange: 
that when an operator wishes to place a signal in the proceed position he hs: 


* From tables compiled by the Interstate Commerce Commission, January 1, 1914 
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first to ask (by bell signal or otherwise) for an unlock from the next station in 
the direction of traffic, and cooperate with the operator at that station in the 
proper manipulation of the circuits to get his unlock. A further check on the 
.- Operators is sometimes obtained by the use of track circuits at the stations to 
effect a certain degree of control of the apparatus locking the signal levers by 
the passage of the trains themselves. These systems, however, are all inferior, 
.. in the degree of protection given, to the automatic blocks with signals con- 
C-' trolled by continuous track circuits, which are described below. 
Staff System. — Another form of controlled manual block signal is the 
staff system in which the possession of a small metal cylinder, or “stall,” gives 
the engineer permission to run through a block. These stats are normally in one 
or the other of a pair of instruments called staff instruments, one of a pair being 
at each end of a block. Only one staff can be taken from a pair of instruments 
at a time because of their locking features, controlled by circuits between the 
instruments, requiring the coóperation of two people, one at each instrument, 
to abstract a staff. Until this staff is replaced in one or the other instrument, 
no other staff can be withdrawn. Following movements with more than one 
train in the block can be accomplished by using a divisible staff, made in several 
sections which must be screwed together in a specified order to permit the in- 
sertion of the staff in an instrument when the last train has brought the re- 


> mainder of the staff through the block. 
There is also an automatic staff system in which the coóperation of the 


horn ug 


second person is not required. 
There are about 508 miles of track equipped with the staff system in the 
United States.* 
^ AUTOMATIC BLOCK SIGNALING. — This subject will be ‘treated 
under three main headings, in the order stated: Track Circuit, Signals and 
.. Their Mechanisms, and Location of Block Signals. 

' TRACK CIRCUIT FOR AUTOMATIC BLOCK SIGNALS. — The 
standard means of control of automatic block signals is the track circuit. It is 
the safest means known because the control is continuous and reliable. 

.  Steam-road Track Circuit (Fig. 1). — The figure shows the elements of a 
steam-road track circuit. They are a source of electrical energy, means for 

. limiting the flow of current from the source, a section of the rails of a track 


Series. Resistance 


v 


Fig. 1. Elements of a Steam-road Track Circuit 


insulated by special rail joints from adjoining rails, the leakage path constituted 
by the ties and ballast, and an electromagnetic type of relay. The contacts 
of the relay open and close the circuit which effects the operation of the signal. 
; When there is no train on the track circuit, the contacts of the relay are closed 
. due to the energizing of the relay by current flowing over the rails, which act 
as conductors from the source of electrical energy. The signal is made to indi- 
cate the absence of a train on the track circuit under these conditions. The 


* From tables compiled by the Interstate Commerce Commission, January I, IgI$. | 


a 


aA m er -—- 


1262 Signaling, Railway 


presence of a train on the track circuit, or any other cause depriving the relay 
of energy, causes the relay to open its contacts, which results in the signal taking 
the stop position. The use of means for limiting the flow of current is to prevent 
exceeding the capacity of the source when a train shunts the rails, and at the sam 


time to cause such drop of potential across the rails as will insure the opening 
of the relay. 


Electric-road Track Circuit. — The track circuit for a road using electric 
propulsion, if a direct-current track relay is used, must, in order to avoid fale 
clear signals, have the voltage point at which the relay closes its contacts higher 
than any voltage which may exist across its terminals, with a train on the trad 
circuit, due to the flow of the propulsion current through the rails. Standard 
practice, to avoid the possibility of such false closing of the relay contacts, is tk 
use of an alternating-current relay which is not operative to close its contacts 
under the influence of the propulsion current. 


Single-rail Track Circuit (Fig. 2). — Fig. 2 shows an arrangement 
for d-c. propulsion roads where only one rail is used as the main return for ux 


t 


Trolley or Third Rail 


— a 
Jj 
A-C Bi 
Fig. 2. A-C. Track Circuit, Single-rail System, D-C. Propulsion 
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propulsion current, the other rail being given up to the signaling current. Th 
resistances used between the rails and the transformer, and between the raib 
and the relay, limit the flow of propulsion current through those pieces of ap 
paratus. The inductive shunt across the relay serves the same purpose | 
forming a by-pass for propulsion current. The inductive shunt and the trans 
former supplying the track circuit have cores with open magnetic circuits t 
minimize the magnetizing effects of such direct current as may flow throug: 
their windings. An arrangement like the above is limited in practical us t? 
those situations where the drop in voltage due to the propulsion current, alu: 
the length of continuous rail opposite any section of block rail, is under 5o voli: 
It finds its greatest application in subway and terminal or interlocking wot 
Where the number of tracks and shortness of track circuits bring the mar- 
mum voltage across the terminals of the relay, due to propulsion current, dor 
to about 5 volts, a relay may be used with resistance enough in its windinz t 
render unnecessary the use of the inductive shunt and resistance between * 
and the rails. 
With a signaling current of higher frequency than the propulsion cures: 


and a selective relay, the single-rail track circuit is applicable to a-c. propulsia 
roads, 
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Deuble-rail Track Cireuit (Fig. 3). — Where the conductivity of the 
- return propulsion circuít is not suflicient to permit giving up one rail to the 
signaling current, the arrangement shown in Fig. 3 is used. Both rails are sec- 
tioned by insulating joints and the return propulsion current is carried around 
the insulating joints by means of impedance bonds (i.e., coils having a high 
inductance and low resistance) which are joined electrically at the middle 
points of their windings. The flow of the propulsion current is opposed 
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Fig. 3. A-C. Track Circuits, Double-rail System, D-C. Propulsion 


only by the ohmic resistance of the bonds and their connections. "The ful] 
impedance is, however, offered to the flow of the alternating signaling current 
Írom rail to rail, and it is, therefore, possible to maintain a difference in potential 
across the rails sufficient to operate the track relay. 

Where the propulsion current is alternating, a higher frequency is used for 
the track circuit and the relay made correspondingly selective. 25-cycle current 
is ordinarily used for the signals on direct-current propulsion roads and 6Go-cycle 
current on alternating-current propulsion roads. 


Source of Energy for Track Circuit. — The source of electrical energy 
for supplying the track circuit is gencrally in steam-road practice a gravity 
battery, in which case no external current-limiting means are necessary. Gen- 
erally two or three cells are used in multiple, but where the leakage between 
tails is high, larger numbers are used in series-multiple combinations. Pri- 
mary batteries of the causticepotash type are coming into use. The storage 
battery is used to a limited extent and is especially advantageous on two- or 
four- track systems where the number of track circuits and amount of apparatus 
per unit distance is relatively large. 


Use of Alternating Current.— Alternating current is rapidly coming 
Info use for signaling op steam roads. Where alternating current is used for 
track circuits, it is almost universally used to operate the signals and supply 
the lamps for the night indications. 25- or 6o-cycle current is used, the former 
generally resulting in slightly lower power consumption and being generally 
favored where the current has to be generated for the signaling syatem alone 
and ao commercial emergency sources are available. Where such eommercial 
emergency sources are available, as is generally the case in thickly-settled dis- 
tricts, the frequency of such sources being ordinarily 60 cycles, that frequency 
is often chosen for the signaling system. 

Transformers for Track Circuits. — The source of alternating current 
for each block is either a low-voltage (5 to 20 volts) secondary of a transformer 
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whose primary is connected to the transmission line, or a similar secondary 
of a small special air-cooled transformer with a 110-volt primary. In the latter 
case the special transformer may be housed with other signal apparatus and 
its primary supplied from the rro-volt wires brought from the commercial 
transformer, whose primary is connected to the transmission line. The same 
riro-volt wires may be used also to supply the motors, line relays and “hold 
dear" devices, and carbon lamps used for lighting the signals. If Tungsten 
lamps are used, they may be supplied from suitable taps on the 110-volt primary 
of the special transformer or from taps on the low-voltage track secondaries. 
Track circuits are generally supplied with current at about one-half the 
voltage of the source, due to the drop over the intermediate impedance. 


Location of Energy Supply.— The source of energy (battery or 
transformer) is usually placed at the end of the block. If, however, the block 
is long and impedance bonds are used, resulting in large leakage from one rail 
to the other, the source of energy for the track circuit is sometimes placed at 
the center, and the control wires for the signal carried through the contacts 
of the two track relays, one being located at each end of the track circuit. Under 
these conditions, because of the voltage drop of the signaling current in the 
rails, there is only a limited distance extending either side of the point of supply 
in which a train will shunt both track relays simultaneously. This is taken 
advantage of in some systems of signaling, an example being given in Fig. 7. 


D-C. Track Relay. — The direct-current track relay most commonly used 
on steam roads has two or four contacts closed when energized, and has a re 
sistance of four ohms. The working voltage across its terminals is generally 


0.4 or 0.5 volt under good weather conditions, but may be as low as 0.35 volt 
during wet weather. 


A-C. Track Relay. — There are two types of a-c. track relays called, 
respectively, “ single-energizing circuit type" and " two-energizing circuit type,” 
according to whether they take all of the energy to operate them from the trad, 
or part from the track and part from a local source. These types are built o 
either one or both of two distinct principles: (1) on the principle of the elec 
trodynamometer (q.v.) and (2) on the principle of the induction motor; («t 
Motors, Polyphase Induction and Watthour Meters). 

The induction-motor type has the advantage over the electrodynamometet 
type, in that, its angular motion being unrestricted, a given pressure at the 
contact points can be produced with a less expenditure of energy. There? 
limitation to this, however, due to the friction of the reduction gearing, which 
must not be so great that it cannot be overcome by the counterweight provided 
to open the contacts when the relay is deénergized. 

With all types of railway signal relays, the addition of “ back" contacts to 
be closed when the relay is deénergized, means the expenditure of more energy 
to satisfactorily close the " front? contacts, because of the extra counterweighting 
necessary to develop the necessary pressure on the back contacts. 


Single-energizing-circuit Type of Track Relay. — Relays of tb: 
type are made on the induction motor principle in order to make them sec 


tive between the signal and propulsion currents. The following forms of wr 
struction are typical. 


(1) Segment of sheet aluminum set in motion by the shifting magneti: 
field due to the “shaded " pole pieces of a laminated “C-shaped core whi? 
carries the winding. This form is very largely used on short track circuits o 
d-c. propulsion roads. 

(2) Double segment of sheet aluminum acted upon differentially on ether 
side of its axis by the two sets of “shaded” poles of a double “ C "-shapel 


IP 


tel 


+ 


(e. 
Vw 
Coane 


M 
v , 


T 
e 


3 


Signaling, Railway 1265 


core. The core is so designed that one or the other set of poles is stronger, 
depending on the respective amounts of propulsion or signaling current trav- 
ersing the winding. ‘This form is used on a-c. propulsion roads, being made 
selective between 25 and 60 cycles, the latter frequency being used for the 
signaling current. 

(3) Centrifuge driven by split-phase induction motor. — This form is used 
on a-c. propulsion roads. It is selective by virtue of the centrifuge being de- 
signed not to close the contacts when driven at a speed corresponding to the 
lower frequency of the propulsion current. 

Typical power figures at the working points are as follows: 


Number of con- 
tacts closed 
when energized 


Volt- S Power 
amperes factor 


Frequency 


5 5.9 
60 8.5 
60 20.0 
60 6.0 


* Track windings of relays. 


Two-energizing-circuit Type of Track Relay. — The following 
forms of construction are typical: (1) Electrodynamometer;. used on d-c. 
propulsion roads and to some extent on steam roads. (2) Induction motor 
with gearing; the rotor is a cylindrical shell of copper with a stationary lami- 
nated core; used on d-c. propulsion roads and very largely on steam roads. 
(3) Centrifuge driven by induction motor; used on a-c. propulsion roads; see 
also preceding section. 

The local windings of all two-energizing-circuit relays are generally sup- 
plied at from 1o to x1o volts The objection to the higher voltage is the 
small size of wire and consequently greater liability to damage by lightning. 

The following typical power figures are for “ two-position ” relays, i.e., relays 
with one energized and one deénergized position. Relays which are caused 
to assume two energized positions by reversals of the current in one of the 
windings are termed “ three-position ” relays, and generally require twice as 


| much power in one of the windings as two-position relays. 


Track Local Number of 
ien keee rene (eae encor contacts 
Form ne " me closed 
quency olt- wer Volts Volt- Power when en- 
amp. factor amp. factor ergized 
(1) 25 0.70 0.90 0.35 36 0.70 4 
PEPA 6o 1.60 0.80 1.60 33 0.34 4 
(2) 25 0.038 0.65 0.15 2.4 0.70 IO 
inana 6o 0,024 0.65 0.15 11.0 0.70 IO 
(3) 60 1.56 0.60 1.3 II.O I.0 IO 


. The adjustment of the phase relations of the currents in two-energizing 
circuit relays has to be carefully cared-for in the choice of the impedance used 
between transformers and rails, and between local windings and the source of 
energy supply. 
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Single- Versus Two-circuit Types. — As a track circuit is, from an 
engineering point of view, nothing but a very inefficient transmission circuit 
track circuits above a certain length can be worked most economically with a 
two-energizing-circuit type of relay, as the amount of energy transmitted over 
the rails can be reduced to a certain point by increasing the amount of energy 
supplied economically £o the second winding from a local source. For track 
circuits below a certain length, however, the energy supplied to the track circuit 
for the single-energizing-circuit type of relay is less than the total supplied to the 
track circuit and the local winding of the two-energizing-circuit type. 

The above consideration, taken in conjunction with the fact that a relay 
with one energizing circuit usually is cheaper than one with two energizing 
circuits, and does not require the installation of a source of energy supply fora 
loca winding, generally points to the choice of the single-energizing-circult 
type fer track circuits less than 1500 feet in length. On the other hand, as 
the single energizing circuit type of relay may be falsely energized by current 
from an adjacent track circuit, due to broken down insulating joints, it does 
mot give the same degree of protection against this failure as the two ener- 


gizing circuit type, with the source of current supply to adjacent track circuits 
of opposite instantaneous polarity. 


Impedance Bonds, — Impedance bonds are wound with strap copper 
varying from 57,000 cir. mils for 22,000-volt, 25-cycle propulsion to 220,000 
cir. mils for ordinary d-c. 600-volt interurban work, and 800,000 cir. mils for 
heavy 600-volt d-c. traction work. The corresponding resistances across rails 
are respectively about 9.014, 9.0014 and 9.00045 ohm. The respective on- 
tinuoys propulsion current per rail ratings are 50, 500 and 1500 amperes. Typi- 
cal impedance values from rail to rail are respectively 1o ohms at 2 volts and 10 
ohms at 9.2 volts, 60 cycles; and o.3 ohm at 1,5 volts, and 0,18 ohm at 15 
volts, 25 cycles. 

Though the resistance of the connection around an insulating joint formed by 
an impedance bond may be relatively high as compared with the resistance ol 
the ordinary rail joint bond, the small number of impedance bonds in a system 
compared to the number of rail joint bonds results in but a very slight percentage 
increase in the total resistance of the return propulsion circuits. 

The impedance bonds for direct-current propulsion roads are provided with 
an hir gap in the magnetic circuit to limit the change in impedance due to un 
equal amounts of propulsion current flowing in the two halves of tbe winding. 
Good practice is to provide for satisfactory operation with a maximum difer- 
ence equal to 20 per cent of twice the rated capacity per rail, e.g., a 1500 ampere 


per rail bond should operate satisfactorily with a difference of 600 amperes 
between the currents in the two rails. 


Impedance of Track Circuits. — The table on the following page gives the 
impedance per 1000 feet of track under various conditions of bonding in com- 
mon practice and for the values of current commonly used for the energization 


* The inefficiency of the track cireuit as a transmission line is dee to the drop 
through the current limiting means between the source of energy and the rails (and 1 
the single-rail system between the relay and the rails), the high reactive drop in th 
rails, the distributed leakage ef ballast and ties, and, in the two-rail system, the cx- 
centrated leakage through the impedance bonds. The voltage at which the tna 
winding of a relay is designed to operate is selected first, to obtain safe and relabk 
operation, and second, to obtain as high a degree of efficiency of the track circuit 3 
is permitted by the characteristics of the track circuit. This generally results, si 
relays taking a comparatively large amount of energy from the track, in bigher vollaze 
for track windings of relays used on steam roads than for those used on electric roads. 
though cbe total emergy put into the track circuit is less in the former than is th 
latter case. 
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IMPEDANCE OF BONDED RAILS TO SIGNAL CURRENTS 


Ohms per 1000 feet of track 


P 27.5-ft. rails i 30-ft. rails | 33-ft. rails 
A o i 
E: - e eee Pe ae nt iced oer, ons 
za | ' 
5 3 Bonding* ^ 30m 60~ ! 25~ 60~ | 25~ 60 ~ 
CE- a ies | TEESE) " 
EU | TENE MA 
| z PF. z PF.. z P.F. z P.F. z jB.F.| z |P.F 
t | | i 
Fe fae [ me! coer ee |- PLC Mete S 
i | ! ; 
To capacity....... 0. 10/0 40'0 25 0 40 O 10 0.40 O 25 0.40 |O. 10,0. 40 |O. 25 O. 40 
;2 No. 6 copper..... i0. 14:0.7210.28 0. 56 O0. 14:0 70 0 28:0. 56 0. 13/0 69'0.27/0.54 


Ioo 


11 No. 8 iron...... | 0.170.830 30 0.630 P es ee ten nun 
i1 No. 6 copper... i lcd x S jo s cu aed 
l e ve 

(2 No. 6 c.c. — 40%. 0. 19/0.87 0.32:0.69 0.19 0.86 DER HE 17:0.84!0. 3110.68 


2 No. 6 c.c. — 30,9. 0.2510.91 10. 36 0.75 0.2210 YI 0.35/0.7410.20 0.88!0. 341 0.73 
| | 


2 No. 8 iron... ies ds 0.88:0. 30 0.96 0.47/0.87 1/0. 34/0.9610. 44] 0.85 
MEM 
To capacity....... ,0. 10/0. 43 jO. 26 0. 43:0. 100.4310. 26,0. 43/0. 1010.43 (0. 26) 0.43 
2 No. 6 copper..... j0.14 0.73/0.29 0.58 |0.13/0.72}0.28/0.58/0. 1310. 70/0. 27| 0. 54 
1 No. 8 iron...... Li | | | | : 
.17|0.83.0.31 0.67 '0.16'0.82'9. 64/0. 16/0. : 
% lt No. 6 copper... ) ^7 3 P d | e a IM Bre 
2 No. 6 c.c. — 40€ 5. 0.19/0.87 |0.33 0.71 !O. 19 0. 87. 0.34/0.70|0.17 o.84]0.31| 0.68 
a No. 6 c.c. — 30%. 0. 23/0. 91 0.46 0.76 0. 26 0. gi! 6: 36,0.76 0. 2010.89 10. 34/ 0.73 
2 No. 8iron........ 0.97 lag 0.89 ,0.37,0.97 ,0. 48/0. 85 |0. 3510.96 lo. 45] 0. 86 
To capacity....... 0. 10/0. 46 0.26 0.46 0.10 0.46 0. 2610.46 '0. 10/0. 46/0. 26! 0. 46 
2 No. 6 copper..... .0.14|[0. 74 |o. i 0.13,0.73,0.29 0.59 /0.13/0.71 ]0. 28) 0. 58 
I No. 8 iron..... i 
8 d o. .17/10.83!0. 31 0. . 16lo. .30| 0. 
5 ENO Ocot. 0.17|0.84,0. ale .68 10.17 jio " 67 |o. 16|0.81 |0. 30} 0.65 
2 N6J0.6: 594007. 919 o.88o. ous o. 19087 (0:38 0.69/0.18,0.85|0.32/ 0.70 
2 No. 6 c.c. — 30%. '0.23|0.91 lo. 37 0.77 |o:23/0.9r "0.360, 77 0.2110. 8910. 35] 0.76 
2 No. 8 iron. ...... io. 4t|o.97!0. salo. 89 '0. 3710.97 0.49/0.88 |0.35,0.96 |o. 46| 0.84 
| 
To capacity....... [eH 0.48 0.2610. 4B jp. To 0.48 jo. 260.48 |o. 11/0. 48/0.26/ 0.48 
2 No. 6 copper..... ,9. 14,0. 75 ,0.29 0. 2p 9.14(0.73,0.29|0.60 /0.13/0.72]0.29| 0.60 
No. 8 iron ..... 
E | | | | 
86 ENOO Copperas 0.1710 i 32/0. een 0.84 vil 0.16/0.82/0.31/0.67 
P 2 No. 6 c.c. — 4055. 0. 20/0. 88 0. 34,0.73,0.20/0.88 0.34 0.73 |o. 18/0. 850. 33/0. 71 
2 No. 6 c.c. — 3059. 9230.91 lo: 38 0. 78 jo. 23,0.91 jo. 37|0. 78 0. 21/0. 89 |o. 36,0. 76 
2 No. 8i Iron........0.41,0.97 | 89 !0. 37.0.97 ,0. 4910.88 (0. 35,0. 96 |0.47| 0.87 
: To capacity....... a. II 9.$2j0.27,0.52 0. 11 0.52 0.27,0.52/0. 11/0.520.27| 0.52 
2 No. 6 copper..... lo. 15 Goss 0.65 0. 14,0. 76 ,0.30,0.65[0.14/0. 75 |0. 30] 0.64 
so |! No. 8 iron DRE Pedo b et a alasi di 0.8210. 3210 
E t No: 6 conpers s T . 3 . | 17/0. s : 17/0. .32| 0.70 
" 2 No. 6 c.c. — 40%. 0.20 0.890. 36:0. 75 (0.20,0.89|0. 35,0. 75 |0. 18/0.86 |0. 34/0. 74 
, 2 No. 6 c.c. — 30%. 0. 24 0.92'o. 39 0.80 0 9.24 0.92 |o. 38:0.81 |o.22|0.90 |o. 37| 0. 78 
i : 2 No. 8iron....... 'o.42|9.97 Sgen e 5. .97 |o. 51/0.89 |o. 36/0. :96 lo. .48| 0.87 
i4 


* c.c. = copper clad. 
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RESISTANCE OF BONDS TO SIGNAL CURRENTS 
Ohms per xooo feet of track 


- 27.5-ft.| 30-ft. | 33-ft. 
Bond wires per joint rails | rails | calle 


2 No.6copper................. 0.057 | 0.052 | 0,048 | Bond wires 48 in. long. 
I No. 6 copper and 1 No. 8 iron.| 0.098 | 0.089 | 0.082 No allowance is made 


2 No. 6 copper clad— 40%..... 0.124 | 0.112 | 0.103 for conductance by 
2 No. 6 copper clad — 30%..... 0.166 | 0.150 | 0.138 the splice bars. 
2 No. Biron. .... cee eee eeeeeee 0.348 | 0.315 | 0.291 


of the track elements of relays. Where propulsion current is flowing in the 
rails, the power factor corresponding to the value of the propulsion current 
should be used to determine the most adverse conditions of drop of potential 
of signaling current between the point of supply to the track circuit and the relay. 

Resistance of Leakage Path. — The resistance of the leakage path between 
rails in ohms per thousand feet of track varies with the nature of the ballast, 
the condition of the ties and the weather conditions. Two ohms per thousand 
feet is a low wet weather value for track with gravel ballast. 

In connection with the calculations involving the values of rail impedance 
given in the table on p. 1267 the following values for resistance of ballast and 
ties between rails may be used. They are given for ballast clear of the rails. 


Ohms per 1000 J tt 

feet of track iby 

Wet gravel. ............ erue. buds dau eoa Vea (aids 3 ER 
Dry gravele c ohare mew ee eee pegada "m 6 I 
Wet broken stone. . ............ e. EE vie Ne dat 6 sd, 
Dry broken stones svat cries at sur NU GR EE tates 16 at 


Transmission-Line Voltages. — Transmission-line (between generator and 
signal transformers) voltages in standard practice vary from 1100 to 4400 volts 
inclusive, though in some special cases of subway and elevated road work, or 
where the mains are carried on existing telegraph poles, they may be lower. 


SIGNALS AND THEIR MECHANISMS. — Signal indications for bloc 
and interlocking work are given in standard railroad practice by semaphores. 
The semaphore consists of a wood, or enameled steel, blade or arm, fastened st 
its inner end to a "spectacle." The spectacle is a casting, or combination ast- 
ing and metal stamping, embodying the hub for the shaft on which the sem 
phore rotates, and the colored glass roundels which change position aet a 
lamp fitted with a clear lens, to give the night indications corresponding with 
the positions of the semaphore. The lamp is provided with a long-time all 
burner (usually seven days) or incandescent bulbs. 


Weight and Torque of Semaphores. — The weight of the semaphore is 
distributed to give a maximum torque (tending to return the semaphore to the 
stop position) varying with different types of operating mechanisms from about 
30 to 100 pound-feet. As the torque curve is necessarily a sine curve, 8 sp 
tacle moving through 9o? is generally designed to have maximum torque 8 
about 55°. 

Spectacles operated manually, which can be pulled to the stop position, may 
be lighter than those which, in returning to the stop position, have to retum 
parts of the mechanism which cause them to assume the proceed pm 
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In automatic signals gravity is depended on almost universally to return the 
signal to stop. 

Semaphore Positions and Colors of Lights. — The three fundamental 
signal indications are: 

I. Stop,* 2. Proceed with caution, 3. Proceed. The standard method of 
giving these indications is in the upper right-hand quadrant as indicated in 
Fig. 4, the respective positions of the semaphore arm being respectively at o^, 
45°, and 90°. The corresponding colors of the night lights ditler with different 


eToP PROCEED WITH CAUTION PROCEED 


Fig. 4. Standard Semaphore Positions 


roads; a common practice is to use red for stop, green for proceed with cau- 
tion and white for proceed, but on account of the danger of a white light being 
falsely displayed because of the breakage of the colored roundels it is considered 
best practice to use red, yellow and green, for the respective indications enumer- 
ated above. 

It is also good (but less up to date) practice to give these indications in the 
lower right-hand quadrant, the horizontal position of the semaphore arm always 
indicating stop. Where the view to the right of the signal mast is obscured, as 
by the poles along a trolley road, or where clearances are small, due to high 
walls close to the right-of-way, as through a city, the semaphore is sometimes 
operated in the upper left-hand quadrant. 

Two-position semaphores, indicating stop and proceed only, are also largely 
used, the proceed indication generally being given at from 60° to go° depending 
on the individual road. 

Power Mechanisms. — Power signals are operated by “bottom” or “top 
post" mechanisms. Electricity, compressed air and gas are used as motive 
power. Of the track mileage protected by automatic semaphores approxi- 
mately 9o per cent has electrically-operated mechanisms. Compressed gas and 
air for automatic blocks are limited in use to very few roads, though these in- 
clude some of the most important ones. The gas is supplied in tanks. The air 
is distributed in pipe mains. 

Electrically-operated Bottom-post Mechanism. — Electric bottom- 
post mechanisms generally consist of a motor which, by gearing and levers, 
transmits the movement necessary to clear the semaphore through a vertical 
rod extending inside the mast between the mechanism and a crank arm on the 
semaphore shaft. The best types have interposed in the movement transmis- 
sion system, as near the connection to the vertical rod as possible, an electric 
latching device called a slot. The operation of the semaphore to, and main- 
tenance in, a proceed position depends on this latch being energized, the motor 
‘cutting out automatically after performing its work. The location of the slog 
in the movement system close to the vertical rod reduces to a minimum the 
number of parts moved by the return of the semaphore to the stop position, 
under the influence of gravity, and, consequently, reduces the possibility of 

* An automatic signal in the " stop ” position may be passed " according to rule” 
after bringing train to stop. An interlocking signal in the “stop " position may be 
passed only after bringing train to stop and receiving authority to pass the stop signal 
from an authorised person. 
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the signal sticking in the proceed position due to the development of any fric- 
tion. 


The control of the circuit supplying the motor and slot is effected by the 
contacts of the track relay. 


Electrically-operated Top-post Mechanism. — In top post mechan- 
isms the motor acts directly on the semaphore shaft through a train of gears. 
The semaphore in its return to the stop position has to drive the gear train and 
usually the motor. The ratio of gearing in top-post mechanisms is made com- 
paratively low (about 120: 1) to diminish friction when going to the stop position, - 
and the motors are consequently very slow speed. ‘The latching of the sema- 
phore in the clear position is accomplished by electromechanical means or by 
magnetic induction. The latter method obviates the danger of the signal 


sticking in the proceed position due to the adhesion of contacting surfaces in 
the latching device. 


. 


Power Required for Electrically-operated Signal Mechanisms. — 

D-c. motors and latching devices are generally supplied with current from local 
primary or storage batteries at from 8 to ro volts. With a maximum semaphore 
torque of between 3o to so pound-feet and clearing 90? in about ro seconds, the 
motors will consume.between 2 and 2!4 amperes. The latching device cor 
sumes from 0.008 amperes to 0.02 amperes, depending on the voltage and 
winding resistance. 
Under the same conditions as given for d-c. motors, a-c. commutator motors 
will consume slightly less than 1 ampere at 110 volts at about 0.8 power factor, 
and induction motors will consume between 2.8 and 3.5 amperes at the same 
voltage but at about o.5 power factor. 
The electric latching device consumes approximately from 5 to ro watts in 
the a-c. mechanisms, the power factor varying widely with the design. 


Pneumatically-operated Signal Mechanisms. — The pneumatic mech- 
anism is the simplest of those used for operating signals, consisting of merely 3 
3-inch by 4-inch cylinder with a metal-packed brass piston, a magnet valve 
for controlling the admission of air and suitable mechanical connections to th 
semaphore shaft. The electromagnet valve controlling the admission of ai 
is used as the “slot,” as its deénergization shuts off the air and exhausts the 
cylinder to atmosphere. The pneumatic mechanisms are readily adaptatk 
for bottom- or top-post operation. The air pressure carried varies from 40 t0 
ioo pounds. Ninety pounds is a common pressure. 


The advantages of the pneumatic mechanisms are their simplicity, reliability 
and over-load capacity. 


Gas-operated Signal Mechanisms. — The gas-operated mechanism 
are similar in principle to those operated by air, but are complicated by the 
apparatus incidental to the tank supply being at a very much greater pressure 
than that at which the gas is used in the signal cylirider. 


Day-light Signals. — In places where space or view is constricted. post 
ful light signals are sometimes used to give the day, as well as night, indication 
in place of the semaphore. Notable examples of this are the New York termi; 
of the Pennsylvania Railroad, and some of the most modern signal installati 
on electric interurban roads. 

These light signals are generally hooded to make them more visible in su? 
light. They are provided with concentrating lenses, and sometimes with se 
cially-constructed reflectors arranged so that light entering from the extet 
through the lens will not be reflected out again and give a false indication vc 
the lamp behind the lens is not lighted. 


The candle power behind the lens varies from xo to 120, depending on UK 
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type of lamp and the efficiency of the lenses and reflectors used. The indica- 
tion given is sufficiently powerful, even in bright sunlight, to permit of the satis- 
factory operation of high-speed interurban electric cars. 


LOCATION OF BLOCK SIGNALS. — Automatic block-signal systems 
have to take care of such varied fundamental conditions as are found, on the 
one hand, on single-track roads where the distances between passing sidings 
may be as great as four miles or more, and the traflic relatively infrequent and, 
on the other hand, on roads of four tracks, or more, where the traffic is dense, 
the headway short, and trains of both high- and low-speeds have at times to be 
handled over parts of the sume tracks. 


Home and Distant Signals. — The signal at the entrance to a block indi- 
cating the presence or absence of a train in that block is called the “home 
signal,” In order that a train may be given warning in time to stop at the en- 
trance to an occupied block, a second signal, called the " distant signal," indi- 
cating the position of the home signal at the entrance to the block, is located ut a 
point sufficiently distant to. enable the runner to act on the indication and bring 
his train to a standstill with a reasonable factor of safety before passing the stop 
signal. This distance will vary with the conditions of grade, curvature of 
track, and character of train equipment and may be from 3500 to 4200 feet or 
more. 

In three-position signaling the semaphore at the beginning of a block is used 
to give the home signal for that block and the distant signal for the next block 
ahead. In two-position signaling the position of the home signal is repeated 
by a semaphore of distinctive shape, displaying a distinctively-colored light at 
night. This distant signal may, where the blocks are short, be located on the 


. same mast with the preceding home signal. If the blocks are long and the 


rules of the road require a train to be immediately brought under control when 
advance information is received that the home signal is at stop, it is best to avoid 
loss of time by placing the signal giving the advance information on a separate 
mast at the proper distance from the home signal. This applies also to threc- 
position signaling. 

With distant signals it is, therefore, evident that in order to have following 
trains run continually under clear signals, they must be separated by a distance 
equal, at least, to the distance run by the preceding train during the time 
occupied by the clearing of the home and distant signals plus the length of the 
intervening block plus the distance between the home and distant signals. 

The relations stated above give the basis for the theoretical location of auto- 
matic block signals to safely obtain maximum traffic capacity. In practice one 
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Fig. $. Arrangement of Smgle-track Signaling in Both Directions 


Must consider character of traffic, congested conditions at approaches to ter- 
minals, busy passenger stations and junction points, and local conditions such 
As view.agd opportunity for suitable foundations, in their effect on signal location. 


Arrampesyent of figmels on Single-track Road. — Fig. 9 shows one 
arrangement of single-track signaling in both directions used by a large westem 
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system. The horizontal lines terminating at one end opposite signals and at 
the other end opposite insulating joints (the latter indicated by the short marks 
across the lines representing the rails) show the extent of track governing each 
signal by virtue of the track circuit. . 

Even where the distance between stations (or sidings) is less than a mile, itis 
important that intermediate home signals be placed between stations (or sidings) 
in order to prevent a train on the main track at a station from causing possible 
detention to an incoming train. It will be noticed by reference to the figure 
that eight signals are used to protect traffic, six between stations, and two 
within station limits. This number of signals is necessary to adequately pro- 
tect all trafic and at the same time to insure proper flexibility, since, with this 
arrangement, trains can move up to the station limits under full protection from 
both directions, even though the main line may be occupied within these limits. 
This is because a train in a station affects only the entrance signals, and cons- 
quently does not affect approaching traffic on either side of the station, neither 
does a train on one side of a station influence traffic on the other side. 

Fig. 6 shows the circuits for the system shown in Fig. 5. 


Fig. 6. Circuits for System Shown in Fig. 5 


Special Arrangement for Single-track Interurban Road. — Fig. 7 shows 
a system of signaling which is particularly applicable to interurban single-track 
signaling where special conditions sometimes render it extremely desirable to 


Fig. 7. System for Single-track Interurban 


permit more than one car, moving in the same direction, between sidings, ux 
yet give both head-on and rear-end protection. 

Because of the impedance of the rails and the characteristics of the voltage 
supply to the track circuit, track relay at signal “A” is deénergized only by 3 
train between “A” and "X." Similarly, track relay at signal “ B” is de 
énergized only by a train between “B” and “Y.” Signals “A” and " B" art 
connected so that both will go to “stop” on the entrance of a car at either end ol 
the block, but for following cars the signal at the entering end will clear up alte 


V 
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any preceding car has gone half the distance between sidings plus half the 
distance X-Y. X-Y is generally about 3000 feet where distance A-B is about 
2 miles. If, by any misunderstanding, cars going in opposite directions should 
enter a stretch of track between sidings, they would be stopped by signals 
"C" and " D," located sufficiently far apart to allow for a proper factor of safety 
in stopping. 


Trolley Wheel Operated Signals. — Block signals controlled from a 
contactor operated by the trolley wheel do not meet the requirements of high- 
speed signaling as to reliability, and are of value principally in preventing the 
loss of time due to two cars moving in opposite directions entering the same 
stretch of track, where conditions of vision and speed are such that there is small 
chance of harm resulting from a collision. 


Arrangement of Signals on Double-track Road. — Fig. 8 shows a 


typical a-c. automatic block-signaling system with circuits for a two-track 
road. It will be noted that the control of the third position of the signals is 
obtained by the use of line wires running between the signals and supplied 
with current by circuit controllers operated by the signals. 


? Switch Manually Operated 
Indicator Station Signal 


Wire Wound Rotor 
Front and Back C 


tpn 8 Positions - i 
Signal O° to 45^o 90 -O- A.C. Relay-Two Energizing 
` E Circuit Type-Energized 
—— 


t 
Lightnfng 
Arrestep ae Switch Circuit Controller 
aa Closed, 
c. Qu 
$ Buse 


Insulating Rafl Jdiuts 
Impedance —— Track circul 
—ÓRENE— vith iron cem TEM tt hoh directions 
am aae » Track circuit on 
left, nono on righs 
——— Track circuit on 
—9— —T right, none on lef 


Fig. 8b. Details of Transformer Shown in Fig, 8 
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The use of two-energizing-circuit 


track relays as polarized relays per- 1 i e 
mits dispensing with control line wires, EG dc 
— in obtaining the control of the third sales 1 d 3: 
E position of three-position signals. The d cd B 1 i de 
.. polarized relays close contacts in two eid d 3 $5 
_—= positions according to direction of i O f 


_—— Current in track winding and open 
.—— them when deénergized, as by the 
+ presence of a train on the track cir- 
cuit. The polarity of the current sup- 
plied to the track circuit in the rear 
of any signal depends on the position 
—7 of that signal and the circuit control- 
-= lers attached to it. This method is 
known as polarized wireless control and 
— has its counterpart in direct-current 
Signaling. 
Maximum Capacity Arrange- 
|. ment. — Fig. 9 shows the latest de- 
' "velopment of signaling to give maxi- 
mum capacity where high- and low- 
— speed trains are run on close headway. 
y The main idea is to make possible 
-^ proper speed control. It will be noted 
z that the high-speed trains receive sufi- 
cient warning to stop at the proper 
point in spite of the spacing of signals 
being made close to get maximum 
capacity with low-speed trains, which 
May run for short distances on the 
high-speed tracks. 
Beginning with the first signal be- 
—. hind the occupied block at the left, 
the indications are respective] y “Stop, 
then proceed according to rule," “ Pro- 
-z Ceed, prepared to stop at next signal,” 
“Proceed, prepared to pass next signal 
at medium speed," *' Proceed.” 


INTERLOCKINGS AT CROSS- 
INGS, JUNCTIONS AND TER- 
MINALS. — All interlockings are 
designed with the view of insuring 
that signals governing traffic over any 
movable track must be in the stop 
Position before the track parts can be 
shifted, that the track parts cannot be 
moved under a train, that they must 
^ be locked in the proper position before 

the signals governing over them can 
be placed in the proceed position, and 
that conflicting signals cannot be 
given. 

The apparatus at an interlocking” 
consists of the signals and movable 


\ 
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Fig. 9. Circuits of Arrangement to give Maximum Track Capacity 
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track parts with their operating mechanisms and intermediate apparatus, the 
central-controlling interlocking machine (sometimes called an "'interlocker") 
located in a signal tower or station, and auxiliary apparatus. Three types* of 
interlockings are used: (1) mechanical interlocking, in which movement is trans 
mitted to the signals and track parts by means of wire and pipe connections to 
the levers in the interlocking machine; (2) electric interlocking in which the 
signals and track parts are moved by electric motors controlled through the 
interlocking machine; and (3), electro-pneumatic interlocking in which the 
signals and track parts are moved by compressed air controlled electrically 
through the interlocking machine. The last two types are called power inter- 
lockings as contrasted with the mechanical interlockings. 

Almost all large terminals in the United States use electro-pneumatic intet- 
lockings. It is most rapid in operation and its simplicity of construction and 
maintenance, its overload capacity and low voltage give great reliability. ln 
large and busy installations these points are generally considered to overbal- 
ance the excess of cost of compressing the air over that of charging the battenes 
in electric interlockings. 


Signal Apparatus. — Interlocking signals differ from automatic signals in 
external appearance only in such details as are necessary to enable the runnet 
to differentiate them. The differences are generally confined to shapes and 
markings of arms, locations on masts, etc., and call attention to modifications 
in the significance of some of the aspects of interlocking signals as distinguished 
from automatics, e.g., see section above on Semaphore Positions. In mecha» 
ical interlockings signals are operated by wire or pipe connections to the me 
chanical levers in the interlocking machine. Sometimes a low voltage electric 
operating mechanism is used, though the switches remain mechanically operated. 
In such cases the signals are controlled through contacts operated directly from 
the mechanical lever or from contacts on a small auxiliary lever properly inte 
locked with the other levers of the machine. 

In power interlockings the signal-operating mechanisms are essentially th 
same as those used for automatic block signals and are described above in the 
section on Power Mechanisms. Their control and operating circuits reple 
the mechanically operated pipe and wire connections of the mechanical inter 
locking signals. 

Track Apparatus. — The track apparatus comprises switches, movabk 
point frogs, detector bars, derails, bolt locks, drawbridge locks, etc, with 
their operating mechanisms. 

The detector bar is a piece of steel 36 inch or 14 inch thick, 2% inches wi& 
and varying in length up to 55 feet. It is supported beside the head of the rail. 
in the vicinity of a movable part of the track, so that it is capable of vertic! 
motion above the head of the rail when no car is present over it. 

On account of the fact that with power interlocking and a wide head of ni 
a mechanical detector bar is likely to be forced up outside the wheels of a a 
over a switch, mechanical bars are being supplanted by short track circuits, cl: 
detector track circuits, which are utilized to lock the switch-control lever in tk 
interlocking machine against being thrown under a train while a train is ovet 3 
movable track part. 

In all types of interlocking the movable part of the track is locked in p 
tion by connecting to it a horizontal bar, called the lock rod, which moves wit: 
the track part at right angles to the track. The lock rod is provided with hvk: 


* Combinations of (1) and (2) are rapidly coming into use, and are of great adva» 
tage when the tower space is restricted and a change of track layout calls for an ™ 
crease of capacity over that of the existing '* mechanical" machine. The combinatie 
' . «led " Electro-mechanical." 
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or notches into which a bar, moving in guides parallel to the track, may be 
moved when the switch, or other moving part, is in its correct position. This 
latter bar, which engages the lock rod, receives its motion from the connection 
which operates the detector bar. "The sequence of movements at the switch is: 
(1) the lifting of the detector bars; (2) the withdrawal of the bar engaging the 
lock rod (the latter operation not being capable of completion unless it has 
been possible to raise the detector bar to the full extent of its travel); (3) the 
movement of the switch, or other track part; (4) the lowering of the detector 
bar; (s) the entrance of the locking bar into the hole or notch in the lock 
rod, provided the moving part has made its full travel and is in its correct 
position. 

Intermediate Apparatus. — The movements enumerated in the above par- 
agraph are generally effected in mechanical interlockings by pipe connections 
from track parts and their locking devices to corresponding levers in the 
mechanical interlocking machine. Bell cranks are used in the pipe connections 
to change the direction of motion. Sometimes all the movements enumerated 
are effected in proper order by a device located beside the track, called a 
"switch and lock movement," which may be operated by one pipe connec- 
tion and machine lever. In power interlockings switch and lock movements 
are almost always used, power apparatus at the track and electric circuits 
replacing the mechanically-operated pipe connections. 

Power Apparatus for Electric Interlockings. — The power supply for 
electric interlockings is derived from storage batteries, used in duplicate sets to 
provide for charging, or in single sets charged while in service or tloated on the 
charging circuit. The nominal voltage is 110, but exceeds this figure if the 
batteries are charged in operation, or floated, or if, as is sometimes the case, 
more than 55 cells are used. A 120-ampere-hour cell is a common size for iso- 
lated plants. At such plants the charging is generally done two or three times 
a week by a gas-driven generator. A switch motor operating a single switch 
without mechanical detector bars in two seconds takes an average current of 
about 314 amperes. With about 200 feet of detector bar the corresponding cur- 
rent is about 412 amperes. A motor signal operating in the same time takes 
about 244 amperes to clear and one-tenth ampere to hold. Solenoid dwarf 
signals, which are quite commonly used, operate almost instantaneously and 
have a resistance of about 12 ohms and require 0.3 ampere to hold, resistance 


being cut in when the signal clears. 

Power Apparatus for Electro-pneumatic Interlocking. — Fach signal 
cylinder in electro-pneumatic interlocking is provided with an clectromagnetic 
pin valve fastened directly to the cylinder. The piston is metal-packed, single- 
acting and self-sealing at the end of its stroke under pressure. The cylinder 
bore is 3 inches and the stroke 4 inches except where two cylinders act jointly 
to obtain three positions of the semaphore. Admission of air is obtained by 
the energization of the magnet valve, and exhaust by the deénergization, the 
piston returning under the influence of the counterweight of the semaphore. 

The switch cylinders are double acting, and vary from four inches to seven and 
one-half inches in diameter, depending on the character of the load, and have a 
stroke varying from a length equal to the throw of the switch up to ro inches. 
The smaller cylinders are used to act directly on the switch points without bars, 
the larger ones to operate (through the medium of a switch and lock move- 
ment) the heavier movable-point frogs in connection with one end of a double 
slip with their complement of bars. The stroke of the larger cylinders is gen- 
erally 8 inches. Air is admitted to the cylinder by a slide valve. The latter is 
shifted by two small single-acting pistons, the admission of air to which is con- 
trolled by electromagnetic pin valves similar to those used on the signal cylin- 
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ders. The slide valve is locked in its extreme positions by a pin actuated bys 
smali piston controlled by a third electromagnet valve whose energization mut 
precede the operation of either of the pistons which shift the slide valve. 
The contro! of the various magnet valves is effected by contacts operated by 
the interlocking machine levers. Storage battery to give about fourteen volts 
is generally used and the individual currents may vary from %po to Wo of tn 


Interlocking Machine for Mechanical Interlocking. — The interlocking 
machine comprises the levers, or controller handles, corresponding to the 
apparatus governed, and the mechanical, or mechanical and electrical, inter- 
locking devices between the levers themselves, and between the levers and the 
apparatus governed by them. 

The mechanical locking between levers is effected in the "locking bed.” Ths 
is an iron plate, with two sets of parallel grooves. One set of grooves contains 
cold-rolled steel bars of rectangular cross section connected to and moved by 
the levers. 'The other set of grooves, at right angles to the first, contains 
shorter bars with ends shaped to engage with projections or depressions on the 
bars connected to the levers. The cross bars engage with the lever bars in suci 
a manner that a lever cannot be moved unless the lever bar affecting the other 
end of the cross bar is in a definite position, 

In a mechanical interlocking the operation of the detector bar and locking 
bar eperating in conjunction with a movable track part, is generally effected 
by a separate lever in the interlocking machine, called the lock lever. Thi 
lever js interlacked with the proper signal levers so that the latter must have 
heen operated to put the corresponding signals to stop before the lock lever aa 
be operated to raise the detector bar and unlock the switch, The switch leveris 
jn turn, interlocked with the lock lever so that if the lock lever cannot make its 
full stroke, due, for example, to a train being over the detector bars, the switch 
lever cannot be thrown. If, after the switch lever is thrown, the lock lever 
cannot be thrown fully back to its original position, due, for example, to the 
switch not having made full travel, and the locking bar not being able to properly 
engage the lock rod, the interlocking between the lock and signal levers prevents 
the latter from being operated to put the signals in the proceed position. ln 
mechanical interlocking plants rods connected to the signals are also often made 
to engage with the lock rod of the switch, 

Further protection is often obtained in mechanical machines by attaching to 
moving parts connected to the levers circuit controllers and electromagnetic 
locks. The electric locks act by gravity when deénergized to engage with à 
moving part connected to the lever. The circuit which energizes them may 
carrled through circuit controllers attached to the signal or track mechanisms 
or through the circuit controllers on other levers. , 


Interlocking Machine for Power Interlockingg. — In power interlocking 
the levers are small as they have to operate only the mechanical locking in the 
machine, and contacts for controlling the various circuits. The strain whic 
can be brought on the mechanical Jocking is thereby reduced, and it is made 
correspondingly smaller than in mechanical interlocking machines. [n the 
types of machines where the levers give a rotary motion to the circuit co 
trollers it is possible, by the use of the two extreme positions of the levers, © 
control signals governing over the same route in opposing directions by th 
same lever. Only circuits for signals in one direction are closed in an extreme 
position and the indication referred to below being received before the leves 
can be returned to the middle position, where it releases the mechanical locking. 
insures against signals being placed in the proceed position if opposing signal 
controlled by the same lever have not returned to stop. 
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Depending on the type a power interlocking machine may occupy less than 
one-quarter of the space taken by a mechanical machine, and require but one- 
quarter of the operators. Space is also saved on the ground, as the pipe connec- 
tions and foundations are replaced) by wires. 

In power interlockings the completion of the stroke of a movable-track part 
and its proper locking is " indicated ` on the machine by the energization of an 
electromagnetic lock which allows the lever to complete its full stroke, thereby 
releasing the proper mechanical locking in the machine. The circuit for the 
Jock is carried through contacts on the moving mechanism on the ground. The 
return of a signal to the stop position is indicated in a similar manner. 

Control of Current for Electric Interlockings. — The supply of cur- 
rent to the signats, switches, etc, may be effected directly by the controller 
in the interlocking machine, or by simple or polarized secondary controllers 
located at the various signals and switches, the windings of the secondary 
controllers being in turn supplied in whole or in part with current from the 
machine's lever contacts. The use of the secondary controllers permits the 
wires between them and the interlocking machine to be small, the power for 
operating the signals, switches, ete., being supplied through contacts operated 
by the secondary controller from mains running through the plant. 

On account of the small amount of current used to operate the secondary 
controllers, compared to the amount used by the apparatus they supply, the 
contacts in the interlocking machine may be as small and compact as in an 
electro-pncumatic interlocking machine, and therefore offer the same excellent 
opportunity for intercontrol of circuits in the machine itself. This is particu- 
larly important, for instance, where it is desired to effect roue locking (sce 
below), where it may be necessary to have certain signals and switches enter 
into a great variety of combinations. 

Indication Current for Power Interlockings. — Among the various 

. methods of providing the current for "indication" may be mentioned: (1) the 
use of the same current as is used for control and operation, called “battery 
indication;" (2) the use of polarized apparatus in connection with the preceding, 
or in connection with current of a different character from the operating current, 
to reduce the chances of false indications due to crosses, grounds, etc.; (3) uti- 
lization of the momentum of the operating electric motor to generate the indica- 
-tion current after the motor has completed the movement of the apparatus; (4) 
the operation of the electric motor as a motor generator after it has completed 
the movement of the apparatus, the generated current being distinctive in 
character, viz., alternating or of greater voltage than the operating current and 
of such direction as to selectively operate polarized magnets. 

Auxiliary Apparatus. — Various relays, indicators, annunciaters, emer- 
gency time lever releases and special circuits are used in connection with or 
in addition tp the essential interlocking apparatus to expedite the handling of 


trafic and to meet special conditions. 

Approach Locking. — Where electric locking is effective while a train is 
approaching a signal which has been set for it to proceed, to prevent manipu- 
lation of levers or devices which would endanger that train, it is termed ap- 
proach locking. 

Route Locking. — When electric locking is so arranged that it takes effect 
when a train passes a signal to prevent manipulation of levers which would en- 
danger the train while it is within the limits of the route entered, it is termed 
roule locking. 

Sectional Route Locking. — To minimize the limitation of trackage 
. capacity which results from route locking, especially when the route lies across 
* the through tracks, sectional route locking is used. This is route locking so 
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arranged that a train in clearing each section of a route releases the locking 
affecting that section. The detector track circuits are used to accomplish this 
type of locking. When route locking is not used it is necessary, in order to 
safely obtain full trackage capacity, to space the signals so close that no cor 
siderable amount of track is locked by the clearing of any one signal. Wher 
the track layout and traffic conditions are such that short switching move 
predominate over through routing this latter method is superior in giving 
greater capacity and flexibility. 


AUTOMATIC STOPS. — Automatic stops have been in use for a number 
of years in connection with elevated and subway roads. They have been [iu 
operated by direct mechanical connection to the signals or by separate mechan- 
isms working in conjunction with the signals, and have consisted of arms located 
on the roadbed so that when elevated they were in position to engage with aud 
operate a connection to the brake system on the car. It is evident that as a 
train may travel a considerable distance after the brakes are applied, and as 
the engineman or runner is dependent on the signals for the knowledge necs 
sary to the proper control of his train, the relation of signal and stop locations 
must be such that in case the signals are properly observed the brakes wil 
not be automatically applied, while if the contrary is the case, the space inter- 
vening between the train causing the display of the danger signal and the 
automatic stop protecting it must be sufficient to allow a following train bens 
brought to rest without a collision. 

This may be accomplished in two ways: (1) by using an overlap (i.., extend- 
ing the control of a signal to a point sufficiently beyond the next succeeding 
signal), which increases the spacing of trains and diminishes the capacity of the 
road; (2) by giving the runner an advance indication of the position of the sigul 
at which it may be necessary to make a stop, so that if necessary he may brin 
his train under control in time to stop at the proper point. In the latter as 
the automatic stop is located to bring the train to rest at the stop signal, in a% 
the speed has not been properly reduced. Up to the present (1913) automati 
stop installations have been almost universally on the overlap system. 

On account of clearances and atmospheric conditions, the automatic st? 
problem for steam roads is very difficult ‘of solution. The problem is furth 
complicated by the fact that there are involved the different conditions affect: 
ing freight and passenger traffic, a differentiation between the absolute stop 
indication of an interlocking signal and the permissive stop indication of » 
automatic block signal, and a differentiation between the speeds permissabk 
over different routes, as indicated by an interlocking signal, with two or mot 
arms, located at a point of divergence. 

The above considerations indicate that the satisfactory solution of the auto 
matic-stop problem for the majority of roads must follow the trend of modem 
signaling, and be based on speed control. 


BIBLIOGRAPHY. — Railway Signaling, Elec. Jour., Pittsburg; Report os 
the block signal systems and appliances for the automatic control of railway trai. 
U.S. Interstate Com. Com., 1907; Elliott, W. H., Blocks and Interlocking Sigs! 
and A. B. C. of Railroad Signals; Latimer, J. B., Railway Signaling in Thur 
and Practice, Chicago; Lavarack, F. C., Locking; Numerous papers in Pra. 
Ry. Signal Assoc. 
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SKIN EFFECT. — (Sce also Flectricity and Magnetism, Principles of; Re- 
sistance and Conductance, F-leclric.) A conductor of finite cross-section may be 
looked upon as made up of separate filaments, just as a beam may be looked 
upon as made up of separate fibers. The inductances of the various filaments 
which make up such a conductor are different, due to the fact that the exterior 
filaments are linked by fewer {lux lines than the interior filaments; see Elec- 
tricity and Magnetism, Principles of, and Inductance and Inductive Reactance. 
Consequently, when the same potential gradient (varying with time, however) 
is established through all the filaments of such a conductor, by connecting it to 
some external source of alternating or varying e.m.f., the self-induced back e.m.f. 
in the interior tilaments will be greater than in those filaments nearer the sur- 
face, and therefore the resistance drop in the interior filaments must be less 
than in the surface filaments. ‘This can be brought about only by the current 
distributing itself over the cross-section of the conductor in such à manner 
that the current density in the interior of the wire will be less than at the surface, 
i.e., the current is forced toward the surface filaments or “skin” of the wire; 


hence the term "skin-eifect" for this phenomenon. 


Factors upon which the Skin Effect Depends. --- The self-induced e.m.f. 
depends not only upon the amount of tlux set up but also upon the rapidity of 
hence the skin effect becomes more pronounced the greater the 


its variation; 
It is also greater the larger the cross section 


frequency of the impressed e.m.f. 
of the conductor, the greater the conductivity of the conductor and the greater 


its magnetic permeability. It also depends slightly upon temperature since the 
conductivity changes with temperature. 
Change in Resistance and Inductance due to Skin Effect.— As a 


consequence of the skin-cffect the effective resistance of a conductor to alter- 
nating currents is greater than to direct currents, but the infernal in- 


- ductance decreases with the frequency; the external inductance is not altered; 


see Inductance and Inductive Recactance. Whereas, however, the internal in- 


' ductance with increasing frequency approaches a limiting value, the resistance 
' Increases indefinitely as the frequency approaches an infinite value. 


The change 


` of resistance is always relatively much larger than the change in the total in- 
:- ductance. 


The effects just described are, for the most part, negligible at low frequencies, 


except in the case of heavy conductors and in coils wound with stout wire in 


` 
VN 


Ne 


several layers. In the latter case, however, the diminution of the inductance, 
due to the irregular distribution of the current, is masked, to a greater or less 


i degree, by the effect of the capacity between the windings of the coil, which 


gives rise to an increase of the inductance with the frequency. For the same 
reason the resistance is increased more than it would be by the eddy currents 


alone. 
Unfortunately, the rigorous or approximate solution of the problem at high 


frequencies for the various cases which arise in practice is in many instances 
very difficult, if not impossible. 
SKIN EFFECT IN STRAIGHT ROUND WIRES. — An accurate 


solution for the case of straight solid* wires of circular cross-section has been 
given in a number of different forms by various scientists. A summary of the 


. formulas is given in a paper by Rosa and Grover, Bull. Bur. Stds., 1912, Vol. 
p 8, P. 172. 


The calculations are most conveniently made by the use of the 


* Tests at the Massachusetts Institute of Technology in 1913 indicate that the formulas 
for solid wires also apply to round stranded wires of the same cross section of metal, not 


the same over-all diameter. 


i 
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-tables given in Rosa and Grover’s paper, which are given in a condensed form . 
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below. Let > cn 

f = frequency in cycles per second, 

p = permeability of the wire, assumed constant, 

R= direct-current resistance, in ohms, of 1000 feet of the wire; se 

tables in the article on Wires and Cables, Bare. 

L = direct-current inductance, in millihenries per rooo feet, of a nor 
magnetic wire of the same cross section as that of the given wire, 
and at the given spacing between wires, taken from the tables in 
the article on Inductance and Inductive Reactance. 


Calculate the quantity 
uf 
% = 0.02768 V4. (1) 


and take from the following table the corresponding values of Ki and Kx. Thea 
the alternating-current resistance at the frequency f is 


= KiR - ohms per 1000 ft. — (2) 
and the alternating-current inductance of the given wire at the frequency / 5 
L' = L + 0.01524 (uKa — 1) millihenries per 10oo ft. (3) 


For x greater than 7 the following relations hold to within less than 1 per cent, 
the error being less the greater the value of x: 


: n 
R C cp koas Jf, 


L’ = L + 0.01524 (= -1 ) (s) 


Example.— Take the case of a 1,000,000-circular-mil copper cable (assum 
equivalent to a solid wire of the same cross section; see footnote on precelit 

page), frequency 60 cycles, and return wire 10 ft. away. Then at 25°C. R= 
0.0108 ohm per 1000 ft. of wire, L = 0.3494 millihenry per 1000 ft., for dirat 
current. The value of x is 


€ = 0.02768 eros m 2.06. 


From the table below Ki = 1.088 and K:= 0.957, and the alternating-curet 

resistance at 25? C. is therefore R’ = 1.088 X 0.0108 = 0.0118 ohm per root. 

and the alternating-current inductance is L’ = 0.3494 + 0.01524 (1X 0.957 7 ! 
= 0.3487 millihenry per 1000 ft. 


wea ua a oW us sn c. suc gu gs gt 
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SKIN-EFFECT FACTORS FOR SOLID ROUND WIRES 


d cr | 
x K, K; S X | K | EK K, K, 
Sa WSS SS Sa Se ein 
0.0 | 1.00000 00000 | 3.8 | 1.60314 lo 71720 IO.; 3.97477 | 0.26832 
O.I | 1.00000 | 1.00000 | 3.9 1.645051 | O 70165 I1. 4.15100] 0.25622 
0.2 | 1,00001 00000 | 4.0 1.67787 | 0.68042 LL. 4.32727 | 0.24516 
0.3 | 1.00004 | 0.90998 4.1 I.71516 | 0.67135 !! 12. 4.50358 | 0.23501 
0.4 | I.00013 | 0.99993 [i 4.2 1.75233 | O 05077 | 12. 4.67093 | 0.22567 
0.5 | 1.00032 | 0.99984 4.3 1.78933 | 0.04202 || 13 4.85031 | 0.21703 
0.6 | 1.00067 | 0.999606 | 4.4 | r.82014 | 0.62890 || 13. 5.03272 | 0.20903 
0.7 | 1.00124 | 0.99937 4.5 1.80275 | 0.01503 || 14. 5.20915 | 0.20160 
0.8 | 1.00212 | 0.99894 | 4.6 1.89914 | 0.60281 || 14. 5.35560 | 0.19468 
0.9 | 1.00340 | 0.99830 4.7 1.93533 | 0.59044 || TS. 5.56208 | 0.18822 
1.0 I.00519 | 0.99741 4.8 I.97131 | 0.57552 16 5.91509 | 0.17649 
I.I | 1.00758 | 0.99621 4.9 2.00710 | 0.50703 || 17. 6.26817 | 0.106614 
I.2 | 1.01071 | 0.99465 || 5.0 | 2.04272 | 0.55597 || 18. 6.62129 | 0.15694 
I.3 | 1.01470 | 0.992066 $.2 | 2.11354 | 0.53506 || I9. 6.97116 | 0.14870 
I.4 | 1.01969 | 0.99017 5.4 2.18389 | 0.51566 | 20. 7.32767 | 0.14128 
I.5 | 1.02582 | o.98711 || 5.6 | 2.25303 | 0.49764 || 21.0 | 7.68091 | 0.13456 
1.6 | 1.03323 | 0.98332 5.8 | 2.32550 | 0.48086 || 22.0 | 8.03418] 0.12846 
I.7 | 1.04205 | 0.97904 6.0 | 2.39359 | 0.46521 || 23.0 | 8.38748 | 0.12288 
I.8 | 1.05240 | 0.97390 6.2 | 2.46338 | 0.45056 || 24.0 | 8.74079 | 0.11777 
E | 
I.9 | r.06440 | 0.96795 6.4 2.53321 | 0.43632 || 25.0 | 9.09412 | O.I1307 
2.0 | 1.07816 | 0.96113 6.6 2.60313 | 0.42389 | 26.0 | 9.44748 | 0.10872 
2.1 | 1.09375 | 0.95343 6.8 2.67312 ' 0. 41171 || 28.0 | 10.15422] 0.10096 
2.2 | 1.11126 | 0.94482 7.0 | 2.74319 | 0.40021 |. 30.0 86101 | 0.09424 
2.3 | 1.13069 | 0.93527 || 7.2 | 2.81334 | 0.38933 [eee 56785 | 0.08835 
2.4 | 1.15207 | 0.92482 7.4 2.88355 | 0.37902 |' 34.0 .27471 | 0.08316 
2.5 | 1.17538 | 0.91347 7.6 2.95380 | 0.30023 ! 36.0 .98160 | 0.07854 
2.6 | 1.20056 | 0.90126 4.8 | 3.02411 | 0.35992 || 38.0 .68852 | 0.07441 
2.7 | 1.22753 , 0.88825 8.0 | 3.09445 | 0.35107 |, 40.0 39545 | 0.07069 
2.8 | 1.25620 | 0.87451 8.2 | 3.16480 | 0.34203 | 42.0 .10240 | 0.06733 
2.9 | 1.28644 | 0.86012 8.4 | 3.23518 | 0.33400 |! 44.0 .80936 | 0.06427 
3.0 | 1.31809 | 0.84517 8.6 | 3.30557 | 0.32092 E $1634 | 0.06148 
3.1 | 1.35102 | 0.82975 8.8 | 3.37397 | 0.31958 || 48.0 22333 | 0.05892 
3.2 | r.38504 | 0.81397 9.0 | 3.44038 | 0.31257 || 50.0 93032 | 0.05656 
3.3 | 1.41999 | 0.70794 9.2 | 3.51680 | 0.30585 || 60.0 .4654r | 0.04713 
3.4 | 1.45570 | 0.78175 9.4 | 3.58723 | 0.29941 || 70.0 | 25.00063 | 0.04040 
3-5 | r.49202 | 0.76550 9.6 | 3.65766 | 0.29324 |! 80.0 | 28.53593 | 0.03535 
3.6 | 1.52879 0.74929 9.8 | 3.72812 | 0.28731 |; 90.0 | 32.07127 | 0.03142 
100.0 | 35.606606 | 0.02828 


3.7 | 1.563587 | 0.73320 || 10.0 | 3.79857 | 0.28162 


SKIN EFFECT IN THIN STRIPS AND TUBES. — The following 
formulas are exact for a flat strip of infinite width and at an infinite distance 
from any other conductor carrying a current; they also apply with a close degree 
of approximation to a strip which has a width of ro or more times its thick- 
ness or to a tube which has a circumference 10 or more times its thickness, pro- 
vided no other conductor carrying a current is closer than a distance of ro times 
the thickness of the strip or tube. In the case of several strips in parallel and 
dose to one another, the ratio of the a-c. to the d-c. resistance (and the same 
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also applies to the a-c. and d-c. inductance) is something between the ratio (55 
which would hold for each strip separately and the xatio which would hold for f 7*4 
a single strip having a thickness equal to the total thickness of all the strips $759 
The closer the strips are together the nearer is the true ratio to that which 
would hold for a strip having the total thickness of all the strips. 
Let ¿= thickness of strip, or twice the thickness of the wall of a tube, in cet 
timeters, . 
w = width of strip or half the mean circumference of tube, in centimeters, 
1 = length of strip or tube in centimeters, 

p = specific resistance of conductor, in microhms per centimeter cube, a f a 
the given temperature, « 
p = magnetic permeability of conductor in absolute units, 


f = frequency in cycles per second, 


x = 0.1987 t s. | 


Then d-c. resistance is ; S 
107 ‘pl i. 
. R= ohms. m 


wk 
The d-c. internal * inductance is 


P^ xg ‘ 
L;= 1.047 X 101 millihenries. » 


The ratio of the a-c. to the d-c. resistance is 
Rx (s + sin (57.3 2 
R = a \ cosh x — cos (57-3 X) 
and the ratio of the a-c. to the d-c. internal inductance is ' 
L/ 3 (8 x — sin (57.3 x)? ) t 
Li = x \cosh x — cos (57-3 x)? 
For x less than unity these ratios are unity to within 0.6% 


tively, i.e., the a-c. resistance is practically equal to the d-c. resistance and t 
: ] inductance 


a-c. internal inductance 1s practically equal to the d-c. internal I" 
ithin 0.5 70° 


and 0.2% rere 


For x greater than 6 the following formulas are accurate to Wl 
Ro NE 
R 2 L; =x 


To a very rough degree of approximation the skin effect in a fs fot 
shaped cross section may be approximated by using the above formulas 1° 
strip, taking for the effective width w one-half the perimeter of the ae 
centimeters) and for its effective thickness twice the area © the ^ i 
square centimeters) divided by its perimeter. In general, then, for te ^7, 
area the skin effect will be less the greater the perimeter of the ae dn: 

. the section approaches more nearly that of a solid circle than that of 38 
gated rectangle, the formulas for a solid round wire give 


results. 

SKIN EFFECT IN IRON AND STEEL CONDUCTORS. D. 
effect in conductors having a variable permeability is not susceptible a 
matical calculation. For tests on iron and steel conductors of 
rails, etc., see report of the International Railway Test Commiss! i 
y the skin effect, depends oF 


* The external inductance, which is uninfluenced b 
nd uctive 


the distance away of the return conductor; see Inductance G 
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1903; as the permeability of iron and steel ranges between such wide limits, 
the data given in this report should be used with caution. See also the article 
in this book on Trolley Systems, Overhead; Signalling, Railway. 

Skin Effect in Copper-clad Steel Wires. — The data given below are 
from tests made in the Electrical Engineering Research Laboratory of the 
Massachusetts Institute of Technology, on samples furnished by the Duplex 
Metals Co. 


7 


Solid 

Solid 
Stranded 
Stranded 


"d 
Size of wire, B. & S. gage, E 
or diameter in inches 


- 
~ 


~ 
w 


Per cent conductivity, man- 


ufacturer's rating.......... 30 30 40 30 30 30 
Total metal cross section in 
circular mils........ ..| 6530 16,510 | 41,740 | 28,750 | 45,710 | 183,750 


Ratio of A-C. to D-C. resist- 
ance at 20? C.: 


At 25 cycles per sec...... 1.00 1.00 1.00 1.00 1.00 I.o1 
At 60cycles per sec...... 1.00 1.00 1.00 1.00 1.00 1.06 
At 500 cycles per sec...... 1.02 1.07 III 1.14 1.15 1.59 
At 1000 cycles per sec...... 1.05 I.14 I.16 1.31 1.31 2.05 
At 5000 cycles per sec...... 1.24 1.29 1.27 2.01 2.22 3.16 
Increaseininductance, t AL, 
millihenries per 1000 ft.: 
At 25 cycles per sec...... o.18* | 0.100 | 0.031 | ©.119 | o.o89 | o.o7* 
At 6ocycles per sec...... 0.18* | 0.009 | 0.030 | O.II7 | 0.088 0.07* 
At soocycles per sec......| 0.15% | 0.068 | 0.007 | 0.086 | 0.059 0.023 
At 1000 cycles per sec.. .... 0.085 | 0.038 j,—0.002 | 0.057 | 0.038 0.007 


At 5000 cycles per sec...... 


* Approximate. $ 
t Calling L the inductance of a solid round, non-magnetic wire of the same cross 


' Section and on the given spacing, taken from the tables in the article on Inductance 
‘~ and Inductive Reactance, the alternating-current inductance of the copper-clad wire on 


this spacing, is 


L’=L+4L millihenries per 1000 ft. 


~- BIBLIOGRAPHY. — A complete bibliography on the formulas for skin 
effect is given in the paper by Rosa and Grover, Bull. Bur. Stand., 1912, Vol. 8, 
D. 172; see also Steinmetz, C. P., Transient Electrical Phenomena and Oscil- 


. , lations, N. Y., 1909. 
[H. PENDER.] 
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SMOKE PREVENTION. — The direct cause of smoke from boiler fit 
naces is that the gases distilled from the coal are not completely burned in the 
furnace before coming in contact with the surface of the boiler, which chils 
them below the temperature of ignition. 

Smoke may be prevented from forming if each particle of gas, as it is made 
by distillation from coal, is immediately mixed thoroughly with hot air. Eva 
if smoke is formed by the absence of conditions for preventing it, it may alter- 
wards be burned if it is thoroughly mixed with air at a sufficiently-high ter 
perature. It is easy to burn smoke when it is made in small quantities, but 
when made in great volumes it is difficult to get the hot air mixed with it unless 
special apparatus is used. In boiler firing the formation of smoke must b 
prevented, as the conditions do not usually permit of its being burned. 


Essential Conditions. —'The essential conditions for preventing smok 
in boiler fires may be enumerated as follows: 


1. The gases must be distilled from the coal at a uniform rate. 

2. The gases, when distilled, must be brought into intimate mixture with 
sufficient hot air to burn them completely, 

3. The mixing should be done in a fire-brick chamber. 

4. The gases should not be allowed to touch the comparatively-cold surfaces 
of the boiler until they are completely burned. This means that the gis: 
shall have sufficient space and time in which to burn before they are allowe: 
to come in contact with the boiler surface. 

Every one of these four conditions is violated in the ordinary method al 
burning coal under a steam boiler. (1) The coal is fired intermittently an 
often in large quantities at a time, and the distillation proceeds at so rapid a 
rate that enough air cannot be introduced into the furnace to bum the gos 
(2) The piling of fresh coal on the grate in itself chokes the air supply. (3) Ti 
roof of the furnace, or tubes of the boiler, is a cold shell instead of a fire-brick 
arch, as it should be, and the furnace is not of a sufficient size to allow the gx: 
time and space in which to be thoroughly mixed with the air supply. 


Methods of Prevention. — In order to obtain the conditions for prever: 
ing smoke it is necessary: (1) That the coal be delivered into the furnace * 
small quantities at a time. (2) That the draft be sufficient to catry eno 
air into the furnace to burn the gases as fast as they are distilled. (3) Thai th 
air itself be thoroughly heated either by passing through a bed of white} 
coke or by passing through channels in hot brickwork, or by contact with +: 
fre-brick surfaces. (4) That the gas and the air be brought into the mc“ 
complete and intimate mixture, so that each particle of carbon in the gas mc 
before it escapes from the furnace its necessary supply of air. (5) That th. 
flame produced by the burning shall be completely extinguished by the burn. 
of every particle of the carbon into invisible carbon dioxide. 

If a white flame touches the surface of a boiler, it is apt to deposit soot an 
to produce smoke. A white flame itself is the visible evidence of incom: 
combustion. 

Anthracite Coal. — The first remedy for smoke is to obtain anthnc 
coal. If this is not commercially practicable, then obtain, if possible, coal wi" 
the smallest amount of volatile matter. Coal of from 15 to 25 per cent n 
volatile matter makes much less smoke than coals containing higher percentate 
Provide a proper furnace for burning coal. Any furnace is a proper fur 
which secures the conditions named in the preceding paragraphs. Next, com 
the firemen to follow instructions concerning the method of firing. 


Bituminous Coal. — It is impossible with coal containing over 30 per cee 
of volatile matter and with a water-tube boiler, with tubes set close to the gi 
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and vertical gas Passages, as in an anthracite setting, to prevent smoke even by 
the most skillful fring. This siyle of setting for a water-tube boiler should 
- be absolutely condemned. A Dutch oven setting, or a longitudinal setting with 
fire-brick batle wills, is highly recommended as à smoke-preventing furnace 
but with such a furnace it is necessary to use considerable skill in firing, 

Steam Jets and Mechanical Stokers. - Mechanical mixing of the gases 
and the air by steam jets is sometimes successful in preventing smoke, but it 
is not a universal preventive, especially when the coal js very high in volatile 
matter, when the hiring is done unskillfully, or when the boiler is being driven 
beyond its normal capacity. It is essential to have sufficient: draft to burn 
the coal properly and this draft may be obtained either from a chimney or a 
. fan. There is no especial merit in forced draft, except. that it enables a 
larger quantity of coel to be burned and the boiler to be driven harder in case 
Of emergency, and usually the harder the boiler is driven, the more difficult it 
is to suppress smoke. 

Down-draft furnaces and mechanical stokers (q.v.) of many diferent kinds . 
. are successfully used for smoke prevention, and when properly desizned and 
Installed and handled skillfully, and usually at a rate not beyond that for 
which they are designed, prevent all smoke. If these appliances are found 
giving smoke, it is always due either to overdriving or to unskillful handling. 
Itis necessary, howcver, that the design of these stokers be suited to the quality 
of the coal and the quantity to be burned, and great care should be taken to 
provide a sufficient size of furnace with a fire-brick roof and means of introduc- 
_ Ing air to make them completely successful. 


BIBLIOGRAPHY. — Gebhardt, G. F., Steam Power Plant Engineering 
Y., 1909; Kent, Wm., Steam Boiler Economy, N. Y., 1914; Kent's M cchanical 
| Engineers? Pocket-Book, N. Y., 1913. 

(Wa. KENT] 
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SPARK GAP FOR MEASURING HIGH VOLTAGES. — One d 
the simplest methods of obtaining a measure of the value (maximum value n 
case of an alternating voltage) of a high voltage is to determine the length «i 
air gap between two electrodes across which the given voltage will just aw 
a spark to pass. The voltage (maximum value) required to break down sud 
a gap depends upon: 1. the shape and size of the electrodes; 2. the prs 
ence of other conductors in the vicinity of the gap; 3. the time of applicati: 
of the voltage; and 4. upon the temperature and pressure of the air. Tht 
dependence of the break-down voltage upon the shape and size of the electro 
is due not only to the effect of these factors upon the potential gradient in tt: 
gap but also to the fact that the maximum potential gradient at which a 
breaks down is dependent upon the distribution of the electrostatic field in tx 
gap (see article on Corona) and is greater for very short gaps (0.5 cm. or les! 


than for long gaps. 
For the same maximum value of the voltage it has been found that the str- 


for direct as for alternating voltages. 


Time of Application of Voltage. — Air (and other gases) will stand for 
short period of time (i.e., a few seconds) a much larger potential than it wi 
stand for an indefinitely long period of time; this phenomenon is known 2 
dilatation. After a voltage has been applied to a gap for about one minute, 
the apparent dielectric strength becomes sensibly constant. When measure 
ments must be made with great rapidity, dilatation may be prevented bi 
illuminating the gap by an arc-lamp. This procedure reduces the value of tl: 
sparking voltage, but only to a slight extent. (The theory of the action is ths: 
the ultra-violet light from the arc-lamp ionizes the air in the gap, thereby cu- 
ling the spark to pass at once.) ; 


NEEDLE SPARK GAP. — Steinmetz in 1898 (Trans. A.I.EE., Val. 1; 
p. 281) made a careful determination of the voltages required to produce a spits 
between spherical, cylindrical and pointed (needles) electrodes. Steinm: 
concluded that the sparking voltage between needle points (a sine wave c 
potential being used) was especially constant for any given set of conditions 21 
that after the curve connecting spark potential and distance between nevi 
points had been carefully ascertained, the needle spark gap offered a vet 
valuable means for measuring high voltages. Results obtained under lit 
conditions have checked very well for voltages up to about 100,000. Abo 
this voltage, however, it has been found difficult to duplicate conditions neatly 
enough for different observers to obtain results which are in agreement. 


A.IE.E. Needle Spark-gap and Spark-over Voltages. — See parua 
272 and 274 of the Standardization Rules of the AI.E.E. (q.v) 


Effect of Pressure and Temperature on Needle-gap Voltage. — Acco 
ing to H. J. Ryan (Trans. AJ.E.E., 1904, Vol. 23, p. ror), the breakde: 
voltage for a needle gap is proportional to the barometric pressure. T 
A.LE.E. table is for normal atmospheric pressure and a correction show: 
therefore be applied when the atmospheric pressure differs appreciably in= 
29.92 inches (76 cm.). No data on the effect of change of temperature 33 
available; for ordinary ranges of temperature the effect is probably small. 


Fisher's Spark Gap. — Fisher (Trans. Int. Elec. Cong., 1904, Vol. 2, ). 24 
has suggested the use of a needle gap with concave disks of about ro-inch duc 
eter placed back of the points, these disks reducing the brush discharge 3° 
rendering the readings more consistent. The calibration for such a gap is ift 
ent from that for two opposing heedles; see Fisher's paper. Fisher also fouc: 
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that the degree of sharpness of the needles had a decided effect upon the break- 


.- down voltage, and that the sharper the points the more consistent the results. 


SPHERE SPARK GAP. — Farnsworth and Fortescue (Proc. A.I.E.E., 
Feb., 1913) have suggested the use of a spark gap between two spheres. The 


- following is adapted from their paper. 


Besides giving inconsistent results the needle-point spark gap is cumbersome 


` and requires a great deal of space. If constructed according to the A.LE.E. 


rules, the space required for a spark gap to measure 300,000 volts would be 
approximately 20 feet by 12 feet by 12 feet as compared with a space of 4 feet 


' by s feet by 8 feet required for a sphere spark gap having a range from 50,000 to 


412,500 volts. In addition to this advantage the sphere spark gap breaks 
down with a sharply-defined spark discharge without previous formation of 


. Corona, provided the distance of separation is less than the diameter of either 


sphere. For greater distances of separation the corona forms first and the 


- sparking voltage for a given length of gap becomes more or less variable. 


Another advantage of the sphere spark gap is that the terminals do not have 


to be renewed after each discharge, as is the case with the needle gap. 


. Contact with the lower sphere 


; carefully-threaded rod having a 
l pitch of two per centimeter. The 
. bushing being graduated to fifti- 


Construction of Sphere Spark Gap. — Fir. 1 shows the arrangement 
recommended by Farnsworth and Fortescue and the relative dimensions of the 
supporting structure in terms of a 
the sphere diameter, A. Being 8 
constructed vertically they use a 
very small floor space as com- 
pared with equivalent horizontal 
needle-point gaps. The top sphere 
IS Stationary but slightly adjust- 
able in height so as just to make 


When it is set for zero separation. 
The lower sphere is mounted on a 
piece of brass tubing which carries 
a threaded bushing on its lower 
end. This bushing works on a 


z eths on its circumference, separa- A variation of 1 cm. in thickness and 


tion may be measured to the __ width of wooden parts is permissible, 
nearest l4oo cm. directly, thus Fig.1. Relative Dimensions of Sphere Spark Gap 
providing a micrometer adjustment. Being made of large parts the whole 
arrangement is mechanically strong and the spheres are kept in constant align- 
ment. Being mounted on large wheels the spark-gap sets are very portable 
and may also be picked up by a crane without risk of damage. 

A.LE.E. Sphere Spark-gap and Spark-over Voltages. — See paragraphs 
272 and 275 of the Standardization Rules of the A.I.E.E. (1914 edition). 


BIBLIOGRAPHY. — In addition to the references in the text the following 


; on contain useful data on spark potentials: Kowalski and Rappel, A-C. 
. Spark Potentials, Phil. Mag., 1909, Series 6, Vol. 18, p. 699; Russel, Dielectric 


Strength of. Insulating Materials, Electrician, 1907, Vol. 6o, p. 160; Phil. Mag., 
1906, Series 6, Vol. II, D. 237; Proc. Phys. Soc. Lond., 1906, Vol. 20, p. 49; 
Warburg, Spark Potentials, Ann. der Phys., rgo1, Series 4, Vol. 5, p. 811; 
Pashen, Spark Potentials, Ann. der Phys., 1889, N. F., Vol. 39, p. 69. See also 
bibliography in article on Corona. 

[W. S. Gorton.] 


- 777. X. 


== orig eei aaa = 


E 


— 


nu mome 


P 


— ———Á—Á A € 


smk 7338. 


Tar qM: catis ge rok + 
r 


— Ta, . ——— 9X 


oM Aet 


1290 — Specifications and Contracts 


aire 
" V 
ha i] 


SPECIFICATIONS AND CONTRACTS. — (See also Slandardizain 
Rules and Standard Specifications; also under name of apparatus.) Webse 
defines a specification as a written statement containing a minute description i 
enumeration of particulars, and a contract as a formal writing which contu 
the agreement of parties, with the terms and conditions, and which serves s: 
proof of the obligation. A “preliminary " specification is a description à 
enumeration of a purchaser's requirements when calling for bids. A "ow 
tract " specification is a description or enumeration of labor and material * 
be supplied under a contract of which the specification is an integral part. 4 


An 


* manufacturer's" specification is a description or enumeration of seconit ff . T 
details peculiar to the work of the individual manufacturer. This also i I 
! 3 

often made an integral part of a contract. is 
POLICY TO BE FOLLOWED. — When writing a specification te $ 31 
engineer should bear the following points in mind: ir 
1. A preliminary specification is a commercial instrument designed to de § =" 
scribe labor, material or results desired by a purchaser, with the object of enabix J | 
competitive bidders to estimate with equal facility upon the amountofaconrat | I 
2. Asa rule, contractors are as honest as the struggle for commercial existe | ll 


permits them to be, and every unnecessary or unfair clause in a specification bis 
its part in limiting competition and lowering the standard of honesty amo 
contractors. A similar remark applies to requirements of which the purchas! 
cannot ascertain or enforce the fulfillment. 

3. The standards of the national engineering societies should be followed unles 
local conditions prohibit them, and manufacturer's standards should be fallow: 
if low bids are to be expected. 

4. No specification should contain a blanket clause covering the furnishin: 
of unnamed contingencies unless all bidders are to have an equal opportualt 
to ascertain what such contingencies are likely to be. If such a clause is mux 
very broad, it is unlikely that the courts would hold it valid. 

s. Before drawing the specifications, determine to what extent the contract 
is to be made responsible for the final results. 

6. Avoid specifying proprietary articles or material as far as possible in orit 
not to restrict competition. 

7. Quality is an important factor in cost, hence unless the very best materi: 
and workmanship are required, in spite of the higher cost, it is necessary t 
adopt some fair commercial standard. 

8. There are many minor items in specifications which cannot be minute 
described without making the specifications unduly long. In such cases it i 
good practice to specify that these items shall be made “to the reasonable su- 
faction of the inspector," the word "reasonable" saving the contractor ine 
arbitrary and unjustifiable actions of the inspector by enabling him to reíer Ux 
reasonableness of such actions to the arbitrament of the courts. 


FORM OF SPECIFICATIONS. — All specifications should be wnttc 
in clear, concise language, free from ambiguity, and should be in convenient fer 
for referenoe purposes. 

It is desirable to number the paragraphs or clauses of all specifications 
facilitate reference, and every item of the work should be alloted a separ 
clause. 

There are two general classes of specifications. In one class results only at 
specified and all requirements should be rigorously exact. In the other che 
details of construction are specified and requirements can be stated in appo 
mate terms only. Wherever practicable the former class of specification sbo: 
be used. A combination of the two classes is also commonly adopted, bu * 
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such cases an agreement as to results does not bind the contractor if the methods 
of arriving at these results are also specified. (See J. C. Wait, Eng. News, 


- June 8, 1905). In either case considerable study should be given to securing a 


happy medium between brevity and elaboration of details. The degree of detail 
should be governed very largely by the magnitude and importance of the work. 

The following is suggested as a suitable plan to follow in drawing up specilica- 
tions for materials. It is the result of a study of this subject by a special com- 
mittee of the American Society for Testing Materials. P 

Whatever form is adopted should be closely adhered to in writing all the 
specifications for a given job. 

I. The specification shall be divided into eight “Parts.” 

2. The titles of these Parts shall be in large upper-case type centered over the 
text and preceded by a Roman numeral. 

3. The titles of these Parts shall be as follows unless conditions necessitate 
some variation. In case a Part is omitted, the Roman numerals shall be con- 


tinued in an unbroken sequence. 


I. Manufacture. 
II. Chemical Properties and Tests. 
III. Physical Properties and Tests: Mechanical, Electrical, Magnetic, 
Thermal, etc. 
IV. Standard Sizes, Dimensions, Weights, Gauges, etc. 
V. Workmanship and Finish, 
VI. Packing, Marking and Shipping. 
VII. Inspection and Rejection. 
VUI. Definition of Terms. (Ifa specification contains numerous terms that 
admit of ambiguity, they shall be detined under this sub-title.) 


4. Each "Part" of à specification shall be divided into “Clauses ” or Sec- 


. tions,” which shall be numbered continuously throughout the specification in 


^ 


Arabic numerals. Every Section or Clause of printed specincations shall have 
a marginal heading in boll-face type, brietly indicative of its content. If 
Specifications are on one side of the paper, the clause titles shall be in the left- 
hand margin; if printed on both sides, as in a book, the clause titles shall be in 
the outside margins. 

5. Each Section or Clause may be subdivided into paragraphs distinguished 
Y lower-case italics in parenthesis. 

6. Directly after the title of the specification insert sections of an intro- 
ductory, descriptive or general character. No sub-title shall precede this 
matter, which shall precede Part I. 

7. Desired values, rather than permissible limits, shall be given, followed by 
a Statement with respect to permissible variations. 

8. In so far as practicable, specified values shall be expressed in tabular form, 

9. The Style sheets of the A.L.E.E., A.S.T.M., etc., should be followed in 
all matters pertaining to typography, standard terms, abbreviations, spelling, etc. 

The words “shall ” and “will " are used in the following sense by the Ameri- 
can Society for Testing Materials. Use “shall ” wherever the specifications 
are to be made binding on parties of the first or second part. Use “will” 
Wherever the specifications are intended to express a declaration of purpose 
not mandatory upon the parties of the first or second part. Many engineers 
use “shall” to express a command binding on the Contractor and “will” to 
express a declaration of Purpose binding the Purchaser. 

_ Specifications for machinery, apparatus or construction work may be written 
10 similar form using different Part headings. In the case of apparatus and 


machinery, the following sequence of Parts has been found very practical by 
the author of this article. 
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The object of the specification and general conditions to be met having bee 
stated, the following parts follow: 


‘ I. Summarized Description of principal Characteristics and Conditions of 
Service. , 
II. Style and Description of Apparatus; Details of Construction. 
III. Dimensions, Weights, Drawings and Schedules. 
IV. Work to be done by other Contractors. 
V. Performamce and Tests. 
(a) Performance which may be checked by mere observation. 
(b) Factory Tests. 
(c) Performance and Tests after Erection. 
VI. Workmanship and Finish. 
VII. Packings, Marking, Shipping and Delivery. 
VIII. Inspection and Rejection. 
IX. Guarantees. 
X. Conditional Payments. (The details of conditional payments depend- 
ing upon results of inspection and tests.) 
XI. Definition of Terms. (If a specification contains numerous terms that 
admit of ambiguity, they shall be defined under this sub-title.) 


It will be observed that the sequence of topics in the above schedule approti- 
mately follows the order of the life history of the machine. The form may be 
extended upon this principle to cover any kind of work. 


POINTS TO BE COVERED IN SPECIFICATIONS. — A speciia- 
tion should often cover the following points. 

Items r to 3 refer to preliminary specifications only. Items 4 and 5 are 
frequently included in the contract proper. 


I. These specifications are intended to furnish such information to the Bidders 
as will enable them to prepare detail plans upon which to give prices. Should 
any Bidder consider the requirements of these specifications prohibitive to the 
free exercise of his skill, any suggestions made by him will be duly considered. 

2. Before a contract is awarded, final specifications will be prepared by the 
Company. 

3. In comparing proposals due consideration will be given by the Company 
to availability, reliability, simplicity, cost of maintenance and quickness of 
delivery. 

4. The Engineer agrees to consider all drawings submitted by Bidders as 
confidential, and that he will not show any such drawings to other manufacturers, 
whether they are tendering under this specification or not. 

s. Definition of words describing the parties to the contract, such as “Con- 
tractor," “ Purchaser,” “Company,” “ Engineer.” 

6. Person or persons concerned and their respective powers. 

7. Where work is to be done or matenal delivered. 

8. The point where the work of two contracts meet should be carefully 
designated in both contracts, not merely in a general way, but specifically to 
the minutest detail. 

9. The Contractor shall be responsible for the correctness of all drawings 
even after they are approved by the Engineer. 

10. Materials ordered or work commenced prior to the approval of the draw- 
ings will be at the Contractor’s risk. 

11. No approved drawing may be changed without the approval of the 
Engineer. 

12. The Contractor shall inspect the work of other contractors whose work 
effects his and shall notify the Engineer of anything which injuriously affects 
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his work. The Contractor shall give these other contractors the privilege of 
inspecting his work in so far as it affects the acceptance of their work. 

13. Contractor shall not drill or in any way impair the strength of buildings 
or structures except with the written consent of the Engineer. 

14. All work shall conform to the requirements of the " National Board of 
Fire Underwriters,’ and to all Government regulations. 

15. The Contractor shall obtain all necessary permits from the City or County. 

16. AH like parts shall be interchangeable as far as practicable. 

17. The Contractor shall install and maintain in his otuces and at the site 
of the work such telephones as may be required by the Engineer, and shall place 
them at the disposal of the Engineer or his representative for any purpose relating 
to the execution of the contract. 

18. The Standardization Rules of the A.I.E.E. and other similar documents 
should be followed wherever possible. 

19. The provisions of the preliminary specification and those subsequently 
agreed upon between Company and Bidder should be incorporated as part of 
the final or contract specification. 


POINTS TO BE COVERED IN CONTRACT. — In addition to items 
$ and 6 above, the Engineer should make sure that the following points are 
included in the contract. The actual preparation of the contract, at least where 
the amount of money involved is large, should be left to a competent lawyer. 


1. Description and value of bond and indemnity to be delivered by Con- 
tractor to Company. 

2. Statement of fire insurance to be secured by Contractor for Company. 

3. Protection of Company by Contractor against losses resulting from letters 
patent. 

4. The work to be performed in such a way as not to interfere with safety and 
continuity of service. 

5. Responsibility for damage to work from fire, floods, storm, earthquake, 
or any other cause whatsoever. 

6. Contiguous work by other contractors shall not be delayed. 

7. Statement of liquidated damages to be paid in the event of work not being 
completed on the date agreed. 

8. The Contractor shall not transfer the contract without permission. 

9. Time of commencement of work, rate of progress and date of completion. 

10. The character of the methods and appliances to be used and grade of 
workmen to be employed. 

11. Method of payment, time of settlement and basis thercof. 

12. Arbitration and settlement of disputes. 

13. Extras and claims therefor. . 

(The subject of Engincering contracts is more fully covered in the books by 
J. B. Johnson and J. I. Tucker, cited in the Bibliography.) 


SPECIFICATIONS FOR MACHINES. — The following clauses are 
often useful in specifications for machinery. As presented here, they are 
necessarily somewhat special, and should not be adopted without modification 
unless after due consideration they are found applicable: 


* 1. The Contractor shall furnish the services of experienced erecting engineers, 
who shall be constantly in charge of the work at the sites of erection, together 
with all necessary machinists, electricians, riggers and laborers to properly and 
quickly unload, erect, adjust, operate and test the machine. 

2. The Company will supply crane service at a stated price per hour. 

3. The Contractor will be held responsible for all operations connected with 
the handling of the machine on the premises of the Purchaser, and the Con- 
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tractor is to defray, make good or repair any loss, damage or cost occasioned by, ot , 


in consequence of, the careless or negligent handling of such machine or its parts. 

4. Another Contractor will construct suitable foundations in accordance with 
detail plans to be prepared by the Engineer; data and dimensions required to 
prepare said plans to be furnished by the Contractor. The foundations will be 
constructed to the entire satisfaction of the Contractor, so far as they affect the 
final acceptance by the Engineer of the work furnished by said Contractor. The 
intention of this clause is to bar any claim by the Contractor that the foundations 
have not been constructed in such a manner as to enable hím to fulfill all the 
provisions of the specification and the contract. 

. 5. After the machine is erected and ready for regular service, the Contractor 
shall superintend the operation of it for a stated period. Attendance for this 
purpose will be furnished by the Company. The Contractor shall give ful 
instructions regarding the adjustment, care, operation and maintenance of tht 
machine to the representatives of the Company. 

6. All castings shall be filled and carefully rubbed until practically smooth 
and of a uniform surface, then painted and rubbed and again painted before 
shipment. After erection all painted parts of the machine shall receive two 
finishing coats of hard drying paint of a color to be approved by the company. 
numbered as directed and finally given two coats of hard drying varnish. Al 
finished steel or iron work shall be brightly polished and carefully slushed with 
white lead and tallow before shipment. After erection all finished work shall 
be cleaned and polished and the machine left in perfect condition. 

7. The Contractor shall furnish a complete set of case-hardened wrenches, 
mounted on a polished oak board, and all special tools or implements necessary 
for adjusting and handling the machine. He shall also furnish all oil and grease 
cups, oil gauges or other devices required to complete the oiling system. 

Specifications for dynamo-electric machinery may also advantageously œn- 
tain clauses on the following subjects: 

8. Maximum permissible dimensions. 

9. Leveling of foundations. 

rio. Who supplies and erects field-resistance boxes, dial plates, chains and 
panels. 

11. Maximum reduction of commutator depth permissible by tuming. 

12. Amount of brush adjustment to allow for brush wear when commutatot 
has been turned down to minimum size. 

13. Staggering of brushes to prevent ridges on commutator. 

14. Where terminal boards are to be located. 

15. Tinning of connections. 

16. Smoothness of armature slots. 

17. Rigidity of overhanging armature windings. 

18. Strength of armature-binding wire. 
19. Means for turning over rotating part for inspection and repair. 


BIBLIOGRAPHY. — American Society for Testing Materials, Rues Gotern- 
sng the Form but not the Substance of Specifications, Report of Committee E-s. 
1912; Butler, H. L., Specifications for Engineering Work, Engineering and Com 
tracting, 1909, Vol. 31, p. 98; Cochran, J., The Requirements and Theory oj tk 
Advertisement or Notice to Bidder on Contracts for Public Works, Eng. N., 191% 
Vol. 66, p. 306; Fowle, F., Engineering Specifications, Trans. A.LE.E., Vol. 3 
1911; Fowler, Chas. E., Law and Business of Engineering and Contracting, N. Y. 
1909; Johnson, J. B., Engineering Contracts and Specifications, N. Y. 15; 
Tucker, J. I., Coniracts in Engineering, N. Y., 1910; Wait, John C., Engincering 
and Architectural Jurisprudence, N. Y. 1898: Law of Operations Preliminary io 
Construction, N. Y. 1910: Law of Contracts, N.Y., 1901. 


[W. A. Det Marj 


STAND 
zzi 
issue 
ide Com 
Jae, 14 
ite n 
ewe 
LED rer] 
Pw. 4] 
Vs wag 
THe Trg 

Sate tg 
pite ı 
1 duri 
& [rst 


ted, th 


RESO] 
td here 
foe the D 
rales, the 

Beor | 
Wl ind 
itd 

yi 
SEDIS 
= Ger 


40 nd; 


Standardization Rules of the A.LE.E. 1295 


STANDARDIZATION RULES OF THE A.I.E.E. — (See also Stand- 
ardizalion Rules and Standard Specifications.) ‘The first set of Standardization 
Rules issued by the American Institute of Electrical Engineers was the “ Report 
of the Committee on Standardization” presented and accepted by the Institute 
June 26, 1399, and published in the Trans. AJ.E.E., Vol. 16, p. 255. A revision 
of these rules was presented and adopted June 20, 1902, and these revised 
rules were published in the Trans. A.I.E.£., Vol. 19, p. 1075. These rules were 
again revised and adopted by the Institute June 21, 1907, and appear in the 
Trans. A.1.E.E., Vol. 26, p. 1795. Another revision of the Standardization 
Rules was approved by the Board of Directors on June 27, 1911, and appears 
in the Trans. AJ.E.E., Vol. 30, p. 2535. 

Since 1911 the Standards Committee of the Institute has been working on a 
complete revision of the rules, particularly with reference to methods of rating 
of electrical machinery. At a special meeting of the Board of Directors of 
the Institute held July 10, 1914, at which a draft of these new rules was pre- 
sented, the following resolution was passed: 


RESOLVED, that the rules reported by the Standards Committee be 
and hereby are adopted subject to editorial revision by the committee 
for the purpose of correcting errors and clarifying the real intent of the 
rules, the same to take effect December 1, 1914. 

Below is reprinted the draft of the new Standardization Rules as presented 
at this mecting of the Board of Directors. The resolution passed by the Board 
would indicate that the rules which are to go into etiect on December 1, 1914, 
will not differ materially from the draft given below. 

Copies of the 1911 Edition of the e may be obtained from the Head- 
quarters of the Institute, 33 W. 39th St., New York City, for 10 cents per copy 
in paper covers or for 25 cents per n in cloth covers. The new rules will 
also undoubtedly be on sale in pamphlet form. 
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DEFINITIONS 


Norte. — The following definitions are intended to be practically descriptive, 
and not scientifically rigid. The definitions of currents given below apply als, 


. jn most cases, to electromotive force, potential difference, magnetic flux, etc. 


I. A Direct Current is a unidirectional current. As ordinarily used, the 
term designates a practically non-pulsating current. 


2. A Pulsating Current is a current which pulsates regularly in magnitude. 
As ordinarily employed, the term refers to unidirectional current. 


3. A Continuous Current is a practically non-pulsating direct current. 


4. An Alternating Current is a current which alternates regularly in 
direction. Unless distinctly otherwise specified, the term “alternating current ’ 
refers to a periodic current with successive half waves of the same shape and ara. 


s. An Oscillating Current is a periodic current whose frequency is deter 
mined by the constants of the circuit or circuits. 


6. Cycle. — One complete set of positive and negative values of an alter- 
nating current. 

7. Electrical Degree. — The 36oth part of a cycle. 

8. Period. — The time required for the current to pass through one cyde. 

9. Frequency. — The number of cycles or periods per second. The product 
of 27 by the frequency is called the angular velocity of the current. 


ro. Root-Mean-Square or Effective Value. —'The square root of the mean 
of the squares of the instantaneous values for one complete cycle. It is usually 
abbreviated r.m.s. Unless otherwise. specified, the numerical value of an 
alternating current refers to its r.m.s. value. The r.m.s. value of a sinusoidal 


wave is equal to its maximum value divided by V2. The word “virtual” is 
sometimes used in place of r.m.s., particularly in Great Britain. 


ii. Wave-Form or Wave-Shape. — The shape of the curve obtained whea 
the instantaneous values of an alternating current are plotted against time in 
rectangular coórdinates. The distance along the time axis corresponding to 
one complete cycle of values is taken as 27 radians, or 360°. Two alternating 
quantities are said to have the same wave-form when their ordinates of corre 
sponding phase (see $13) bear a constant ratio to cach other. The wave-shap, 
as thus understood, is therefore independent of the frequency of the current and 
of the scale to which the curve is represented. 


12. Simple Alternating or Sinusoidal Current. — One whose wave-shape 
is sinusoidal. : 

Alternating-current calculations are commonly based upon the assumption 
of sinusoidal currents and voltages. - 


13. Phase. — The distance, usually in angular measure, of the base of any 
ordinate of an alternating wave from any chosen point on the time axis, is calle! 
the phase of this ordinate with respect to this point. In the case of a sinusoidal 
alternating quantity, the phase at any instant may be represented by the corre- 
sponding position of a line or vector revolving about a point with such an angular 
velocity (w = 27/) that its projection at each instant upon a convenient reference 
line is proportional to the value of the quantity at that instant. 


14. Non-Sinusoidal Quantities are quantities that cannot be represented 
by vectors of constant length in a plane, and the following definitions of phase, 
active component, reactive component, etc., are not in general applicable. 
Certain “equivalent” values, as defined below, may, however, be used in many 
instances, for the purpose of approximate representation and calculation. 
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IS. Crest-Factor or Peak-Factor is the ratio of the crest or maximum value 
to the r.m.s. value. The crest factor of a sine-wave is V2. 


16. Form Factor is the ratio of the r.m.s. to the algebraic mean ordinate 
taken over a halí-cycle beginning with the zero value. If the wave passes 
through zero more than twice during a single cycle, that zero shall be taken 
which gives the largest algebraic mean for the succeeding half-cycle. The form 
factor of a sine-wave is 1.11. . 

17. Distortion-Factor of a wave is the ratio of the r.m.s. value of the first 
derivative of the wave with respect to time, to the r.m.s. value of the first deriv- 
ative of the equivalent sine wave. 

18. Equivalent Sine Wave. — A sine wave which has the same frequency 
and same r.m.s. value as the actual wave. 


*19. Phase Difference: Lead and Lag.—When corresponding cyclic values 
of two sinusoidal alternating quantities of the same frequency occur at ditferent 
instants, the two quantities are said to differ in phase by the angle between their 
nearest corresponding values, e.g., the phase angle between their nearest ascend- 
ing zeros or positive maxima. That quantity whose maximum value occurs 
first in time is said to lead the other, and the latter is said to lag behind the 
former. 


*20. Counter-Clockwise Convention. — It is recommended that in any vec- 
tor diagram, the leading vector be drawn counter-clock wise with respect to the 
lagging vector,f as in the accompanying diagram, where OJ represents the E 
vector of a current in a simple alternating-current circuit lagging behind | 
the vector OE of impressed e.mf. 


*21. The Active or In-Phase Component of the current in a circuit 
is that component which is in phase with the voltage across the circuit; 
similarly the active component of the voltage across a circuit is that O 
component which is in phase with the current. The use of the term energy 
component for this quantity is disapproved. 


*22. The Reactive or Quadrature Component of the current in a circuit 
is that component which is in quadrature with the voltage across the circuit; 
similarly the reactive component of the voltage across the circuit is that com- 
ponent which is in quadrature with the current. The use of the term wallless 
component for this quantity is disapproved. : 


*23. Reactive Factor is the sine of the angular phase difference between 
voltage and current, or the ratio of the reactive current or voltage to the total 
current or voltage. 


*24. Reactive Volt-Amperes. — The product of the reactive component 
of the voltage by the total current, or of the reactive component of the current 
by the total voltage. 


*25. Non-Inductive Load and Inductive Load. — A non-inductive load is 
a load in which the current is in phase with the voltage across the load. An 
inductive load is a load in which the current lags behind the voltage across the 
load. A condensive or anti-inductive load is one in which the current leads the 
voltage across the load. 


26. Power in &n Alternating-Current Circuit is the avcrage value of the 
products of the coincident instantaneous values of the current and voltage for 
8 complete cycle, as determined by a wattmeter. 

* Nore. — Definitions 19, 20, 21, 22, 23, 24, 25 refer strictly only to cases where the 
Voltage and current are both sinusoidal (see $12). 

f See Publication 12 of the International Electrotechnical Commission (Report of 
Turin Meeting, Sept. 191r, p. 78). 
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27. Volt-Amperes or Apparent Power. — The product of the r.m.s. valu 
vï the voltage across a circuit by the r.m. s. value of the current in the circuit 
This is ordinarily expressed in kv-a. 


28. Power Factor is the ratio of the power (cyclic average as defined in §26) 
to the volt-amperes. In the case of sinusoidal current and voltage, the powet 
factor is equal to the cosine of their difference in phase. 


29. Equivalent Phase Difference. — When the current and e.m.f. ina given 
circuit are. non-sinusoidal, it is customary, for purposes of calculation, to take 
as the “equivalent ” phase difference the angle whose cosine is the power factor 
(see $28) of the circuit. There are cases, however, where this equivalent phase 
difference is misleading, since the presence of harmonics in the voltage wave, 
current wave, or in both, may reduce the power factor without producing à 
corresponding displacement of the two wave forms with respect to each other; 
e.g., the case of an a-c. arc. In such cases the components of the equivalent 
sine waves, the equivalent reactive factor and the equivalent reactive voll- 
amperes may have no physical significance. 


30. Single-Phase. — A term characterizing a circuit energized by a single 
alternating e.m.f. Such a circuit is usually supplied through two wires. Th 
currents in these two wires, counted positively outwards from the source, difer 
in phase by 180° or a half-cycle. 


31. Three-Phase.— A term characterizing the combination of three circuits 
energized by alternating e.m.f.’s which differ in phase by one-third of a cyce; 
i.e., 120°. 

32. Quarter-Phase, also called Two-Phase. — A term characterizing the 
combination of two circuits energized by alternating e.m.f.’s which a in 
phase by a quarter of a cycle; i.e., 90°. 


33. Six-Phase. — A term characterizing the combination of six circutts 
energized by alternating e.m.f.'s which differ in phase by one-sixth of a cycle; 
i.e., 60°. 

34. Polyphase is the general term applied to any system of more than a single 
phase. This term is ordinarily applied to symmetrical systems. 


35. Per Cent Drop. — In electrical machinery the ratio of the intemal 
resistance drop to the terminal voltage is called the “per cent resistance drop.” 


36. Similarly the ratio of the internal reactance drop to the terminal voltage 
is called the * per cent reactance drop.” 


37. Similarly the ratio of the internal impedance drop to the terminal voltage 
is called the “per cent impedance drop.” 

Unless otherwise specified, these per cent drops shal] be referred to rated load 
and rated power factor. 


38. In the case of transformers, the per cent drop will be the primary drop 
(reduced to secondary turns) plus the secondary drop, in per cent of secondary 
terminal voltage. 

39. In the case of induction motors, it is advantageous to express the drops 
in per cent of the internally-induced e.m f. 


40. The Load Factor oí a machine, plant or system is the ratio of the 
average power to the maximum power during a certain period of time. The 
average power is taken over a certain period of time, such as a day, a month, of 
a year, and the maximum is taken over a short interval of the maximum load 
within that period. 

- In each case, the interval of maximum load and the period over which the 
average is taken should be definitely specified, such as a “half-hour monthly" 
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load factor. The proper interval and period are usually dependent upon local 
conditions and upon the purpose for which the load factor is to be used. 

41. Plant Factor is the ratio of the average load to the rated capacity of 
the power plant. 

42. The Demand of an installation or system is the load which it puts on 
the source of supply, as measured at the receiving terminals. The demand may 
be as specified, contracted for, or used. Jt may be expressed either in kilowatts, 
kilovolt-amperes, amperes or other suitable units. 

43. Maximum Demand of an installation or system is its greatest demand, 
as measured not instantaneously but over a suitable and specified interval, such 


' asa “five-minute maximum demand.” 


44. Demand Factor is the ratio of the maximum demand of any system or 
part of a system to the total connected load of the system, or of the part of 


~ the system, under consideration. 


45. Diversity Factor is the ratio of the sum of the maximum power demands 
of the subdivisions of any system or parts of a system to the maximum demand 
of the whole system or of the part of the system under consideration, measured 
at the point of supply. 


46. Connected Load. — The combined continuous rating of all the re- 
ceiving apparatus on consumers’ premises connected to the system or part of 
the system under consideration. 

47. The Saturation Factor of a muchine is the ratio of a small percentage 
increase in field excitation to the corresponding percentage increase in. voltage 
thereby produced. Unless otherwise specified, the saturation factor of a machine 
refers to the excitation existing at normal rated speed and voltage. It is deter- 
mined from measurements of saturation made on open circuit at rated speed. 


48. The Percentage of Saturation of a machine at any excitation may be 
found from its saturation curve of generated. voltage as ordinates, against 
excitation as abscissas, by drawing a tangent to the curve at the ordinate corre- 
sponding to the assigned excitation, and extending the tangent to intercept the 
axis of ordinates drawn through the origin. The ratio of the intercept on this 
axis to the ordinate at the assigned excitation, when expressed in percentage, is 
the percentage of saturation and is independent of the scales selected for excita- 
tion and voltage. This ratio, as a fraction, is equal to the reciprocal of the 
saturation-factor at the same excitation, deducted from unity, or if f be the 
saturation factor and p the percentage of saturation, 


p= 100 (1 -+) 
J 


49. Magnetic Degree. — The 360th part of the angle subtended, at the axis 
of a machine, by a pair of its feld poles. One mechanical degree is thus equal 
to as many magnetic degrees as there are pairs of poles in the machine. 


so. The Variation in Prime Movers which do not give an absolutely uni- 
form rate of rotation or speed, as in reciprocating steam engines, is the maximum 
angular displacement in position of the revolving member expressed in degrees, 
from the position it would occupy with uniform rotation, and with one revolution 
taken as 360°. 


$1. The Variation in Alternators or alternating-current circuits in general, 
is the maximum angular displacement, expressed in electrical degrees (one cycle 
s 360°), of corresponding ordinates of the voltage wave and of a wave of abso- 
lutely constant frequency equal to the average frequency of the alternator or 
circuit in question, and may be due to the variation of the prime mover. 
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52. Relations of Variations in Prime Mover and Alternator. —1 pis |. 4&4! 
the number of pairs of poles, the variation of an alternator is p times the varia- f zsluia 
tion of its prime mover, if direct-connected, and fm times the variation of the A 
prime mover if rigidly connected thereto in such a manner that the angula HA, 


speed of the alternator is 4 times that of the prime mover. imate i 


53. The Pulsationin Prime Movers, or in the alternator connected thereto, & 1 
is the ratio of the difference between the maximum and minimum velocities SN 
in an engine-cycle to the average velocity. — : 


54. Capacity. — The two different senses in which this word is used some | «ji, 
times lead to ambiguity. It is therefore recommended that whenever such J soi 
ambiguity is likely to arise, the descriptive term power capacity or current capul) d c. A 
be used, when referring to the power or current which a device can safely carry, | 
and that the term ‘‘Capacitance”’ be used when referring to the electrostatic h, A 
capacity of a device. Oretts ir 

55. A Resistor is a device, commonly known as a resistance, used for the | 9 4 
operation, protection or control of a circuit or circuits. titia. 


56. A Reactor is a coil, winding or conductor commonly known as a reactance Lien 
coil or choke coil, possessing inductance, the reactance of which is used for the 
operation, protection or control of a circuit or circuits. iie 

‘57. The Efficiency of an electrical machine or apparatus is the ratio ofis | “en 

useful output to its total input. ". 
. , Teng fo 

SYMBOLS AND ABBREVIATIONS tile. 


58. The list recommended is given in the article on Abbreviations and Symbols, p.1. "n 


59. Em, Im and Pm should be used for maximum cyclic values, e, f and f for und an 
instantaneous values, E and J for r.m.s. values (see §10) and P for the average He n 
value or active power. „These distinctions are not necessary in dealing with | ^" 


continuous-current circuits. In print, vector quantities should be represented n 
by bold-face capitals. Us 
“Set y 

CLASSIFICATION OF MACHINERY NS 


60. The machinery under consideration in these rules may be classified in | ot 
various ways, these various classifications overlapping or interlocking in con” | y 4 
siderable degree. Briefly, they are Direct-Current or Alternating-Cumet, |: 
Rotating or Stationary. Under Rotating Apparatus there are two principi ber 
classifications: First, according to the function of the machines; Motos, |... 
Generators, Boosters, Motor-Generators, Dynamotors, Double-current Generi- 
tors, Converters and Phase Modifiers; Second, according to the type of con- ud 
struction or principle of operation; Commutating, Synchronous, Induction, | ,. 
Unipolar, Rectifying. Obviously some of these groups could be rationally : 
included in either classification, e.g., Motor-Generators and Rectifying Machine | ,, 7 

In the following, the self-evident definitions are for the most part omitted. — | V. 


FUNCTIONAL CLASSIFICATION OF ROTATING MACHINES 


61. A Generator is a machine which transforms mechanical power into | ty 
electrical power. 
62. A Motor transforms electrical power into mechanical power. "m 
63. A Booster is a generator inserted in series in a circuit to change it | w.: 
2t 


voltage. It may be driven by an electric motor (in which case it is termed à ; 
motor-booster) or otherwise. e 


"AN OWA 
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64. A Motor Generator is a transforming device consisting of a motor 
mechanically coupled to one or more generators. 


65. A Dynamotor is a transforming device combining both motor and 
generator action in one magnetic field, either with two armatures, or with one 
armature having two separate windings and independent commutators. 


66. A Direct-current Compensator or Balancer comprises two or more 
similar direct-current machines (usually with shunt or compound excitation) 
directly coupled to each other and connected in series across the outer conduc- 
tors of a multiple-wire system of distribution, for the purpose of maintaining 
potentials of the intermediate wires of the system, which are connected to the 
junction points between the machines. 

67. A Double-current Generator supplies both direct and alternating 
currents from the same armature-winding. 


68. A Converter is a machine employing mechanical rotation in changing 
electrical energy from one form into another. A converter may belong to cither 
of several types, as follows: 


69. A Direct-current Converter converts from a direct current to 
a direct current, usually with a change of voltage. Such a machine may be 
either a motor generator or a dynamotor. 


70. A Synchronous Converter (also called a Rotary Converter) con- 
verts from an alternating to a direct current, or vice-versa. It is a synchronous 
machine with a single closed-coil armature. 


71. A Cascade Converter, also called a Motor Converter, is a combina- 
tion of an induction motor with a synchronous converter, the secondary circuit 
of the former feeding directly into the armature of the latter; i.e., it is a syn- 
chronous converter concatenated with an induction motor. 


72. A Frequency Converter converts the power of an alternating- 
current system from one frequency to another, with or without a change in the 
number of phases, or in the voltage. 


73. A Rotary Phase-Converter converts from an alternating-current 
system of one or more phases to an alternating-current system of a different 
number of phases, but of the same frequency. 


74. A Phase-Modifier, also called a Phase-Advancer, is a machine which 
supplies reactive volt-amperes to the machine; e.g., induction motor, or to the 
system to which it is connected. Phase modifiers may be either synchronous 
or asynchronous. 


75. A Synchronous Phase-Modifier, sometimes called a Synchronous 
Condenser, is a synchronous motor, running either idle or with load, the field 
excitation of which may be varied so as to modify the power-factor of the system, 
or through such modification to influence the load voltage. The function of 
a Synchronous Phase-Modifier is to supply reactive volt-amperes to the system 
with which it is connected. 


CONSTRUCTIONAL CLASSIFICATION OF ROTATING MACHINES 
Commutating Machines: 


76. Direct-current Commutating Machines comprise a magnetic 
field of constant polarity, an armature and a multi-segmental commutator con- 
nected therewith. These include: Direct-current Generators; Direct-current 
Motors; Direct-current Boosters; Direct-current Motor-Generators and Dyna- 
motors; Direct-current Compensators or Balancers; and Arc Machines. 


pue aS o Pa 0 am ann 
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77. Alternating-current Commutating Machines* comprise a mag- 
netic field of alternating polarity, an armature and multi-segmental commutator 
connected therewith. . 


78. Synchronous Commutating Machines include synchronous con- 
verters, cascade-converters and double-current generators. 


79. Synchronous Machines comprise a constant magnetic field and an arma- 
ture receiving or delivering alternating currents in synchronism with the motion 
of the machine; i.e., having a frequency strictly proportional to the speed of the 
machine. 'They may be subdivided as follows: 


8o. An Alternator is a synchronous alternating-current generator, 
either single phase or polyphase. 


81. A Polyphase Alternator is a polyphase synchronous alternating. 
current generator. 


82. An Inductor Alternator is a Synchronous Alternator in which 
both field and armature windings are stationary and in which masses of iron ot 
inductors, by moving past the coils, alter the magnetic flux through them. It 
may be either single phase or polyphase. 


83. A Synchronous Motor is a machine structurally identical with 
a synchronous alternator, but operated as a motor. 


84. Induction Machines include apparatus wherein the primary and 
secondary windings rotate with respect to each other; i.e., induction motors, 


induction generators, certain types of frequency converters and certain types 
of rotary phase-converters. 


85. An Induction Motor is an sitet neuen motor, either 
single phase or polyphase, comprising independent primary and secondary 
windings, one of which, usually the secondary, is on the rotating member. The 
secondary winding receives power from the primary by electromagnetic induction. 


86. An Induction Generator is a machine structurally identical with 


an induction motor, but driven above synchronous speed as an alternating- 
current generator. 


87. Unipolar or Acyclic Machines are direct-current machines, in which 


the voltage generated in the active conductors maintains the same direction with 
respect to those conductors. 


SPEED CLASSIFICATION OF MOTORS 


88. Motors may, for convenience, be classified with reference to their speed 
characteristics as follows: 


89. a. Constant-speed Motors, in which the speed is either constant or 


does not materially vary; such as synchronous motors, induction motors with 
small slip and ordinary direct-current shunt motors. 


9o. b. Multi-speed Motors (two-speed, three-speed, etc.), which can be 
operated at any one of several distinct speeds, these speeds bein practically 
independent of the load, such as motors with two armature windings, or induc- 
tion motors with controllers for changing the number of poles i 


* Definitions of a-c. commutator-motors have not 


ini et b if- 
ferences of opinion are fundamental and rel 4 een agreed upon. The dif 


; ate to the whole system to be emploved in 
naming the numerous types. One example of this difference is in connection with the 


definition of the term " Repulsion-Motor," some desiri 

f Or, esiring to extend its to cover all. 
a-c. commutator motors with short-circuited brushes, and others to rien mot ' 
systematic names for the various species of short-circuited brush motors 
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91. c. Adjustable-speed Motors, in which the speed can be varied gradually 
over a considerable range, but when once adjusted remains practically unattected 
by the load, such as shunt motors designed tor a considerable range of field 
variation. 

92. d. Varying-speed Motors, or motors in which the speed varies with 
the load, ordinarily decreasing when the load increases; such às series motors, 
compound-wound motors and series-shunt motors. 


CLASSIFICATION OF ROTATING MACHINES RELATIVE TO THE 
DEGREE OF ENCLOSURE OR PROTECTION 


93. The following types are recognized: 


(1) Open (7) SelC ventilated 

(2) Protected (5) Drip-proof 

(3) Semi-enclosed (9) Moisture resisting 

(4) Enclosed (10) Submersible 

(5) Externally ventilated (1). Flame-proof 

(6) Water-cooled (02). blame-proof slip-ring enclosure 


94. No. 1. An “open ” machine is of either the pedestal-bearing or end- 
bracket type where there is no restriction to ventilation, other than that neces- 
sitated by good mechanical construction. 


95. No. 2. A ‘protected " machine is onc in which the armature, field 
coils and other live parts are protected mechanically from accidental or careless 
contact, while free ventilation is not materially obstructed. 


96. No. 3. A “ semi-enclosed " machine is one in which the ventilating 
openings in the frame are protec ted with wire screen, expanded metal, or other 
suitable perforated covers, having apertures not exceeding 14 of a square inch 
(1.6 sq. cm.) in area. 

97. No. 4. An “enclosed " machine is so completely enclosed by integral 
or auxiliary covers as to prevent a circulation of air between the inside and 
outside of its case, but not sufficiently tight to be termed air-tight. 


98. No. s. An "externally ventilated " machine has ite ventilating air 
supplied by an independent fan or blower external to the machine. 


99. No. 6. A “ water-cooled " machine is one which mainly depends on 
water circulation for the removal of its heat. 


100. No. 7. A **self-ventilated " machine differs from an externally ven- 
tilated machine only in having its ventilating air circulated by a fan, blower, 
or centrifugal device integral with the machine. 

If the heated air expelled from the machine is conveyed away through a second 
pipe attached to the machine, this should be so stated. 


Ior. No. 8. A ** drip-proof" machine is one provided with ventilating 
Openings, so protected as to exclude falling moisture or dirt. 


102. No. 9. A moisture-resisting machine is one in which all parts are 
treated with moisturc-resisting material. Such a machine shall be capable of 
operating continuously or intermittently in a very humid atmosphere, such as 
In mines, evaporating rooms, etc. 

103. No. 10. A ‘*submersible’? machine is a waterproof machine capable 
of withstanding complete submersion for four hours without injury. 


_ 194. No. 11. A **flame-proof" machine is a machine in which the enclos- 
ing case can withstand, without injurv, any explosion of gas that may occur 
Within it, and will not transmit the fame to any inflammable gas outside it. 
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IOS. No. 12. Flame-proof Slip-ring Enclosure. — An induction motor ín 
which the slip rings and brushes alone are included within a flame-proof case 
should not be described as a flame-proof machine, but as a machine “with 
flame-proof slip-ring enclosure.” 


STATIONARY INDUCTION APPARATUS 


107.* Stationary Induction Apparatus changes electric energy to electric 
energy through the medium of magnetic energy without mechanical motion. 
It comprises several forms, distinguished as follows: 


108. Transformers, in which the primary and secondary windings are ordi- 
narily insulated one from another. 


109. High-voltage, Low-voltage, Primary, Secondary. — The terms 
“high-voltage ” and “ low-voltage ” are used to distinguish the winding having 
the greater from that having the lesser number of turns. The terms “ primary” 
and "secondary " serve to distinguish the windings in regard to energy flow, 
the primary being that which receives the energy from the supply circuit, and 
the secondary that which receives the energy by induction from the primary. 


IIO. The Rated Current of a Constant-potential Transformer is that 
secondary current which, multiplied by the rated-load secondary voltage, gives 


the kv-a. rated output. That is, a transformer of given kv-a. rating must be 
capable of delivering the rated output at rated 


The rated primary voltage of a constant-potential transformer is the rated 
secondary voltage multiplied by the turn ratio. 


III. The Voltage Ratio of 
mary terminal voltage to the r.m.s. 
conditions of load. 


IIA2. 


a transformer is the ratio of the r.m.s. pri- 
secondary terminal voltage under specified 


The Current Ratio of a current-transformer is the ratio of r.m.s. 
ent to r.m.s. secondary current under specified conditions of load. 


113. The-Ratio of a Transformer, unless otherwise specified, shall be 
the ratio of the number of turns in the high-voltage winding to that in the low- 
voltage winding; i.e., the * turn-ratio." 


IIS. Auto-transformers have a part of their turns common t ] 
and secondary circuits. o both primary 


117. Contact Voltage Regulators, in which th : 
one or both of the coils is adjustable. i e number of turns in 


118. Induction Voltage Regulators in which . T 
. th 
of the primary and secondary coils are adj ustable, € relative positions 


119. Magneto Voltage Regulators, in which i — 
magnetic flux with respect to the coils is adjustable. he direction of the 


* There is no $106 in the original, [Editor]. 
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120. Reactors or Reactance-Coils, also called Choke Coils; a form of sta- 
tionary induction apparatus uscd to supply reactance or to produce phase 
displacement. 


INSTRUMENTS 


ni. An Ammeter is a measuring instrument, indicating in amperes. 

122. A Voltmeter is a measuring instrument, indicatiag in volts. 

123. A Wattmeter is an instrument for measuring electrical. power, in- 
dicating in watts. 

124. Recording Ammeters, Voltmeters, Wattmeters, etc., are instru- 
ments which record. graphically upon a time-chart the values of the quantities 
laey measure. 

125. A Watt-hour Meter is an instrument for registering watt-hours. 
This term is to be preferred to the term “integrating wattmeter.” 

126. A Line-drop Voltmeter Compensator is a device in connection 
with a voltmeter, which causes the latter to indicate the voltage at some distant 
point of the circuit. 

127. À Synchroscope, sometimes called Synchronoscope, is a device 
which, in addition to indicating synchronism, shows whether the machine to 
be synchronized is fast or slow. 


STANDARDS FOR ELECTRICAL MACHINERY 


128. Notes. — The expression “machinery” is here employed in a general 
sense in order to obviate the constant repetition of the words ** machinery or 
induction apparatus.” 

129. All temperatures are to be understood as centigrade. 

130. Theexpression “capacity ” is to be understood as indicating “capability” 
except where specifically qualified, as, for instance, in the case of allusions to 
electrostatic capacity, i.e., capacitance. 

131. Wherever special rules are given for any particular type of machinery 
of apparatus (such as railway motors, railway substation machinery, switches, 
etc.), these special rules shall be followed, notwithstanding any apparent con- 
flit with the provisions of the more general sections. In the absence of special 
rules on any particular point, the general rules on this point shall be followed. 

132. Objects of Standardization. — To ensure satisfactory results, electri- 
cal machinery should be specified to conform to the Institute Standardization 
Rules in order that it shall comply, in operation, with approved smitations 4 in 
the following respects so far as they are applicable. 


Operating temperature Efficiency 
Mechanical strength Power factor 
Commutation Wave shape 
Insulation strength Regulation 


133. Capacity of an Electrical Machine. — So far as relates to the pur- 
poses of these Standardization Rules, the Institute defines the Capacity of an 
Electrical Machine as the load or task of which it is capable for a specified 
i (or continuously), without exceeding in any respect the limitations herein 
Set forth. 

Except where otherwise specified, the capacity of an electrical machine shall 
be expressed in terms of its output. For exceptions see $140 and 418. 

134. Rating of an Electrical Machine. — Capacity should be distin- 
guished from Rating. The Rating of a machine is the output marked on the - 
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Rating Plate, and shall be based on, but shall not exceed, the maximum* load 
which can be taken from the machine under prescribed conditions of test. 
This is also called the rated output. 


135. A.I.E.E. and I.E.C. Ratings. — When the prescribed conditions of 
test are those of the A.I.E.E. Standardization Rules, the rating of the machine 
is the Institute Rating. When the prescribed conditions of the test are those 
of the I.E.C. Rules, the rating of the machine is the I.E.C. rating. A machine 
so rated in either case shall bear a distinctive sign upon its rating plate. 


136. Standard Temperature and Barometric Pressure for Institute 
Rating. — The Institute Rating of a machine shall be its capacity when operat- 
ing with a cooling medium of the ambient temperature of reference (40° for air 
or 25° for water, see §§153 and 157) and with barometric conditions within 
the range given in S156. See $168. 


UNITS IN WHICH RATING SHALL BE EXPRESSED 


137. Direct-Current Generators.— In the case of direct-current gen- 
erators, the rating shall be expressed in kilowatts (kw.) available at the 
terminals. 


138. Alternators and Transformers.— In the case of alternators and trans- 
formers, the rating shall be expressed in kilovolt-amperes (kv-a.) available at 
the terminals, at a specified power factor. 'The corresponding kilowatts shall 
also preferably be stated. i 


139. Motors.— In the case of motors, the rating shall be expressed in 
kilowatts ł (kw.) available at the shaft. (An exception to this rule is made in 
the case of Railway motors, which for some purposes are also rated by their 
“kilowatts inpul, see §418.) 


140. Auxiliary machinery, such as regulators, phase controllers, resistors, 
reactors, balancer sets, stationary and synchronous condensers, etc., shall have 
their ratings expressed in terms of the functions which they perform. It is 
essential to specify also the voltage of the circuits on which the machinery may 
appropriately be used. 


KINDS OF RATING 


I4I. There are two kinds of rating: namely, (1) rating for continuous service, 
i.e., “continuous rating;" (2) rating for discontinuous service, i.e., “ short-time 
rating." 


142. Continuous Rating. — A machine rated for continuous service shall be 
able to operate continuously at its rated output, without exceeding any of the 
limitations referred to in $132. 


* The term “maximum load” does not refer to loads applied solely for mechanical, 
commutation, or similar tests. 

t Since the input of machinery of this class is measured in electrical units and since 
the output has a definite relation to the input, it is logical and desirable to measure the 
delivered power in the same units as are employed for the received power. Therefore, 
the output of motors should be expressed in kilowatts instead of in horse power. How- 
ever, on account of the hitherto prevailing practice of expressing mechanical output 1 
horse power, it is recommended that for machinery of this class the rating shall, for the 
present, be expressed both in kilowatts and in horse power, as follows: 

kw. h.p.————— 

The horse-power rating of a motor may, for practical purposes, be taken as 4/3 ol 
the kilowatt rating. f ; 

[n order to lay stress upon the preferred future basis, it is desirable that on Rating 
. Plates. the Rating in kilowatts shall be shown in larger and more prominent characters 
than the rating in horse power. 
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143. Short-time Rating. -- A machine rated for short-time service (i.c. 
service including runs alternating with stoppage of sutii ient duration to ensure 
substantial cooling) shall be able to operate at its rated output during a limited 
period, to be specitied in each case, without exceeding any of the limitations 
teierred to in $132. Such a rating is a short-time rating. 


144. Nominal Ratings. — For railway motors and railway substation ma- 
chinery, certain noninal ratings are employed. Sec 33391 and 41$. 


145. Duty-cycle Operation. - Many machines are operated on a cycle of 
duty which repeats itself with more or less rezularity.. For purposes of rating, 
cither a continuous or a short time “equivalent load" may be sclected which 
shall simulate as nearly as possible the thermal conditions of the actual duty 
cycle. 


146. Standard Durations of Equivalent Tests shall be for machines oper- 
ating under specified duty-cyces: 


s minutes 6o minutes 
10 minutes 120 minutes 
30 minutes and continuous 


Of these the first five are short-time ratings selected as being thermally 
equivalent to the specitied duty cycle. 

When, for example, a short time rating of 10 minutes’ duration, is adopted, 
and the thermally equivalent load is 25 kw. for that period, then such a machine 
shall be stated to have a so-minute rating of 25 kw. 


147. In every case the equivalent. short-time test shall commence only 
when the windings and other parts of the machine are within 5^ C. of the ambient 
lemperature at the time of starting the test. 


148. In the absence of any specitication as to the kind of rating, the con- 
tinuous rating shall be understoo«d.* 

Machines marked in accordance with §135 shall be understood to have a 
continuous rating unless otherwise marked in accordance with 8146. 


HEATING AND TEMPERATURE 


149. Temperature Limitations of the Capacity of Electrical Machinery. 
— The capacity, so far as relates to temperature, is usually limited by the 
maximum temperature at which the materials in the machine, especially those 
employed for insulation, may be operated for long periods without deterioration. 
When the safe limits are exceeded, deterioration is rapid. The insulating 
material becomes permanently damaged by excessive temperature, the damage 
increasing with the length of time that the excessive temperature is maintained, 
ni with the amount of excess temperature, until finally the insulation breaks 

own. 


150, The result of operating at temperatures in excess of the safe limit is to 
Shorten the life of the insulating material. This shortening of life is, in certain 
special cases, warranted, when necessary for obtaining some other desirable 
result, as, for example, in some instances of railway motors, in providing greater 
power within a limited space. See $419. Exceptions may also be noted in 
the cases of contactors, arc-lamp magnet windings, etc, designed and con- 
structed for operation at relatively-high temperatures, 


* An exception is made in the case of machines for railway service, where in the absence 
of any specification as to the kind of rating, the ‘nominal rating” as defined in $$391 
and 415 shall be understood. 
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151. There does, not appear to be any advantage in operating at lower tem- 
peratures than the safe limits, so far as the life of the insulation is concerned. 
Insulation may break down from various causes, and generally, when these 
breakdowns occur, it is not due to the temperature at which the insulation has 
been operated, provided the safe limits have not been exceeded. 


152. The Ambient Temperature is the temperature of the fluid or fluids 
which, coming into contact with the heated parts of a machine, carries off its 
heat convectively. 

The cooling fluid may either be led to the machine through ducts, or merely 
surround the machine freely. In the former case the ambient temperature is 
to be measured at the intake of the machine. In the latter case see $163. 


I53. Ambient Temperature of Reference for Air. — The standard am- 
bient temperature of reference, when the cooling medium is air, shall be 4o? C. 


I54. The permissible rises in temperature given in column 2 of the table 
in $188 have been calculated on the basis of the standard ambient temperature 
of reference, by subtracting 40? from the highest temperatures permissible, 
which are given in column 1 of the same table. 


155. A machine may be tested at any convenient ambient temperature, 
but whatever be the value of this ambient temperature, the permissible rises of 
temperature must not exceed those given in column 2 of the table in $188. 

I56. Altitude. — Increased altitude has the effect of increasing the tem- 
perature rise of some types of machinery. In the absence of information in 
regard to the height above sea level at which the machine is intended to work 
in ordinary service, this height is assumed not to exceed 1000 meters (3300 feet). 
For machinery operating at an altitude of 1000 meters or less, a test at any 
altitude less than rooo meters is satisfactory, and no correction shall be ap- 
plied to the observed temperatures. Machines intended for operation at 
higher altitudes shall be regarded as special. When a machine is rated for 
service at altitudes above 1000 meters (3300 ft.) the normal permissible tem- 
perature rise, until more nearly accurate information is available, shall be re- 
duced by 1 per cent for each 100 meters (330 ft.) by which the altitude exceeds 
1000 meters. Water-cooled oil transformers are exempt from this reduction. 


157. Ambient Temperature of Reference for Water-cooled Machinery. 
— For water-cooled machinery the standard temperature of reference for in- 
coming cooling water shall be 25° C., measured at the intake of the machine. 

158. In Testing Water-cooled Transformers, it is important, es- 
pecially for the smaller sizes, to maintain the temperature of the ingoing water 
within 5? C. of the surrounding air. Where this is impracticable, the reference 
ambient temperature shall be taken as that indicated by the resistance of the 
windings, when the disconnected transformer is being supplied with the normal 
amount of cooling water and the temperature of the windings has become 
constant. 


159. Machinery Cooled by Air Led to the Machine from a Distance 
tbrough Ventilating Ducts. — In this case the temperature of the ingoing ait 
shall be measured at the intake of the machine. The ambient temperature shall 
be determined in the manner specified in $158 for water-cooled transformers. 

160. Rotating Machines. — In the case of rotating machines, the above 
method becomes inapplicable, and recourse must be had to a weighted mean be- 
tween the temperatures of the circulating air and of the surrounding air. If 
the necessary thermal data are known, this weighted mean can be calculated; 
but it shall be permitted to employ a conventional weighted mean, by giving 8 
weight of four to the circulating air and of one to the surrounding room air, pro- 
vided that these two temperatures during the test do not differ by more than 1o "C. 


Sii 


Vitones 
n fi 
dor ] 
Tli 
SABIE 
Ane 
2- 
Lap 
iudi 
Xx 
i Tes 
Een. 


uU 


Sc aa Ia EAA I a aE LT UIT T TN. 


' Standardization Rules of the A.I.E.E. 1309 


161. Machines Cooled by Other Means. — For machines cooled by other 
Means, special rules are necessary. 


162. Outdoor Machinery Exposed to Sun’s Rays. -— Outdoor machinery 
not protected from the sun’s rays at times of heavy load must receive special 
consideration as regards ambient temperature. 


163. Measurement of the Ambient Temperature During Tests of 
Machinery. — The ambient temperature is to be measured by means of several 
thermometers placed at different points around and half way up the machine 
at a distance of 1 to 2 meters (3 to 6 feet), and protected from drafts, and ab- 
normal heat radiation, preferably as in §16s. 


164. The value to be adopted for the ambient temperature during a test 
is the mean of the readings of the thermometers (placed as above) taken at equal 
intervals of time during the Jast quarter of the duration of the test. 


165. Errors due to the Time Lag. — In order to avoid errors due to 
the time lag between the temperature of large machines and the variations in the 
ambient air, all reasonable precautions must be taken to reduce these variations 
and the errors arising therefrom. Thus, the thermometer for determining the 
ambient temperature shall be immersed in a suitable liquid, such as oil, in a suit- 
able heavy metal cup. This can be made to respond to various rates of change, 
by proportioning the amount of oil to the metal in the containing cup. A con- 
venient form for such an oil-cup consists of a massive metal cylinder with a hole 
drilled partly through it. This hole is tilled with oil and the thermometer is 
placed therein with its bulb well immersed. The larger the machine under test, 
the larger should be the metal cylinder employed as an oil-cup in the determi- 
nation of the ambient temperature. The smallest size of oil cup employed in 
any case shall consist of a metal cylinder 25 mm. in diameter and 50 mm. high 
(1 in. in diameter and not less than 2 in. high). 


— — -— 


166. In Testing Transformers and sometimes other machines it will 
often be desirable to avoid errors due to time lag in temperature changes by 
employing an idle unit of the same size and subjected to the same conditions of 
cooling as the unit under test, for obtaining the ambient temperature as de- 


scribed in $ 158 and $159. 


167. Where Machines are Partly Below the Floor Line in pits, the 
temperature of the rotor shall be referred to a weighted mean of the pit and: 
rodm temperatures, the weight of each being based on the relative proportions of 
the machine in and above the pit. Parts of the stator constantly in the pit 
Shall be referred to the ambient temperature in the pit. 


" 168. Corrections for the Deviation of the Ambient Temperature, at 
^| the Time of Test, from the Reference Value of 40? C. In view of numer- 
c ous experiments which have shown that the effect on the temperature rise of the 
precise value of the ambient temperature at the time of test, is small, obscure 
„g| and of doubtful direction, no correction shall be made for ambient temperature 
deviations from the standard value of 40° C. It is, however, desirable that tests 
^... Should be conducted at ambient temperatures not lower than 25? C. Exception 
a+ to this rule is made in the case of air-blast transformers, in which, if the ingoing 
.., alr temperature during the test differs from 40° C., correction on account of 
' difference in resistance and difference in convection shall be made by changing 
the “observable” temperature rise of the windings by 0.5 per cent for each 
egree centigrade. Thus with a room temperature of 30° C. the “observable” 
-7 Mise of temperature shall be increased by 5 per cent, and with a room tempera- 
77 ture of 15°C, the “observable” rise of temperature shall be increased by 12.5 
7. percent, 
gs 
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169. Duration of Heat Run. — For practical purposes the duration of 
a test of a machine for continuous service shall be prolonged until the difference 
between the temperature of the machine and the ambient temperature is prac- 
tically constant. Temperature measurements, when possible, shall be taken 
during operation, as well as when the machine is stopped. The highest figures 
thus obtained shall be adopted. In order to abridge the long heating period, 
in the case of large machines, reasonable overloads of current during the pre 
liminary period are suggested for them. 


OPERATING TEMPERATURES 


170. The actual temperatures attained in the different parts of a machine, 
and not the rises in temperature, affect the life of the insulation of the machine. 
(See §§149 to 151.) P 

171. The temperatures in the different parts of a machine which it is desired 
to ascertain are the maximum temperatures reached in those parts. 


172. As it is usually impossible to determine the maximum temperature 
attained in insulated windings, it is convenient to apply a correction to the 
measured temperature, to approximate the difference between the actual maxi- 
mum temperature and the measured temperature by the method used. This 
correction or margin of security is provided to cover the errors due to fallibility 
in the location: of the measuring devices, as well as inherent inaccuracies in 
measurement and methods. l 


TEMPERATURE MEASUREMENTS 


173. In determining the temperature of different parts of a machine, three 
methods will be considered. One or other of these methods, as set forth below, 
will usually be appropriate for commercial measurements on any particular 
type of machine. 


174. Method No. 1. Thermometer Method. — This method consists in 
the determination of the temperature by mercury or alcohol thermometers, by 
resistance thermometers, or by thermocouples, any of these instruments being 
applied to the hottest accessible part of the completed machine, as distinguished 
from the thermocouples or resistance coils imbedded in the machine, as described 
under Method No. 3. 


‘175. When Method No. 1 is used, the hottest-spot temperature shalt be 
estimated by adding a hottest-spot correction of 15? C. to the highest tempera: 
ture observed. 


176. Exception. — In cases where the thermonieter is applied directly 
to the surface of a bare winding, such as an edgewise strip conductor, or a copper 
casting, a hottest-spot correction of s? C. instead of r5? C. shall be’ made, in 
order to allow for the unlikelihood of locating the thermometer at the hottest spot. 

177. Method No. 2. Resistance Method. — This method consists in the 
measurement of the temperature of windings by their increase in resistance, 
corrected* to the instant of shut-down when necessary. In the application of 


* Whenever a sufficient time has elapsed between the instant of shut-down and the. 


time of the final temperature measurement to permit the temperature to fall, suitable 
corrections shall be applied so as to obtain as nearly as practicable the temperature st 
the instant of shut-down. This can sometimes be approximately effected by plotting 
a curve, with temperature readings as ordinates and time as abscissas, and extrapolating 
back to the instant of shut-down. In other instances, acceptable correction factors can 
be applied. 

In cases where successive measurements show’ increasing temperatures after shut- 
down, the highest value shall be taken. 
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this method careful thermometer measurements must also be made whenever 
practicable without disassembling the machine,* in order to increase the prob- 
ability of revealing the highest observable temperature. Whichever method 
yields the higher temperature, that temperature shall be taken as the “highest 
- ebxrvable" temperature and a hottest-spot correction of 10^ €. added thereto, 


178. In the case of resistance measurements, the temperature cocthicient 
at copper shall be deduced from the formula 1, (234.5 t O. Thus, at an initial 
temperature £5 40° C. the temperature covalent or increase in resistance per 
degree centigrade rise is 4 0274.5) - 0.00304. The following table, deduced 
from the formula, is given for conveniente of reference. 


Temperature of 
the winding, in de- , 
grees C. at which | 
the initial resist- 


Increase in resist- 
ance of copper 
per ohm per de- 


. i ance is measured get. 
o 0.004277 

5 O OOiS 

IO O OO4.X) 

15 O OO401 

Y 20 0.0393 
i 25 0.00485 
30 o 00478 
35 O 003871 
40 o 00464 


ae - 


179. In Field Coils of Low Resistance, where the joints and connec- 
tions form a considerable part of the total resistance, the measurement of tem- 
perature by the resistance method shall not be used. 


180. The Temperature of the Windings of Transformers is always 
2 to be ascertained by Method 2. In the case of. air-blast transformers, it is 
t especially important to place thermometers near the air outlet. 
1823.[ Method No. 3. Imbedded Temperature-detector Method. — 
Thermocouples or resistance coils, located as nearly as possible at the estimated 
hottest spot. This method is only to be used with coils placed in slots. 


183. By Building into the Machine suitably placed thermocouples or 

resistance coils, a temperature not much less than that of the hottest spot will 

| be disclosed. When these devices are adopted for such temperature determina- 

^! tions, a liberal number shall be employed, and all reasonable efforts consistent 

. 1 With safety shall be made to locate them at the various places where the highest 
^ temperatures are likely -to occur. 

184. Temperature-Detectors should be placed in at least two sets of 

— locations. One of these should be between coil and core, and one between the 

„~ top and bottom coils, where two coils per slot are used. Where only one coil 

.^ per slot is used, one set of detectors shall be placed between coil and core, and 
,. Me set between coil and wedge. 

. 18s. Method No. 3 should be applied to all stators of machines with 

c^. Wide cores (50 cm. — 20 in. — and over) and to all machines of 5000 volts and 

/ over, if of over soo kv-a., regardless of core width. 


* Às one of the few instances in which the thermometer check cannot be applied in 
Method No. 2, the rotor of a turbo-alternator may be cited. 
yz? At There is no § 181 in the original, [Editor]. 
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186. Correction Factor for this Method. — On two-layer machines 
with couples between coils, and between coil and slot, add 5° to the highest 
reading. In single-layer machines with couples between coil and core and be- 


p Nhe a 
"at lo sc 


tween coil and wedge, add to the highest reading 10° C. plus 1? C. per 1000 bn 
volts above 50900 volts of terminal pressure. ae 
TEMPERATURE LIMITS | ds 


dtr 
187. The following table gives the limits for the hottest-spot temperature -i & 
of insulations. The permissible limits are indicated in column 1 of the table. :lijity 
The limits of temperature rise permitted under rated-load conditions are given t Mety 
in column 2, and are found by subtracting 40° C. from the figures in column t. ij i, 
Whatever be the ambient temperature at the time of the test, the rise of tem- 
perature observed must never exceed the limits in column 2 of the table. The gy 
highest temperatures attained in any machine corresponding to the output for. 
which it is rated must not exceed the values indicated in column 1 of the tably - "tt 


and clauses following. Nn 
188. Table of Hottest-spot Temperatures and of Corresponding Per- "ta 
missible Temperature Rises. EEN 
‘ n 

Column 2 at 

Highest per-| 7" 

Cotumn , [fisse tem- E 

ise, TR 

Highest per- di iub IET 

Class Description of insulation missible tem-| ^ bore Us 
peratures for et th p" 

hottest spot 40 a 

purpose of | =! 

fixing theIn-| 57i: 


stitute rating) <x; 


Ar | Cotton, silk, paper and other fibrous ma- SC, °C. 
terials, not so treated as to increase the i i 
thermal limit. 95 55 hu 

A2 Similar to Ar, but treated or impregnated rà 
and including enameled wire. IOS 65 à 

p Mica, asbestos or other material capable of B 
resisting high temperatures, in which a 
any Class A material or binder, if used, P 
is for structural purposes only, and may be 
be destroyed without impairing the in- v 
sulating or mechanical qualities. 125 85 Ua 


189. Note. — The Institute recognizes the ability of manufacturers to - . 
employ Class B insulation successfully at maximum temperatures of 150°C. 
and even higher. However, as sufficient data covering experience over a pert 
of years at such temperatures are at present unavailable, the Institute adopts . 
i25? C. asa conservative limit for this class of insulation, and any increase . 
above this figure should be the subject of special guarantee by the mant 
facturer. 


190. Class C. — For fireproof and refractory materials, such as pure 
mica, porcelain, etc., no limit is specified. | 


| 


£ 
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E 19x. When a lower-temperature class material is comprised in a com- 
* pleted product to such an extent, or in such ways, that its subjection to the tem- 
` perature limits allowed for the higher-temperature class material, with which it 
` jassodated, would affect the integrity of the insulation either mechanically or 

electrically, the permissible temperature shall be tixed at such a value as shall 
afford ample assurance that no part of the lower-temperature class material shall 
be subjected to temperatures higher than those approved by the Institute and 

. setforth above. See also 3150. 


-^ 192. Table Summarizing the Temperature Conditions under the Three 
- Preceding Methods of Measurement for Insulations of Classes A;, 
: Àj and B. (See next page.) 


SPECIAL CASES OF TEMPERATURE LIMITS 


193. Temperature of Oil. — The oil in which apparatus is Due shall 
in no part be subjected to an observable temperature in excess of go” 


.. 194. Water-cooled Transformers. — In these the hottest-spot ncs 
^ ture shall not exceed 35? C. 

195. Railway Motor Temperature Limits, scc $419. 

196. Squirrel-cage and Amortisseur Windings. — In many cases the 

insulation of such windings is largely for the purpose of making the conductors 
= fit tightly in their slots, and the slightest effective insulation is ample. In 
* other cases there is practically no insulating material on the windings. Con- 
- Sequently, the temperature rise may be of any value such as will not occasion 
:3 mechanical injury to the machine. 
‘ 197. Collector Rings. — The temperature of collector rings shall not be 
. permitted to exceed the “ hottest- spot” values set forth in $188 for the insula- 
ui tions employed either in the collector rings themselves, or in adjacent insulations 
‘| whose temperatures would be affected by the heat from the collector rings. 
*1 The temperature of the rings shall m no case exceed 130° C. 


198. Commutatorg. — For commutators so constructed that no difficulties 
from expansion can occur, the following temperature limits are prescribed: 


Current per Brush Arm Maximum Permissible Temp. 


E 


Wok 


200 amperes or less 130° C. 
200 to 900 amperes 130° C. less 5° for each 100 amperes increase 
« above 200. 
t goo amperes and over 95? C. 


In no case sball the observable temperature be permitted to exceed the values 
j| given in $188 for the insulation employed, either in the commutator or in any 
; insulation whose temperature would be affected by the heat of the commutator. 


199. Cores, — The temperature of the iron core in contact with the windings 
must not exceed the limits of temperature and temperature rise permitted for 
^ the windings themselves. 


,. 200. Other Parts (such as brush-holders, brushes, bearings, pole-tips, cores, 

r etc). All parts of electrical machinery other than those whose temperature 

d affects the temperature of the insulating material, may be operated at such 
temperatures as shall not be injurious in any respect. But no part of continuous- 
^» duty machinery subject to handling i in operation, such as brush-rigging, shall 
, have a temperature in excess of 100° C. for more than a very brief time. 
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* In this formula E represents the rated pressure between terminals in kilovolts. Thus for a three-phase machine of 11 kilovolts between terminals 


the hottest-spot correction to be added to the maximum observable temperature will be 16°C. 
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ADDITIONAL REQUIREMENTS 


301, Short-circuit Stresses. — The Institute recognizes the self-destruc- 
tibility, both mechanical and thermal, of certain size» and types of machines 
when subjected to severe short-circuits, and recommends that ample protection 
be provided in such cases, external to the machine if necessary. 

303. Over-Speeds. — All types of rotating machines shall be so constructed 
that they will saícly withstand an over-speed of 25 per cent, except in the case 
of steam turbines, which, when equipped with emergency governors, shall be 
constructed to withstand 20 per cent over-speed. x 

In the case of series motors, it is impracticable to specify percentage values 
for the guaranteed over-specd on account of the varying service conditions. 

Water-wheel generators shall be constructed for the maximum runaway speed 
Which can be attained by the combined unit. 

203. Momentary Loads. — Machines shall be required to carry momentary 

ds of 150 per cent rated load, and commutating machinery shall commutate 
successfully under this condition. Successful commutation is such that neither 
brushes nor commutator are injured by the test. 

Machines for Duty-cycle Operation shall be rated according to their 
equivalent load, either on the shurt-time or continuous basis, but intended for 
operation with widely fluctuating loads, shall commutate successfully under 
their specitied operating conditions. See $139. 

204. Stalling Torque of Motors. — Motors for continuous service shall, 
except when otherwise specified, be required to develop a running torque at 
least 175 per cent of that corresponding to the running torque at their rated load 
without stalling. 

Obviously, duty-cycle machines must carry their peak loads without stalling. 


WAVE FORM 


205. The Sine Wave shall be considered as standard except where devia- 
tion therefrom is inherent in the operation of the machine. 

206. The Deviation of Wave Form from the sinusoidal is determined by 
superposing upon the actual wave (as determined by oscillograph), the equiv- 
alent sine wave of equal length, in such a manner as to give the least difference, 
and then dividing the maximum difference between corresponding ordinates 
by the maximum value of the equivalent sine wave. A maximum deviation 
of the wave from sinusoidal shape not exceeding 10 per cent is permissible, 
except when otherwise specified. 


EFFICIENCY AND LOSSES 


207. Machine Efficiency is the ratio of the power delivered by the machinery 
to the power received by it. 

208. Plant Efficiency is the ratio of the energy delivered from the plant 
to the energy received by it in the same period of time,* that period of time to 
be suitably chosen. 

209. Conventional Efficiency of machinery is the ratio of the output to 
the sum of the output and the losses; or of the input minus the losses to the 
input: when, in either case, conventional values are assigned to one or more 


' Of these losses. The need for assigning conventional values to certain losses 
` anses from the fact that some of the losses in electrical machinery are practicably 


* An exception should be noted in the case of the efficiency of storage batteries, 
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indeterminable, and must, in many cases, either be approximated by an approved ^tm 
method of test, or else values recommended by the Institute and designated uii 
“conventional” values shall be employed for them in arriving at the “con zutis 
ventional efficiency.” Efficiencies based upon conventional losses shall be :ium 
specifically stated to be conventional efficiencies. - à itkee 


210. Efficiency Determination. — Input and output determination of ^ — 
efficiency may be made directly, measuring the output by brake, or equivalent, "M 
where applicable. Within the limits of practical application the circulating 4... 
power method, sometimes described as the Hopkinson or “loading back” 
method, may be used; in machines where none of these methods are practicable —— 


- the conventional efficiency should be used, especially in the case of large machines yy] 


of high efficiency. ET 
211. Values for the indeterminate losses may also be obtained by brake or #:mi 


other accurate test, and used in estimating actual efficiencies of similar machines, = 
by the separate-loss method. 


212. Normal Conditions. — The efficiency shall correspond to, or be lfi 
corrected to, the normal conditions herein set forth, which shall be regarded as 
standard. These conditions include voltage, current, power-factor, frequency, 


wave shape, speed, temperature or such of them as may apply in each particular 
case. 


213. Measurement of Efficiency. — Electric power shall be measured 


at the terminals of the apparatus. In polyphase machines sufficient measure- 
ments shall be made on all phases to avoid errors of unbalance. 


214. Point at Which Mechanical Power Shall be Measured. — 
Mechanical power delivered by machines shall be measured at the pulley, gear- 


ing, or coupling, on the rotor shaft, thus excluding the loss of power in the belt 
or gear friction. See, however, $415. 


215. The Efficiency of Alternating-current Apparatus shall be meas- 
ured when the current is in phase with the terminal voltage, unless otherwise 
specified, or unless a definite phase difference is inherent in the apparatus, asin ~ 
induction machinery. T 


216. Efficiency of Alternating-current Apparatus in regard to ™: 
Wave Shape. — In determining the efficiency of alternating-current apparatus ^ 
the sine wave is to be considered as standard, unless a different wave formis =: 
inherent in the operation of the apparatus. See §205. zs 


217. Temperature of Reference for Efficiency Determinations. — **: 
The efficiency, at all loads, of all apparatus, shall be determined at, or corrected __ 
to, a reference temperature of 75? C. SS 


218. The Losses in Constant-potential Machinery, either of the station- _ 
ary type, or of the constant-speed rotary type, are of two classes; namely, those ~' 
which remain substantially constant at all loads, and those which vary with 
the load. The former include iron losses, windage and friction, also I'R losses — 
in any shunt windings. The latter include I?R losses in series windings. The ^. 
constant losses may be determined by measuring the power required to operate 
the machine at no load, deducting any series I?R losses. The variable lossat ~ 
any load may be computed from the measured resistance of the series windings ~ 
and the given load current. 


219. Stray Load-Losses. — The above simple method of determining 
the losses and hence the efficiency is only approximate, since the losses which are 
assumed to be constant do actually vary to some extent with the load, and also 
because the actual loss in the copper windings is sometimes appreciably greater 
than the calculated IR loss. The difference between the approximate losses 


t 


be] 
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as above determined and the actual losses is termed the "stray load-losses,""* 
These latter are due to disturtions in electric or magnetic fluxes from their no- 
load distributions or values, brought about by the load current. They are 
usually only approximately measurable or may be indeterminable. 


330. Table of Losses. — Losses in apparatus may be classitied as follows: 


Approximately meas- 


Accurately measurable urable or determin- | Indeterminable 


or determinable 


| 
= 4 
t 


able 


z = - =- | 


a. No-load core losses in- ' c. Brush friction loss | A. Iron loss due to flux dis- 
cluding eddy-current tortion 
losses in conductors at 
no-load 


b. Load BR in windings | d. Brush-contact f. Eddy-current losses in 

Noload HR in windings conductors due to trans- 
verse tluxes occasioned by 
the load currents 


e. Losses due to wind- | k. Eddy-current losses in 
age and to bearing | conductors due to tooth 
friction saturation resulting from 

distortion of the main flux. 


f. Extra copper loss in ! |. Tooth-frequency — losses 
transformer wind- due to flux distortion un- 
ings, due to stray , der load 

fluxes caused by 

load currents 


£. Diclectric losses m. Short-circuit loss of com- 
mutation 
221. Evaluation of Losses. — The larger individual losses are either 
accurately or approximately determinable, but certain. of the indeterminable 
losses reach values in various kinds of machinery which require that they should 
be taken into account. 


Methods of measuring, approximating or allowing for these various losses 
are given below. 


LOSSES TO BE TAKEN INTO ACCOUNT IN VARIOUS TYPES OF 
MACHINES 

222. Continuous-current Commutating Motors and Generators. 

No-load core-losses (Acc. Meas. or Deter.). 

PR loss in windings (Acc. Meas. or Deter.). 

Brush contact I'R loss (Approx. Meas. or Deter.). 

Unless otherwise specified, use the Institute Standard of 1 volt for contact 
drop per brush; —i.e., 2 volts for total brush drop — for either carbon or 
graphite brushes. See §§232 and 429. 

Friction of bearings and windage (Approx. Meas. or Deter.). 

Rheostat losses, when present (Acc. Meas. or Deter.). 

Brush friction (Approx. Meas. or Deter.). 

All indeterminable load losses (including stray load iron losses) which may 
beimportant, which vary with the design, and for which no satisfactory method 


_ *In the Table of $220 stray load-losses include J, 4, i, k, $ and m, but do not include 


; + lncreased core losses due to increased excitation for compensating internal drop under load. 
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of determination has been found, shall be included as zero per cent in estimating — zie! 
conventional efüciency. zai 
223. Synchronous Motors and Generators. glüd 
No-load core-losses. (Acc. Meas. or Deter.) inso 
PR loss in windings. (Acc. Meas. or Deter.) based upon rated kw. and izut 
power factor. l Jwi 
Stray load-losses. (Indeterminable). In approximating these losses, the  ::ui! 
method described in $236 shall be employed. ol 
Friction of bearings and windage. (Approx. Meas. or Deter.) (Bruh <u- 
friction and brush-contact loss is negligible.) Sede 
Rheostat losses, when present (Acc. Meas. or Deter.) corresponding to — xii 
rated kw. and power factor. u 
224. Induction Machines. Tm 
No-load core-losses. (Acc. Meas. or Deter.) x 
DR losses in windings. (Acc. Meas. or Deter.) Hn 
Stray load-losses. (Indeterminable.) In approximating these losses the o 
method described in $240 shall be employed. T 
Brush friction when collector rings are present. (Approx. Meas. or Deter.) bie 
Brush contact loss. (Approximately Meas. or Deter.) Unless otherwise d 
specified, use the Institute Standard of x volt for contact drop per brush; — for Tuc 
either carbon or graphite brushes. See $232. pe 
Friction of bearings and windage. (Approx. Meas. or Deter.) zi 
225. Commutating A-C. Machines. Mos 
No-load core-losses. (Acc. Meas. or Deter.) Abg 
ER losses in windings. (Acc. Meas. or Deter.) Er 
Brush friction. (Approx. Meas. or Deter.) NA 
Brush contact loss. (Approx. Meas. or Deter.) Unless otherwise specified, bns 
use the Institute Standard of 1 volt for contact drop per brush; — for either — — 
carbon or graphite brushes. See $8232 and 429. d 
Friction of bearings and windage. (Approx. Meas. or Deter.) ct 
Short-circuit loss of commutation. Es 
(Indeterminable.) LENS 
Iron loss due to flux distortion. | The Institute is not at this time pre. : 
(Indeterminable.) pared to make recommendation 7^ 
Eddy-current losses due to fluxes for approximating these losses. E 


varying with load and saturation. 
(Indeterminable.) 


226. Synchronous Converters. 

No-load core-losses. (Acc. Meas. or Deter.) 

PR losses in windings. (Approx. Meas. or Deter.) based on rated kw. and 
power factor. 

Brush friction. (Approx. Meas. or Deter.) 

Brush contact loss. (Approx. Meas. or Deter.) Unless otherwise specified, 
use the Institute Standard of 1 volt for contact drop per brush; — for either 
carbon or graphite brushes. See §232. 


Short-circuit loss of commutation. 


(Indeterminable.) These losses, while usually of low 
Iron loss due to flux distortion when magnitude, are erratic, and the In- 
present. (Indeterminate.) stitute is not at this time prepa 
Eddy-current losses due to fluxes to make recommendations for ap 

varying with load and saturation. proximating them. 


(Indetermínable.) 
Friction of bearings and windage. (Approx. Meas. or Deter.) 


—-- 


y 


| will be of interest: 


"a 


4 
+ 


d 
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For the booster type of synchronous converter, where the booster forms an 
integral part of the unit, its losses shall be included in the total converter losses 
in estimating the efliciency, 

227. Transformers. — No-loud Lasses. These include the core-loss and the 
ER loss due to the exciting current (Ace. Meas. or Deter.) and the diclectrie 
hysteresis Joss in the insulation (Approx. Meas. or Deter.). At low power 
factors the total losses due to treating the exciting current in this way are 
likely to be too low. 

Loud-Losses. — These include PR loss in windings, and eddy-current: losses 
in windings and core due to fluxes varying with load. (Approx, Meas. or Deter.) 
See $240 for the method of approximating these losses. 


DETERMINATION OR APPROXIMATION OF LOSSES IN ROTATING 
MACHINERY 


228. Bearing Friction and Windage may be determined as follows: Drive 
the machine from an independent motor, the output of which shall be suitably 
determined. The machine under test shall have its brushes removed and 
Shall not be excited. This output represents the bearing friction and windage 
of the machine under test. 

In the case of engine-type generators, one-half the output of the driving 
motor shall be charged against the generator for windage. The remainder, 
considered as bearing friction, shall be debited to the prime mover. 

229. Brush Friction of Commutator and Collector Rings. — Follow the 
test of §228 taking an additional reading with the brushes in contact with the 
commutator or collector rings. The ditference between the output obtained 
in the test in $228, and this output shall be taken as the brush friction. Note. 
— The surface of commutator and brushes should already be smooth and glazed 
from running when this test is made. 

230. No-load Core-Loss. — Follow the test in $a29 with an additional 
reading having the machine excited. ‘The difference between the output value 
of $229 and the output value of this reading shall be taken as the no-load core- 
loss. This no-load core-loss shall be taken with the machine excited, so as to 
produce rated terminal voltage. 

231. No-load Core-Loss at the Internal Voltage Corresponding to 
Rated Load. — This shall be taken as in 3230, except that the machine shall 
be excited so as to produce at the terminals the voltage corresponding to the 
calculated internal voltage for the load and power factor under consideration. 
For synchronous machines, since no generally accepted method has been de- 
termined for obtaining the stator reactance, the internal voltage shall be de- 
termined by adding resistance drop to the terminal voltage. 

232. Brush Contact Loss depends largely upon the material of which the 
brush is composed. As indicating the range of variation the following table 


Volts drop across 
one brush con- 


Grade of brush tact. (Average of 
positive and neg- 
ative brushes) 
Hard carbot. ood risa taes d rn I.I 
Soft Carbo. s eoru Tue ed EXE 0.9 
Graphite. ove eeeex Ex RP EREE EST 0.5 to o.8 
Metal-graphite types..........0. 000. 0.15 to0.5° 


* The former for largest proportion of metal. 
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One volt drop per brush shall be considered as the Institute Standard drop 
corresponding to the IR brush-contact loss, for carbon and graphite brushes, 
Metal-graphite brushes, shall be considered as special. See $429. 


233. Field-rheostat Losses which are normally present shall be included 
in the generator losses where there is a field rheostat in series with the field 
magnets of the generator, even when the machine is separately excited. 


234. Ventilating Blower.—When a blower is supplied as part of the machine 
set, the power required to drive it shall be charged against the machine set; 
but not against the machine. 


235. Losses in Other Auxiliary Apparatus. — Auxiliary apparatus, such 
as a separate exciter for a generator or motor, shall have its losses charged against 
the plant of which the generator and exciters are a part, and not against the 
generator. : 


236. Stray Load-Losses in Synchronous Generators and Motors. — 
These include iron losses and eddy-current losses in the copper due to fluxes 
varying with load and due to saturation. 

Stray load-losses are to be determined by operating the machine on short- 
circuit and at rated-load current. This, after deducting the windage and 
friction and I*R loss, gives the stray load-loss result thus obtained for polyphase 
generators and motors. "These losses in single-phase machines are large; but 
the Institute is not yet prepared to give a method for measuring them. 


237. Stray Load-Losses in Induction Machines. — These include eddy- 
current losses in the stator copper, and other eddy-current losses due to fluxes 
varying with the load. In wire-wound machines these are usually negligible. 

With rotor removed and for a given stator current, measure the input through 
the stator at different frequencies. Plot a curve of loss against frequency. Àt 
low frequencies, the loss becomes constant, indicating the R value. The 
difference between this I?R value and the total loss at normal frequency shall be 
taken as the stray load-loss. 'This method is not accurate with induction 
motors in which the slots are entirely closed. In such machines these losses 
may be greater. 


238. Induction Motor Rotor PR Loss.-— This should be determined 
from the slip whenever the latter is accurately determinable, using the following 
equation: 

Output X slip 
I—slp ` 
In large slip-ring motors, in which the slip cannot be directly measured by 


loading, the rotor I*R loss shall be determined by direct resistance measurement; 
the rotor full-load current to be calculated by the following equation: 


Rotor I?R loss = 


watts output. 
Rotor voltage at stand-still x V3 xK 


This equation applies to three-phase rotors. For rotors wound for two phase 


use 2 instead of the V3. K may be taken as 0.95 for motors of 150 kw.or larger. 
The factor K usually decreases as the size of motor is reduced, but no specific 
value can be stated for smaller sizes. 


Current per ring = 


DETERMINATION OR APPROXIMATION OF LOSSES IN TRANS- 
FORMERS 


239. No-load Losses. — These shall be measured with open secondary 
circuit at the rated frequency, and with an applied primary voltage giving tbe 
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- . mated secondary voltage plus the ZR drop which occurs in the secondary under 
-.  fated-load conditions. “These no-load losses include core losses, consisting of hys- 
teresis and eddy-current losses in the core, as well as dielectric loss in insulation 
due to electrostatic lux, which latter loss increases rapidly with temperature, and 
the test should therefore preferably be made at the reference temperature of 75? C. 

240. Stray Load-Losses. — These shall be measured by applying a primary 
voltage sufficient to produce rated-load current in the primary and secondary 
windings, the latter being short-circuited. The stray load losses will then be 
equal to the input decreased by the measured EK losses in both windings. It 
is ordinarily immaterial whether the high-voltage or low-voltage winding is 
used as the primary winding in this test. 

241. Volt-ampere Ratio of Transformers. — The volt-ampere ratio, which 
should not be confused with real efficiency, is the ratio of the volt-ampere output 
to the volt-ampere input of a transformer, at any given power factor. 

342. Methods of Loading Transformers for Temperature Tests. — 
Wherever practicable, transformers should be tested under conditions that will 
give losses approximating as nearly as possible to those obtained under normal 
or specified load conditions, maintained for such a time as is necessary for the 
temperature to reach a steady value. The maximum temperature rises measured 
during this test should be considered as the observable temperature rises for 
the given load. 


An approved method of making these tests is the “loading back” method. 
The principal variations of this method are: 

243. (a) With Duplicate Single-phase Transformers. — Duplicate 
single-phase transformers may be tested in banks of two, with both primary and 
secondary windings connected in parallel. Normal magnetizing voltage should 
then be applied and the required current circulated from an auxiliary source. 
One transformer can be held under normal voltage and current conditions while 
the other may be operating under slightly abnormal conditions. 

244. (b) With One Three-phase Transformer. — One three-phase 
transformer may be tested in a manner similar to (a), provided the primary and 
secondary windings are each connected in delta for the test. Normal three- 
phase magnetizing voltage should be applied and the required current circulated 
from an auxiliary single-phase source. 

245. (c) With Three Single-phase Transformers. — Duplicate 
single-phase transformers may be tested in banks of three, in a manner similar 
to (b) by connecting both primary and secondary windings in delta and applying 
| normal three-phase magnetizing voltage and circulating the required current 
; from an auxiliary single-phase source. 
| 246. Note. — Among other methods that have a limited application and 
| can be used only under special conditions may be mentioned: 


— — — € 


(1) Applying dead load by means of some form of rheostat. 

(2) Running alternately for certain short intervals of time on open circuit and 
then on short-circuit, alternating in this way until the transformer reaches steady 
temperature. 

"4 In this test the voltage for the open-circuit interval and the current for the 
"t short-circuit interval shall be such as to give the same integrated core-loss, and 
| the same integrated copper loss, as in normal operation. 


DIELECTRIC TESTS OF MACHINERY 


247. Basis for Determining Test Voltages.—The test voltage which shall 
be applied to determine the suitability of insulation for commercial operation 
is dependent upon the kind and size of the machinery, and its normal operating 


* 
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voltage, upon the nature of the service in which it is to be used, and upon thé 
severity of the mechanical and electrical stresses to which it may be subjected. 
The voltages and other conditions of test which are recormmended have been 
determined as reasonable and proper for the great majority of cases and aré 
proposed for general adoption, except when specific reasons make 4 modification 
desirable. 


248. Condition of Machinery to be Tested. — Commercial tests shall, 
in genetal, be made with the completely assembled machinery and not with 
individual parts. The machinery shall be in good condition, and high-voltage 
tests, unless otherwise specified, shall be applied befote the machine is put into 
commercial service, and shall not be applied when the insulation resistance is 
low owing to dirt or moisture. High-voltage tests shall be made at the tem- 
petature assumed under notmal operation. High-voltage tests to determine 
whether specifications are fulfilled are admissible on new machines only. Unless 
otherwise agreed upon, high-voltage tests of à machine shall be understood as 
being niade at the factory. 


. 249. Points of Application of Voltage. — The test voltage shall be sue. 
cessively applied betwegn each electric circuit and all other electtical citcuits 
and metal parts grounded. 


250. Interconnected Polyphase Windings are consídered as one circuit. 
All windings of a machine, except that under test, shall be connected to ground. 


251. Frequency, Wave Form and. Test Voltage. — The frequency of the 
testing circuit shall not be less than the rated frequency of the apparatus tested. 
A sine-wave form is recommended. See §205. The test shall be made with 


alternating voltage having a crest value equal to the V3 times the specified 
test voltage. 


252. Duration of Application of Test Voltage.—The testing voltage for 
all classes of appatatus shall be applied continuously for a pétiod of 6o seconds. 


253. Apparatus for Use on Single-phase, 3-Phase-Delta or 3-Phase- 
Star Circuits. — Apparatus, such as transformers, which may be used elther of 
single-phase circuits, or in star or delta connection on three-phase circuits, shall 
have the maximum voltage of the citcuits on which they may be used indicated 
on the rating plate and the test shall be based on such maxitnur voltage. 


VALUES OF TEST VOLTAGES 


254. The Standard Test for all Classes of Apparatus, Except as Other- 
wise Specified, Shall be Twice the Normal Voltage of the Circuit to Which 
the Apparatus is Connected, Plus 1000 Volts. 


255. Exception. — Alternating-current Apparatus connected to Per- 
manently Grounded Single-phase Circuits, for use on Permanently 
Grounded Circuits of more than 3000 Volts shall be tested with 2.73 times 
the voltage of the circuit to ground + 1000 volts. 


256. Exception.— Distributing Transformers. Transformers for pri 
mary pressures from 556 to sooo volts, the secondaries of which are directly 
connected to consumers’ circuits and commonly known as distributing trant 
formers, shall be tested with 10,060 volts from primary to core and secondary 
combined. The secondary windings shall be tested with twice their normal 
voltage plus 1000 volts. 

ag]. Eaception.—Auto-Starter Transformers or Starting Compen- 


sators, uséd for starting purposes, shall be tested with the same voltage as thé 
test voltage of the apparatus to which they are connected, 


age GF per REL 
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258. Exception. — Household Devices. Apparatus taking not over 
660* watts and intended solely for operation on supply circuits not exceeding 
250 volts shall be tested with 900 volts. 


259. Exception.— Apparatus for Use on Circuits of 25 Volts or 
Lower, such as bell-ringing apparatus,t electrical'apparatus used in automobiles, 
apparatus used on low-voltage battery circuits, etc., shall be tested with 500 
volts. 


260. Exception. — Field Windings of Alternating-current Gener- 
ators shall be tested with ro times the exciter voltage, but in no case with less 
than 1500 volts. 


261. Exception. — Field Windings of Synchronous Machines, in- 
duding motors and converters requiring to be started from alternating-current 
circuits, shall be tested with sooo volts, when the field is wound for 125 volts, 
and with 8000 volts when the field is wound for 250 volts or more. In no case 
shall the test voltage be lower than that given in $260. . 


262. Exception. — Phase-wound Rotors of Induction Motors Re- 
quired to Reverse in Service. In order to allow for the extra voltage caused 
by the increased frequency at the instant of reversal, this test shall be four 
times stand-still voltage plus 1000. 


263. Exception. — Switches and Circuit Control Apparatus above 600 
volts, shall be tested with 214 times rated voltage plus 2000. See §$367 to 387. 


264. Exception. — Assembled Apparatus. Where a number of pieces 
of apparatus are assembled together and tested as an electrical unit, they shall 
be tested with 15 per cent lower voltage than the lowest required on any of 
the individual pieces of apparatus. 

365. Testing Transformers by Induced Voltage. — Under certain con- 
ditions it is permissible to test transformers by inducing the required voltage 
in their windings, in place of using a separate testing transformer. By required 
voltage, is meant a voltage such that the line end of the windings shall receive 
a test to ground equal to that required by the general rules. 


266. Transformers with Graded Insulation shall be so marked. "They 
shall be tested by inducing the required test-voltage in the transformer and 
connecting the successive line leads to ground. 


MEASUREMENT OF VOLTAGE IN DIELECTRIC TESTS OF 
MACHINERY 


267. Use of Voltmeters and Spark-Gaps in Insulation Tests. — When 
makíng insulation tests on electrical machinery, every precaution must be 
taken against the occurrence of any spark-gap discharges in the circuifs from 
which the machinery is being tested. A non-inductive resistance of about one 
ohm per volt shall be inserted in series with one terminal of a spark gap. If 
the test is made with one electrode grounded, this resistance shall be inserted 
directly in series with the non-grounded electrode. If neither terminal is 
grounded, one-half shall be inserted directly in series with each electrode. In 
any case this resistance shall be as near the measuring gap as possible and not 
in series with the tested apparatus. This resistance will damp high-frequency 
oscillations at the time of breakdown and limit the current which will flow. 
À water tube is the most reliable resistance. Carbon resistors should not be 
used because their resistance becomes very low at high voltages. 


* This rule does not include bell-ringing transformers of ratio 125 to6 volts, See Code. 
` {The present Code power limit for a single outlet. 
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268. For Machinery of Low Capacitance. — When the machinery under 
test does not require sufficient charging current to distort the high-voltage 
wave shape, or change the ratio of transformation, the spark gap should be set 
for the required test voltage and the testing apparatus adjusted to give a volt- 
age at which this spark gap just breaks down. This adjustment should be 
made with the apparatus under test disconnected. The apparatus should then 
be connected, and with the spark gap about 20 per cent longer, the testing ap- 
paratus is again adjusted to give the voltage of the former breakdown, which 
is the assumed voltage of test. This voltage is to be maintained for the re- 
quired interval. 


269. For Machinery of High Capacitance.— When the charging current 
of the machinery under test may appreciably distort the voltage wave, or change 
the effective ratio of the testing transformer referred to, the first adjustment 
of voltage with the gap set for the test voltage should be made with the ap- 
paratus under test connected to the circuit and in parallel with the spark gap. 

When making arc-over tests of large insulators, leads, etc., partial arc-over 
of the tested apparatus may produce oscillations which will cause the measur- 
ing gap to discharge prematurely. The measured voltage will then appear too 
high. In such tests the “equivalent” ratio of the testing transformer should 
be measured by gap to within 20 per cent of the arc-over voltage of the tested 
apparatus with the tested apparatus in circuit. The measuring gap should 
then be greatly lengthened out and the voltage increased until the tested ap- 
paratus arcs over. "This arc-over voltage should then be determined by mul- 
tiplying the voltmeter reading by the equivalent ratio found above. Direct 
measurement of the spark-over veltage over one gap by another gap should 
always be avoided. . 


270. Measurements with Voltmeter. —In measuring the voltage with a 
voltmeter, the instrument should preferably derive its voltage from the high- 
tension circuit, either directly as with an electrostatic voltmeter, or through 
an auxiliary ratio transformer. It is permissible to measure the voltage at other 
places, such as the transformer primary, provided corrections can be made for 
the variations in ratio caused by the charging current of the machinery under 
test, or provided there is no material variation of this ratio. In any case, when 
the apparatus to be tested is insufficiently large in relation to the testing ap- 
paratus to cause wave distortion, the voltage must be checked by spark gap, 
as in $275. 

A crest-voltage voltmeter has advantages over an r.m.s. voltage voltmeter 
in determining the maximum cyclic value of the testing e.m.f., since it elimi- 
nates the necessity for determining the crest factor of the e.m.f. wave. 

271. Measurements with Spark Gaps. — If proper precautions are ob- 
served, spark gaps may be used to advantage in checking the calibration of 
voltmeters when set up for the purposes of high-pressure tests of the insulation 
of machinery. 

272. Ranges of Voltages. — For such calibrating purposes: 

The Needle Spark-Gap should preferably be used for voltages from xo kv. to 
50 kv. because of the larger air gaps involved. 

A Sphere Spark-Gap should be used above 50 kv. 

273. The Needle Spark-Gap. — The needle spark gap shall consist of new 
sewing needles supported axially at the ends of linear conductors which are at 
least twice the length of the gap. There must be a clear space around the 
gap for a radius of at least twice the gap length. 

274. Sparking Distance. — The sparking distances in air between nee- 
dle points for various root-mean-square sinusoidal voltages in mm. are as follows: 


a 


aa 


DOFTM 
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NEEDLE-POINT SPARK-OVER VOLTAGES WITH NO. OO SEWING 
NEEDLES 


(At 25? C. and 760 mm. barometer) 


R.M.S. T R.M.S. T 
kilovolts Millimeters kilovolts Millimeters 


II.9 
18.4 
4 
33 
4I 
SI 


The above values refer to a relative humidity of 80 per cent. Variations 
from this humidity may involve appreciable variations in the sparking distance. 

27$. The Sphere Spark-Gap.— The standard sphere spark-gap shall con- 
sist of two suitably mounted metal spheres. 

No extraneous body or external part of the circuit shall be near the gap 
Within twice the diameter of the spheres. 

The shanks should not. be greater in diameter than one-fifth the sphere di- 
ameter. Metal collars, etc., through which the shanks extend, should be as 
small as practicable and should not during any measurement come closer to 
the sphere than the maximum gap length used in that measurement, 

The sphere diameter should not vary more than o.1 per cent and the curva- 
ture, measured by a spherometer, should not vary more than 1 per cent from 
that of a true sphere of the required diameter. 

All gaps are affected by barometric pressure and temperature, and if tests 
are not made at 25? C. and 760 millimeters barometer, appropriate corrections 
must be applied. The Institute is not at present prepared to make recom- 
mendations as to the amount of such correction. 

The sparking distances between different spheres for various r.m.s. sinusoidal 
voltages will be assumed to be as follows: 
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276. SPHERE GAP SPARK-OVER VOLTAGES mi 


(At 25° C, and 760 mm. barometer) 


Sparking distance in millimeters : 


Rilo- I25-mm. spheres 250-mm. spheres 500-mm. gpheres 
volts 


‘One Both One Both One Both 
Sphere spheres sphere Spheres sphere spheres 
grounded |insulated || grounded | insulated || grounded | insulated 


The sphere gap is more sensitive than the needle gap to momentary rises of voltage, Pu 
and the voltage required to spark over the gap should be obtained by slowly closing the — 5: 
gap under constant voltage, or by slowly raising the voltage with a fixed setting of the gap. <=: 


INSULATION RESISTANCE OF MACHINERY is 

277. The Insulation Resistance of a Machine at its operating tempera- 3 
ture shall be not less than that given by the following formula: T 
Insulation resistance in megohms = 3 
voltage at terminals — . M 

rated capacity in kv-a.+ 1000 st 


The formula only applies to dry apparatus. Such high values are not at- E: 
tainable in oil-immersed apparatus. ^s 
Insulation resistance tests shall, if possible, be made at a d-c. pressure of 500 = 
volts. Since the insulation resistance varies with the pressure, it is neCeSsaty — ,,. 
that, if a pressure other than 500 volts is to be employed in any case, this other t 
pressure shall be clearly specified. 


TH m eee oe 
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The order of magnitude of the values obtained by this rule is shown ih the 


following table: 


Rated Megohms 


voltage of 
machine 1000 kv-a. 10,000 kv-a. 


0.05 
0.50 0.091 
5.0 0.91 
50 g.1 


278. It should be noted that the insulation resistance of machinery is of 
doubtful significance by comparison with the dielectric strength. The insula- 
tion resistance is subject to wide variation with temperature, humidity and 
cleanliness of the parts. When the insulation resistance falls below that cor- 
responding to the above rule, it can in most cases of good design, and where no 
defect exists, be brought up to the required standard by cleaning and drying 
out the machine. The insulation resistance test may therefore afford a useful 
indication as to whether the machine is in suitable condition for the application 
of the dielectric test. 


REGULATION 
DEFINITIONS 


279. Regulation. — The regulation of a machine in regard to some char- 
acteristic quantity (such as terminal voltage or speed) is the change in that 
quantity occurring between any two loads. Unless otherwise specified, the 
two loads considered shall be zero load and rated load and at the temperature 
attained under normal operation. The regulation may be expressed by stating 
the numerical values of the quántity at the two loads, or it may be expressed 
by the percentage regulation" which is the percentage ratio of the change in 
the quantity occurring between the two loads to the value of the quantity at 
either one or the other load, taken as the normal value. It is assumed that 
all parts of the machine affecting the regulation maintain constant temperature 
between the two loads, and where the influence of temperature is of consequence, 
a reference temperature of 75° C. shall be considered as standard. If change 
of temperature should occur during the tests the results shall be corrected to 
the teference temperature of 75? C. 

The normal value may be either the no-load value, as the no-load ‘speed of 
induction motors; or it may be the tated-load value as in the voltage of a-e. 
getiératots. 

It fs usual to state the regulation of d-c. generators by giving the numetical 
values of the voltage at no load and rated load, and in some cases it is advisable 
to state regulation at Intetmediate loads. 


28, The Regulation of D-C. Generators refers to changes in voltage cofre- 
sponding to gradual changes in load and does not relate to the comparatively 
large momentary fluctuations in voltage that frequently accompany instán» 
taneous changes in load. 

In determining the regulation of a compound-wound d-c. generator, two tests 
shall be made, one bringing the voltage down and the other bringing the voltage 
up between no load and rated load. These may differ somewhat, owing to 
residual magnetism. The mean of the two results shall be used. 


1328 Standardization Rules of the A.I.E.E. 


281. In Constant-potential A-C. Generators, the regulation is the rise in 
. voltage (when the specified load at specified power factor is thrown off) ex- 
pressed in per cent of normal rated-load voltage. 


282. In Constant-current Machines, the regulation is the ratio of the maxi- 
mum difference of current from the rated-load value (occurring in the range 
from rated load to short-circuit, or minimum limit of operation), to the rated- 
load current. 


283. In Constant-speed Direct-current Motors, and induction motors, 
the regulation is the ratio of the difference between full-load and no-load speeds 
to the no-load speed. 


284. In Constant-potential Transformers, the regulation is the difference 
between the no-load and rated-load values of the secondary terminal voltage at 
‘the specified power factor (with constant primary impressed terminal voltage) 
expressed in per cent of rated-load secondary voltage, the primary voltage 
being adjusted to such a value that the apparatus delivers rated output at 
rated secondary voltage. 


285. In Converters, Dynamotors, Motor-generators and Frequency 
Converters, the regulation is the change in the terminal voltage of the output 
side between the two specified loads. 'This may be expressed by giving the 
numerical values or as the percentage ratio. 


286. In Transmission Lines, Feeders, etc., the regulation is the changein 
the voltage at the receiving end between rated non-inductive load and no load, 
with constant impressed voltage upon the sending end. The percentage regu- 
lation is the percentage change in voltage to the normal rated voltage at the 
receiving end. 

287. In Steam Engines, Steam Turbines and Internal Combustion En- 
gines, the percentage speed regulation is usually expressed as the percentage 
ratio of the maximum variation of speed to the rated-load speed in passing 
slowly from rated load to no load (with constant conditions at the supply). 


288. Fluctuation. — If the test is made by passing suddenly from rated load 
to no load, the immediate percentage speed regulation so derived shall be termed 
the fluctuation. | ; 


289. In a Hydraulic Turbine, or other water motor, the percentage speed 
regulation is expressed as the percentage ratio of the maximum variation in 
speed in passing slowly from rated load to no load (at constant head of water), 
to the rated-load speed. 

290. In a Generator Unit consisting of a generator combined with a prime 
mover, the speed or voltage regulation should be determined at constant con- 
ditions of the prime mover, i.e., constant steam-pressure, head, etc. It includes 
the inherent speed variations of the prime mover. For this reason the regu- 
lation of a generator unit is to be distinguished from the regulation of either 
the prime mover, or of the generator combined with it, when taken separately. 


CONDITIONS FOR TESTS OF REGULATION 


291. Speed and Frequency. — The regulation of generators is to be de- 
termined at constant speed, and of alternating-current apparatus at constant 
frequency. 

292. Power Factor. — In apparatus generating, transforming or transmit- 
ting alternating currents, the power factor of the load to which the regulation 
refers should be specified. Unless otherwise specified, it shall be understood 
as referring to non-inductive load, that is to a load in which the current is in 
phase with the e.m.f. at the output side of the apparatus. 
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293. Wave Form. — In the regulation of alternating-current machinery re- 
ceiving electric power, a sine wave of voltage is assumed, except where expressly 
specified otherwise. See §205. 

294. Excitation.—In commutating machines, rectifying machines and 
synchronous machines, such as direct-current generators and motors, as well as 
in alternating-current generators, the regulation is to be determined under the 
following conditions, so as to maintain the field adjustment constant at that 
which gives rated-load voltage at rated-load current. 

(1) In the case of separately excited field magnets, constant excitation. 

(2) In the case of shunt machines, constant resistance in the shunt-field 
circuit. 

(3) In the case of series or compound machines, constant resistance shunting 
the series-field windings. 


295: Tests and Computation of Regulation of A-C. Generators. — 
Any one of the three following methods may be used. They are given'in the 
order of preference. 


Method (a). — The regulation can be measured directly by loading the 
generator at the specified load and power factor, then reducing the load to zero, 
and measuring the terminal voltage, with speed and excitation adjusted to the 
same values as before the change. This method is not generally applicable for 
shop tests, particularly on large generators, and it becomes necessary to de- 
termine the regulation from such other tests as can be readily made. 


296. Method (b).— This consists in computing the regulation from 
experimental data of the open-circuit saturation curve and the zero-power factor 
saturation curve. The latter curve, or one approximating very closely to it, 
can be obtained by running the generator with over-excited field on a load of 
idle-running under-excited synchronous motors. The power factor under these 
conditions is very low and the load saturation curve approximates very closely 
the zero power factor saturation curve. From this curve and the open circuit 
curve, points for the load saturation curve for any power factor can be obtained 
by means of vector diagrams. 

To apply method (b), it is necessary to obtain from test, the open-circuit 
saturation curve OA, Fig. 1, and the saturation curve BC at zero power factor 
and rated-load current. At any 
given excitation Oc, the voltage 
that would be induced on open 
circuit is ac, the terminal voltage 
àt zero power factor is bc, and the 
apparent internal drop is ab. The 
terminal voltage dc at any other 
power factor can then be found by 
drawing an e.m.f. diagram * as in 
Fig. 2, where $ is an angle such 
that cos $ is the power factor of 
the load, be the resistance drop (IR) 
in the stator winding, ba the total 
internal drop and ac the total in- O 
duced voltage, ba and ac being laid 
off to correspond with the values i 
obtained from Fig. 1. The terminal voltage at power factor cos $ is then cb 


TERMINAL VOLTAGE 


*Method b, for deducing the load saturation curve, at any assigned power factor, 


from no-load and zero-power-factor saturation curves obtained by test, must be regarded 


s empirical. Its value depends upon the fact that experience has demonstrated the 


teasonable correctness of the results obtained by it. 
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of Fig. 2 which, laid off in Fig. 1, gives point d: By finding a number of such 
points, the curve Bdd’ for power factor cos ¢ is obtained and the regulation at 


ot 


this power factor (expressed in per cent) is , since a'd' is the rise in 


d'c’ 
voltage when the load at power factor cos $ is thrown off at normal voltage 
ed. 

Generally, the ohmic drop cati be neglected, as it has very little influence on 
the regulation, except in very low-speed machines, where thé armature resist- 
ance is telatively high, or in some 
cáses where regulation at unity 
power factor is being estimated; 
for low power factors, its effect 
is negligible in practically all 
cases, lf resistance is neglected,  -2—-4- -=== 
the simpler e.m.f. diagram, Fig. 8, p 
may be used to obtain points on 
the load saturation curve for the 
power factor under consideration. 

297. Method (c).—Where 7 | Up | 
it is not possible to obtain by Hes Fs 
test a zero-power-factor saturation curve as In (b), this curve can be estimated 
closely from.open-circuit and short-circuit curves, by reference to tests at zero 
power factor on other machines of similar magtetic circuit. Having obtained 
the estimated zero-power-factor curve, the load saturation for any other power 
factor is obtained as in (b). 

Thus Method (c) is the same as (b), except that the zero-power-factor curve 
must be estimated. This may be done as follows: In Fig. 4 OA is the open-cr- 
cuit saturation curve and OE the short-circuit lihe às shown by test. The zero: 
power factor curve corresponding 

'to any given current BF will start A 

from point B and for machines de- 
signed with low saturation and low 
reactance will follow parallel toOA, 
as shown by the dotted curve BD 
which is OA shifted parallel to 
itself by the distance OB. In high- 
speed machines, or in others hav- 
ing low reactance and a low degree 
of saturation in the magnetic cir- 
cuit, the zero-power-factor curve 
will lie quite close to BD, d 
larly in those parts that are us "Een 
for determining the regulation. B FIELD EXCITATION 
This is the case with many tutbo- Fig. 4 
generators or high-speed water- 

wheel generators. In many cases, however, the zero-power-factor curve will 
deviate from BD, as shown by BC, and the deviation will be most ptortounced 
in machines of high reactance, high saturation and latge magnetic leakage 
The position of the actual curve BC with relation to BD can be approximated 
with sufficient exactness by investigating tlie corresponding relations as ob 
tained by test at zero power factor on machines of similar characteristics and 
magnetic circuit. Or curve BC can be calculated by methods based on the re- 
sults of tests at zero power factor. After BC has been obtained, the saturation 
curve and regulation for any other power factor can be derived aa in Method (b) 


TERMINAL VOLTAGE 
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298. Tests and Computation of Regulation for Constant-potential 
Transformers. — The regulation can be determined by loading the transformer 
and measuring the change in voltage with change in load at the specified power 
factor. This method is not generally applicable for shop tests, particularly on 
large transformers. 

The regulation for any specified load and power factor can be computed from 
the percentage resistance drop and percentage reactance drop in the windings 
as follows: 

299. To compute the regulation of a constant-potential transformer, it is 
necessary to obtain the equivalent resistance K and impedance drop Es, The 
equivalent resistance R of primary and secondary combined is found by mul- 
tiplying the secondary resistance by the square of the ratio of turns and adding 
it to the primary resistance. The impedance voltage Ea is found by short- 
circuiting the secondary winding and measuring the volts necessary to send 
rated-load current through the primary. 


300. The reactance drop is then 


where P = impedance watts as measured in the short-circuit test. 
Let 
E = rated primary voltage, 
IR = resistance drop in volts, 
IX = reactance drop in volts, 


Qr = 100 » = per cent resistance drop, 


IX 
qz = 100 E = per cent reactance drop. 
301, Then 
(1) For unity power factor, 


1 
Per cent regulation = gp + a 
290 


. 302. (2) For inductive loads of power factor m and reactive factor ss, 
(mq; —nq 


Per cent regulation = mqr + 1z + ion 


TRANSFORMER CONNECTIONS, SINGLE-PHASE TRANS- 
FORMER 


303. Marking of Leads, — The leads of single-phase transformers shall be 
distinguished from each other by marking the high-voltage leads with the letters 
A and B, and the low-voltage leads with the letters X and F. They shall be 
sq marked that the patential difference between A and B shall have the same 
direction at any instant as the potential difference between X and F. 

In accordance with the above rule, the terminals of single-phase transformers 
shall be marked as follows: 


304. (1) High- and low-voltage windings in phase: 
A —— B 
X——Y 


- ma m um —— a 
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305. (2) High- and low-voltage windings 180 deg. apart in phase: 
à A B 
Y X 


306. To operate transformers thus marked in parallel, it is only necessary to 
connect similarly marked terminals together (provided that the reactances and 
resistances of the transformers are such as to permit of parallel operation). 


307. Single-phase Transformers with More than Two Windings. — 
Transformers possessing three or more windings (each being provided with 
separate outgoing leads) shall have the leads connected to two of their wind- 
ings, lettered in accordance with the preceding paragraph. The remaining 
leads shall be distinguished from the others by a subscript. For example, 
transformers possessing four secondary leads connected to two distinct similar 
windings for multiple-series operation, shall be lettered as follows: 


A B 
(= 
Xı Yı 
This indicates that the low-voltage winding consists of two disconnected parts, 
one part having terminals XY and the other part having terminals XiYi. For 


multiple connection, X and Xi; are connected together and Y and J; are con- 
nected together. For series connection, Y is connected to Xi. 


308. Neutral Lead. — An outgoing 50 per cent (neutral) tap lead should 
be lettered N. l l 
309. Internal Connections.— The manufacturer shall furnish a complete 


diagrammatic sketch of internal connections, and all taps and terminals of the 
transformer shall be marked to correspond with numbers or letters in the sketch. 


THREE-PHASE TRANSFORMERS 


310. Three-phase transformers ordinarily have three or four leads for high- 
voltage, and three or four leads for low-voltage windings. To distinguish the 
various leads from each other, and also to distinguish between the various phase 
relations obtainable, the three high-voltage leads should be lettered ABC and 
the three low-voltage leads XYZ. In addition, it should be distinctly stated 
in which of the three 
groups given in the 
accompanying diagram 
the transformer be- 
longs. 

The rules given 
above for single-phase 
transformers in regard 
to the neutral tap, and . 
also in regard to in- 
ternal connections, are 
applicable to ` three- 
phase transformers. 


31r. Angular Dis- 
placement. — Tbe an- 
gular displacement 
between high- and 
low-voltage windings is the angle in the accompanying diagram, the lines 
passing from a neutral point through A and X respectively. Thus, in Group 1, 
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the angular displacement is zero degrees. In Group 2, the angular displace- 
ment is 180°, and in Group 3 the angular displacement is 30°. 


312. Parallel Operation of Three-phase Transformers. — Three-phase 
transformers, lettered in accordance with the above rules, will operate correctly 
in parallel, if their percentage resistance drops are equal, and their percentage 
reactance drops, at their rated loads, are equal. It is furthermore necessary 
that the angular displacements between high-voltage and low-voltage wind- 
ings shall be equal, i.e., that the transformers shall belong to the same group 
in the accompanying diagram. It is then only necessary to connect together 
similarly marked leads. 


INFORMATION TO BE GIVEN ON THE RATING PLATE OF A 
MACHINE * 


313. (a) It is recommended that the rating plate of machines which comply 
with the Institute rules shall carry a distinctive special sign, such as “ A.I.E.E. 
Rating." l 

(b) The absence of any statement to the contrary on the rating plate of a 
machine implies that it is intended for continuous service and for the standard 
ambient temperature of reference. See §§153 and 157. 

(c) The rating plate of a machine intended to work under various kinds of 
tating must carry the necessary information in regard to those kinds of ratings. 

(d) The rating plate, in addition to the name of the manufacturer and the 
serial number, must give the following information. See also $8391 and 415. 


314. Generator, Direct-current. 

Shunt, series, or compound. 

Output, in kw., with statement as to the kind of rating. 
Terminal pressure, in volts. 

Current, in amperes. 

Speed, in revolutions per minute. 


315. Motor, Direct-current. 

Shunt, series or compound. 

Output, in kw., with statement as to the kind of rating. 
Terminal pressure, in volts. . 

Current, approximate, in amperes. 

Speed, in revolutions per minute. 


316. Transformer. 

Frequency, in cycles per second. 

Number of phases. 

Output at the secondary terminals in kv-a., with statement as to the kind 
of rating. | 

Primary pressure, in volts. 

Secondary pressure, in volts. See $110. | l 

Lead markings and diagram of internal connections as stated in §§303 to 312. 


317. Alternator. 

Frequency, in cycles per second. 

Number of poles. 

Number of phases. 

Output, in kv-a., with statement as to the kind of rating and power factor 
corresponding to rated output. 

Pressure between terminals, in volts, corresponding to the rated output. 


* Information, for which space on the rating plate cannot be provided, shall be fur- 
nished on a subsidiary rating certificate. 
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Current in &mperes. 

Speed in revolutions per minute, 

Excitation pressure, in volts. 

Maximum exciting current, in amperes, required to maintain rated voltage 
under rated load. 


318. Synchronous Motor. 

Frequency, in cycles per second. 

Number of poles. 

Number of phases. 

Mechanical output, in kw., with statement as to the kind of rating. 
Pressure between terminals, i in volts, corresponding to the rated output, 
Current in amperes. 


If the motor is intended to work with a power factor different from unity . 


the necessary information shall be given. 

Speed, in revolutions per minute. 

Excitation pressure, in volts. 

Maximum exciting current, in amperes, required to maintain rated power 
factor under rated load. 


339. Synchronous Converter. 

Frequency in cycles per second, 

Number of poles. 

Shunt or compound. 

Number of phases. 

Output at commutator in kilowatts, with statement as to kind of rating. 

In case of a converter for railroad service, both nominal and continuous ratings. 

A-c. terminal pressure in volts. 

D-c. terminal pressure in volts. 

Current from commutator in amperes. 

Speed in revolutions per minute. 


320. Induction Motor. 

Frequency, in cycles per second. 

Number of poles. 

Number of phases. 

Mechanical output, in kw., with statement as to the kind of rating. 
Pressure between terminals, i in volts. 

Current, in amperes. 

Speed, in revolutions per minute, at rated: output, 

Secondary pressure (initial) when starting. 


STANDARDS FOR WIRES AND CABLES 


321-337- Terminology. — Same as in Circular No. 37 of the Bureau of Stand- 
ards. Gtven in full in the article on Wires and Cables, F nsulated. | 


SPECIFICATION OF SIZES OF CONDUCT ORS . 


338. The sizes of solid wires shall be stated by their diameter in mils, the 
American Wire Gage (Brown and Sharpe) sizes being taken as standard. "The 
sizes of stranded conductors shall be stated by their cross-sectional area in cir- 
cular mils, For brevity, in cases where the most careful specification is not 
required, the sizes of solid wires may be stated by the gage number in the 
American Wire Gage, and the sizes of stranded conductors smaller than 
250,000 circular mils (ie., No. oooo A.W,G, or smaller) may likewise be 


B 
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stated by means of the gage number in the American Wire Gage of 4 solid 
wite having the same ctoss-sectional area. Furthermore, an exception is made 
in the case of “Flexible Stranded Conductors,” for which see $34t below. 


* In stating large cross-sections, it is sometimes convenient to use à circular 


inch (507 sq. ttn.) instead of 1,000,000 circular mils. 


STRANDING 


339. The Standard Concentric Stranding Table printed in Circulars 31 and 
37 of the Bureau of Standards, 1s adopted. 


STANDARDIZATION OF CONCENTRIC STRANDING 


Number of 
wires. 
Standard . 
concentric-lay 
cables 


Range of sizes 


Circular mils Sq. mm. 


2,000,000 to 1,600,000 IOI5 to 810 
1,500,000 to 1,100,000 760 to 560 
1,000,000 to = § 50,000 507 to 280 

300,000 ta 250,000 253 to 127 
No. c000 to No. 1 A. W.G....... 107 to 42 
No. 2 and smaller 


340. Sectional Area of Cables.— The cross-sectional area of a cable shall 
be considered to be the sum of the cross-sectional areas of its component wires, 
when laid out straight and measured perpendicular to their axes. 

341. Flexible Stranding.— Conductors of special flexibility should ordi- 
natily bé made with wires of regular A.W.G. sizes, the number of wires and 
size being given. The approximate gage number or approximate circular mils 
of such flexible stranded conductors may be stated. 

342. Correction fot Lay, — The resistance and mass of a stranded con- 
ductor are greater than in a solid conductor of the same cross-sectional area, 
depending on the lay (i.e. the pitch of the twist of the wires). Two per cent 
shall be taken as the standard increment of resistance and of mass. In cases 
where the lay is definitely known, the increment should be calculated and not 
assumed. 

The direction of lay is the lateral direction in which the strands of a cable 
run over the top of the cable as they recede from an observer looking along the 
axis of the cable. 


CONDUCTIVITY OF COPPER 

343. The following I.E.C. rules are adopted: * 

. The following shall be taken as normal values for standard annealed copper: 

(1) Ata temperature of 20° C., the resistance of a wire of standard annealed 
ai per one meter in length and of a uniform section of 1 square millimeter is 

1/58 ohm = 0.017241.. .ohm. 

(2) At a temperature of 20° C, the density of standard annealed copper is 
8.89 grams per cubic centimeter. 


* Ses 1, E, C. Publication No. 28 "International Standard of Resistance for Copper,” 


March, 1914. 
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(3) At a temperature of 20° C., the “constant mass" temperature coefficient 
of- resistance of standard annealed copper, measured between two potential 
points rigidly fixed to the wire, is 0.00393 = 1/254.45...per degree centigrade, 

(4) As a consequence, it follows from (1) and (2) that, at a temperature of 
20? C. the resistance of a wire of standard annealed copper of uniform section, 
one meter in length and weighing one gram, is (1/58) X 8.89 = 0.15328... 
ohm.*t 


344. Copper Wire Tables.— The copper-wire tables published by the 
Bureau of Standards in Circular No. 31 are adopted. These Tables are based 
upon the I.E.C. rules stated in $343. 


HEATING AND TEMPERATURE OF CABLES 


345. Maximum Safe Limiting Temperatures. — The maximum safe limit- 


ing temperature in degrees Cent. at the surface of the conductor in a cable shall 
be: 


For impregnated paper insulation (85 — E), 
For varnished cambric (75 — E), 
For rubber insulation - - (60 — 0.25 E), 


where E represents the r.m.s. operating e.m.f. in kilovolts between conductors, 
Thus, at a working pressure of 3.3. kv., the maximum safe limiting tempera- 
ture at the surface of the conductor or conductors in a cable would be: 


For impregnated paper 81.7? C, 
For varnished cambric 71.7? C, 
For rubber 59.2? C. 


ELECTRICAL TESTS OF CABLES 


346. Lengths Tested. — Electrical tests of insulation on wires and cables 
shall be made on the entire length to be shipped. 


347. Immersion in Water. — Electrical tests of insulated conductors not 
enclosed in a lead sheath shall be made while immersed in water after an im- 
mersion of twelve (12) hours, if insulated with rubber compound, or if insu- 
lated with varnished cambric. It is not necessary to immerse in water insulated 
conductors enclosed in a lead sheath. 

In multiple-conductor cables, without waterproof over-all jacket of insula- 


tion, no immersion test should be made on finished cables, but only on the in- 
dividual conductors before assembling. - oe 


348. Dielectric-strength Tests. Object of Tests.— Dielectric tests are 
intended to detect weak spots in the insulation and to determine whether the 
dielectric strength of the insulation is sufficient to enable it to withstand the 
voltage it is likely to be subjected to, in service, with a suitable factor of assur- 
ance. 

The initially-applied voltage must not be greater than the working voltage, 
and the rate of increase shall not be over 100 per cent in 10 seconds. 


* Paragraphs (1) and (4) of $343 define what are sometimes called “volume resis- 
tivity,” and “mass-resistivity” respectively. This may be expressed in other units a$ 
follows: — volume resistivity = 1.724: microhm-cm. (or microhms in a cm. cube) at 
20° C. = 0.67879 microhm-inch at 20°C., and mass resistivity = 875.20 ohms (mile, 
pound) at 20° C. . : M 

t For detailed specifications of commercial copper, see the “Standard Specifications 
of the American Society for Testing Materials. 
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349. Factor of Assurance. — The factor of assurance of wire or cable in- 
sulation shall be the ratio of the voltage at which it is tested to that at which 
it is used. 

350. Test Voltage. — The dielectric strength of wire and cable insulation 
shall be tested at the factory by applying an alternating test voltage between 
the conductor and sheath or water. 


351. The Magnitude and Duration of the Test Voltage should de- 
pend upon the dielectric strength and thickness of the insulation, the length 
and diameter of the wire or cable, and the assurance factor required, the latter 
in turn depending upon the importance of the service in which the wire or cable 
is employed. 

The following test voltages shall apply unless the departure is considered 
necessary in view of the above circumstances. Rubber-covered wires or cable 
for voltages up to 7 kv. shall be tested in accordance with the National Electric 
Code. Standardization for higher voltages for rubber insulated cables is not 
considered possible at the present time. 

Varnish cambric and impregnated paper insulated wires or cables shall be 
tested at the place of manufacture for five (5) minutes in accordance with the 
table given below. 

Different engineers specify different thickness of insulation for the same 
working voltages. Therefore, at the present time the test kv. corresponding to 
working kv. given in the table below are based on the minimum thickness of 
insulation specified by engineers and operating companies. 


RECOMMENDED TEST KILOVOLTS CORRESPONDING TO OPERAT- 
ING KILOVOLTS 


Operating kv. Test kv. Operating kv. Test kv. 
0.5 2.5* 14 


0.5 25 
I : 


2 
3 
4 


* For minimum insulation thickness of 6 inch. 

352. The Frequency of the Test Voltage shall not exceed 100 cycles 
per second, and should approximate as closely as possible to a sine wave. The 
source of energy should be of ample capacity. 

353. Where Ultimate Break-down Tests are required, these shall be 
made on samples not more than 6 meters (20 ft.) long. The maximum allow- 
able temperature at which the test is made for the particular type of insulation 
and the particular working pressure, shall not be greater than the temperature 
limits given in $345. 

354. Multiple-conductor Cables. — Each conductor of a multiple-con- 
ductor cable shall be tested against the other conductors connected together 
with the sheath or water. 


INSULATION RESISTANCE 


355. Definition. — The insulation resistance of an insulated conductor is the 
electrical resistance offered by its insulation, to an impressed voltage tending to 
produce a leakage of current through the same. 


1338 Standardization Rules of the A.LE.E. 


356. Insulation resistance shall be expressed in megohms for a specified 
length (as for a kilometer, or a mile, or one thousand feet), and shall be cor- 


rected to a temperature of 15.5? C. using a temperature coefficient determined — 


experimentally for the insulation under consideration. 


357. Linear insulation resistance, or the insulation resistance of unit length, 
shall be expressed in terms of the megohm-kilometer, or the megohm-mile, or 
the megohm-thousand-feet. — 


358. Megohms Constant. — The megohms constant of an insulated con- 
ductor shall be the factor “K” in the equation 


R = K logy Z 


where R= the insulation resistance, in megohms, for a specified unit length, 
D = outside diameter of insulation, d = diameter of conductor. Unless other- 
wise stated, K will be assumed to correspond to the mile unit of length. 


359. Test.— The apparent insulation resistance should be measured after 
the dielectric-strength test, measuring the leakage current after a one-minute 
electrification, with a continuous e.m.f. of from roo to 5oo volts, the conductor 
being maintained positive to the sheath or water. 


360. Multiple-conductor Cables.—The insulation resistance of each con- 
ductor of a multiple-conductor cable shall be the insulation resistance measured 
from such conductor to all the other conductors in multiple with the sheath or 
water. 


CAPACITANCE [OR ELECTROSTATIC CAPACITY 


361. Capacitance is ordinarily expressed in microfarads. Linear capaci- 
tance, or capacitance per unit length, shall be expressed in microfarads per unit 


length (kilometer, or mile, or one thousand feet) and shall be corrected to 3 
‘temperature of 15.5° C. 


| 362. Microfarads Constant. — The microfarads constant of an insulated 
conductor shall be the factor ** K” in the equation. 


K 


-D 
where C = the capacitance in microfarads per unit length, D = the outside 
diameter of insulation, d = the diameter of conductor. Unless otherwise stated, 
K will be assumed to refer to the mile unit of length. 


! 
! 


C= 


3 


363. Measurement of Capacitance. 


For Low-voltage Cable.— The capacitance shall be measured by com 
parison with a standard condenser. For long lengths of high-voltage cables, 
where it is necessary to know the true capacitance, the measurement should 
be made at a frequency approximating the frequency of operation. 


364. Paired Cables.— The capacitance shall be measured between om- 
ductors of pairs, the other wires being connected to the sheath or ground. 


365. Electric Light and Power Cables. —The capacitance of low-volt- 
age cables is generally of but little importance. The capacitance of high-voltage 
cables should be measured between the conductors and also between each 
conductor and the other conductors connected to the lead sheath or ground. 
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366. Multiple-conductor Cables (not paired). The capacitance of each 
conductor of a multiple conductor cable shall be the capacitance measured from 
such conductor to all of the other conductors in multiple with the sheath or the 


ground, 


RATING AND TESTING OF SWITCHES AND OTHER CIRCUIT- 
CONTROL APPARATUS 


SWITCHES 


367. The following rules apply to Switches of above 600 volts. (For 600 
volts and below, see Code.*) 


Definition. — A device for making, breaking or changing connectíons in an 
electric circuit. 


368. Rating. — (a) By amperes to be carried with not more than 30° C. rise 
on contacts and current-carrying parts. (b) By normal voltage of circuit on 
which it may be used. 


369. Performance and Tests. 
(a) Heating Test with rated current applied continuously until tem- 
perature is constant; ambient temperature 40° C. 


' (b) Dielecttic Test at 274 times rated voltage plus 2000. See $263. 


CIRCUIT BREAKERS 


370. Definition. — A device designed to open a current-carrying circuit 
without injury to itself. A circuit breaker t may be: 

(a) An automatic circuit breaker, which is designed to trip automatically 
under any predetermined condition of the circuit, such as an underload or over- 
load of current or voltage. 

(b) A manually-tripped circuit breaker, which is designed to be tripped by 
hand. 

Both types of operation may be combined in one and the same device. 


371. Rating. — (a) By normal current-carrying capacity. (b) By normal 
voltage. (c) By amperes which it can interrupt at normal voltage of the circuit. 


372. Performance and Tests. — The heating test shall be made with normal 
current; in oil circuit breakers, same oil must be used for heating tests as for 
rupturing tests. Rise on contacts not to exceed 30°C. Rise on tripping 
solenoids and accessory parts not to exceed 50°C. Ambient temperature of 
reference, 40° C. 


373. Dielectric Test. Same as $369. 


374. Rupturing Test must be made-with the current specified under $371 
(c), and at normal voltage. 

Nore. — Although circuit breakers should be considered as devices alone, 
no account being taken, in the rating, of the system oti which they are to be 
used; yet in applying circuit breakers to any given service, it may be necessary 
to take into account the system on which they are to be used, with all its char- 
acteristics. 


* By the term “Code” is meant “National Electrical Code" as recommended by the 
National Fire Protection Association. 

Lee rules refer only to circuit breakers of above 550 volts For 550 volts and below, 
see Code. 


- 
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Allowances must be made for the reactance, resistance, etc., of the circuit 120 
to be controlled, as these have a direct bearing on the maximum current flow. ^ iod 
In some systems it has been found that the pressure rises so high during X4 
switching that higher insulation tests than that specified in $369 should be xix: 
given. E 


FUSES 


(For circuits up to and including 600 volls, see Code.) d. 

NorE. — Complete standardization of these fuses above 600 volts according m 
to the method of the Code is not advisable at this time, but is expected to be | ad 
accomplished by an eventual extension of the Code. . Until such extension is li 
made the following definitions and ratings may be followed. i 


375. Definition. — An element designed to melt or dissipate at a prede. — à: 


termined current value and intended to protect against abnormal conditions of — 
current. 


Note. — The terminals, tubes, etc., which go with the fuse proper are in- E 
cluded in the definition. 


376. Rating.— Fuses shall be rated at the maximum current which they are — 


required to carry continuously and at the normal voltage of the circuit on which 
they are designed to be used. 


Fuses may be divided into two classes: 


(1x) Those designed to protect the circuit and apparatus both against short- d 
circuit and against definite amounts of overload (e.g. fuses of the code which ` 
open on 25 per cent overload). l z] 

(2) Those designed to protect the system only against short-circuits; (eg. — 
expulsion fuses which blow at several times the current which they are designed“ 


to carry continuously). The line separating these two classes is not definitely 
fixed. 


377. Temperature. — Coils or windings (such as accompany fuses of the 
magnetic blow-out type) should not exceed the limits set for machine coils 
having the same character of insulation. (See §§188 and 191.) The highest 
temperature for the fuse proper should not exceed the safe limit for the material 
employed (e.g. the temperature of the fiber tube of an enclosed fuse should not : 
exceed the safe limit for this material, but an open-link metal fuse may be run 
at any temperature which will not injure the fuse material; except that no ap  . 
plication of the above rule shall contravene the Code). . . s 


378. Test. — For fuses intended for use on circuits of small capacity, or in 
protected positions on systems of large capacity, see Code. For large power  : 
fuses intended for service similar to that required of circuit breakers, see $8370 
to 374, or the Code as far as the latter applies. 


LIGHTNING ARRESTERS 


379. Definition. — A device for protecting circuits and apparatus against : 
lightning or other abnormal potential rises of short duration. | 

38o. Rating. — Arresters shall be rated by the voltage of circuit on which 
they are to be used. i 

Lightning arresters may be divided into two classes: 

(a) Those intended to discharge for a very short time; 

(b) Those intended to discharge for a period of several minutes. 

381. Performance and Tests. Dielectric test same as $369. 

The resistance of the arrester at double potential and also at normal poten- 
tial, determined by observing the discharge currents through the arrester. 


at 
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- (c) In the case of any arrester using a gap, a test shall be made of the spark 


potential on either direct-current or 60-cycle a-c. excitation. 

(d The equivalent sphere gap under disruptive discharge shall also be 
measured, using a considerable quantity of electricity. 

(e) The endurance of the arrester shall be tested to continuous surges. 


PROTECTIVE REACTANCES 


382. Definition. — A reactance for protecting circuits by limiting the cur- 
rent flow and localizing the disturbance under short-circuit conditions. 


383. Rating. 

(a) In kilovolt-amperes absorbed by normal current. 

(b) By the normal current, frequency and line (delta) voltage for which the 
reactance is designed. 

(c) By the current which the device is required to stand under short-circuit 
conditions. 


384. Performance and Tests. 


The Heat Test should be made with normal current and frequency 
applied until the temperature is constant. The temperature should not exceed 
the safe limits for the materials employed. See §§188 and rgr. 


385. Dielectric Test. — 2% times line voltage plus 2000, for one min- 
ute, from conductor to ground. 


Nore. — The reactance shall be so designed as to be capable of withstand- 


ing, without mechanical injury, rated current at normal frequency, suddenly 
applied. 


RESISTOR OR RHEOSTAT 


386. Definition. — Any device commonly known as a resistance used for 
operation or control. See Code. 


INSTRUMENT TRANSFORMERS 


387. Definition. —AÀ transformer for use with measuring instruments, in 
which the conditions in the primary circuit as to current and pressure are rep- 
resented with high numerical accuracy in the secondary circuit. 

Under this heading and for more general use. 

(a) A current transformer is a transformer designed for series connection in 
its primary circuit with the ratio of transformation appearing as a ratio of cur- 
rents. 

(b) A potential (voltage) transformer is a transformer designed for shunt or 
parallel connection in its primary circuit, with the ratio of transformation ap- 
pearing as a ratio of potentials (voltages). 

For further definitions relative to instrument transformers see §§111-114. 


~ 


STANDARDS FOR ELECTRIC RAILWAYS 


DEFINITIONS 


388. Transmission System. — When the current generated for an electric 
Tailway is changed in kind or voltage, between the generator and the cars or 
locomotives, that portion of the conductor system carrying current of a kind 
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or voltage substantially different from that received by the cars or locomotives, 
constitutes the transmission sysiem.* 


389. Distribution System. — That portion of the cotidiictot system of an 
electric railway which carries cuttent of the kind and voltage received by the 
cars or locomotives, constitutes the disitibution system.* . 


390. Substation.— A substation is a group of apparatus or machinery which 
receives current from a transmission system, changes its kind or voltage, and 
delivers it to a distribution system. 


RATING OF SUBSTATION MACHINERY 


301. Nominal Rating of Substation Machinery. — The nominal rating of 
a substation machine shall be the maximum output at roo per cent power 
factor, which, having produced a constant temperature, may be increased 50 
per cent for two hours without exceeding the standard ultimate temperature 
rise. 

Substation machines shall be capable of carrying a load of twice their nomi- 
nal rated load, for a period of five minutes, without disqualifying them for ċor- 
tinued service. ‘They shall also be capable of carrying a load of three times 
the nominal rated load for one minute. These ovetloads shall be applied after 
a continuous run at nominal rated load. | 


392. Continuous Rating. — The continuous rating of a substation machine 
shall be that load, at 100 per cent power factor, which it will carry continuously 
with a temperature rise not exceeding that set forth in $188, and fulfilling the 
other requirements set forth in these rules and summarized in $132. 


CONDUCTOR AND RAIL SYSTEM 


393. Contact Conductors. — That part of the distribution system other 
than the traffic rails, which is in immediate electrical contact with the circuits 
of the cars or locomotives, constitutes the contact conductors. 


394. Contact Rail. — A rigid contact conductor. 


305. Overhead Contact Rail.—A contact rail above the elevation of 
the maximum equipment line.f | 


396. Third Ráil.— A contact conductot placed at either side of the 
track, the contact surface of which is à few inches above the level of the top of 
the track rails. | 


397. Center Contact Rail.— A contact conductor placed between the 
track rails, having its contact surface above the ground level. 


398. Underground Contact Rail. —-A contact conductor placed beneath 
the ground level. / 


399. Gage of Third Rail. — The distance, measured parallel to the plane 
of running rails, between the gage line of the nearer track rail and the inside 
gage line of the contact surface of the third rail. 


400. Elevation of Third Rail.— The elevation of the contact-surface 
of the third rail, with respect to the plane of the tops of running rails. 


* These definitions are identical İn sense, although not in words, with those of the 
Interstate Commerce Commission, as given in their Classification of Accounts for Electric 
Railways. 


t The contour which embraces cross sections of all rolling stock under all nottad 
opetating conditions. ; 
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403. Standard Gage of Third Rails. — The gage of third rails shall be 
not less than 26 inches (66 cm.) and not more than 27 inches (68,6 cm.). 

402. Standard Elevation of Third Rails. — The elevation of third 
pe ca be not less than 234 inches (68.9 mm.) and not more than 3% inches 
89 mm.). 

403. Third-rail Protection.— A guard for the purpose of preventing 
accidental contact with the third rail. 

404. Trolley Wire. — A flexible contact conductor, customarily supported 
above the cars. 

40$, Messenger Wire or Cable. — A wire or cable running along with and 
supporting other wires, cables or contact conductors. 

A primary messenger is directly attached to the supporting system. A 
secondary messenger is intermediate between a primary messenger and the 
Wires, cables or contact conductors. 

406, Classes of Construction. — Overhead trolley construction will be 
classed as Direct Suspension and Messenger or Catenary Suspension. 

407. Direct Suspension. — All forms of overhead trolley construction 
In which the trolley wires are attached, by insulating devices, directly to the 
main supporting system. 

408. Messenger or Catenary Suspension. — All forms of overhead 
trolley construction in which the trolley wires are attached, by suitable devices, 
to one or more messenger cables, which in turn may be carried either in Simple 
Calenary, i.e., by primary messengers, or in Compound Catenary, i.e., by second- 
ary messengers, 


409. Supporting Systems shall be classed as follows: 


410. Simple Cross-span Systems. — Those systems having at each 
support a single flexible span across the track or tracks. : 


411. Messenger Cross-span Systems. — Those systems having at 
each support two or more flexible spans across the track or tracks, the upper 
Span carrying part or all of the vertical load of the lower span. 


412. Bracket Systems, — Those systems having at each support an 
arm or similar rigid member supported at only one side of the track or tracks. 


413. Bridge Systems. — Those systems having at each support a rigid 
member supported at both sides of the track or tracks, 


414. 8tandard Height of Trolley Wire on Street and Interurban 
Railways. —It is recommended that supporting structures shall be of such 
height that the lowest point of the trolley wire shall be at a height of 18 feet 
(5.5 m.) above the top of rail under conditions of maximum sag, unless local 
conditions prevent. On trackage operating electric and steam road equip- 
ment and at crossings over steam roads, it is recommended that the trolley 
wire shall be not fess than 21 feet (6.4 m.) above the top of rail, under con- 
ditions of maximum sag. 


RAILWAY MOTORS 
RATING 


415. Nominal Rating. — The nominal rating of a railway motor shall be 
the mechanical output at the car or locomotive axle, measured in kilowatts, 
which causes a rise of temperature above the surrounding air, by thermometer, 
not exceeding 9o? C. at the commutator, and 75? C. at any other normally ac- 
cessible part after one hour’s continuous run at its rated voltage (and frequency 
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in the case of an alternating-current motor) on a stand with the motor covers 
arranged to secure maximum ventilation without external blower. The rise in 
temperature, as measured by resistance, shall not exceed 100° C.* 


416. The statement of the nominal rating shall also include the correspond- 
ing voltage and armature speed. 


417. Continuous Rating. — The continuous ratings of a railway motor 
shall be the inputs in amperes at which it may be operated continuously at 1^, 
34 and full voltage respectively, without exceeding the specified temperature 
rises (see $420), when operated on stand test with motor covers and cooling 
system, if any, arranged as in service. Inasmuch as the same motor may be 
operated under different conditions as regards ventilation, it will be necessary 
in each case to define the system of ventilation which is used. In case motors 
are cooled by external blowers, the volume of air on which the rating is based 
shall be given. 


418. Maximum Input. — Railway motors shall be capable of carrying twice 
the current corresponding to their nominal rating for a period of five minutes, 
without flash-over or mechanical injury. They shall also be capable of carry- 
ing a load of three times their nominal rating for one minute under the same 
conditions. These overloads shall be applied when the motor is at the tem- 
perature which it would acquire when operating at its continuous rating. 


TEMPERATURE LIMITATIONS 


419. The Allowable Temperature in any part of a motor will be governed 
by the kind of material with which that part is insulated. In view of space 
limitations, and the cost of carrying dead weight on cars, it is considered good 
practice to operate railway motors for short periods at higher temperatures 
than would be advisable in stationary motors. The following temperatures are 
permissible: ° 


TEMPERATURES 


Maximum observable tempera- 
ture of windings 


Short periods Continuous 


By By 
resist. therm. 


* This definition differs from that in the 1911 edition of the Rules, principally by the 
substitution of a kilowatt rating for the horse-power rating and the omission of a reference 
to a room temperature of 25°C. The horse-power rating of a railway motor may, for 
practical purposes, be taken as 4$ of the kilowatt rating. On account of the hitherto 
prevailing practice of expressing mechanical output in horse power, it is recommended 
that, for the present, the capacity be expressed both in kilowatts and in horse powert, 


a double rating, namely, 
approx. equiv. h.p. 


ee — 
In order to lay stress upon the preferred future basis, it is desirable that on rating plates, 
the rating in kilowatts shall be shown in larger and more prominent characters than the 


capacity in horse power. 
t See $188. 
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420. With a view to not exceeding the above temperature limitations the 
continuous ratings shall be based upon the temperature rises tabulated in the 


accompanying table: 


421. Field-control Motors. — The 
nominal and continuous ratings of field- 
control motors shall relate to their per- 
formance with the operating field which 
gives the maximum motor rating. Each 
section of the field windings shall be 
adequate to perform the service required 
of it, without exceeding the specified 
temperature rises. 


CHARACTERISTIC CURVES 


422. The Characteristic Curves of 


,; Pülway motors shall be plotted with 


the current as abscissas and the tractive 
effort, speed and efficiency as ordinates. 


423. Characteristic Curves of Di- 


TEMPERATURE RISES ON 
STAND TEST * 


Temperature rises of 
windings 


Class of 


material t By ther- 


mometer 


By resis- 
tance 


65 85 


80 


*The temperature rise in service 
may be very different from that on 
stand test. See $440 for relation be- 
tween stand test and service tempera- 
tures, as affected by ventilation. 

t See $188. 


rect-current Motors shall be based upon full voltage, which shall be taken 
as 600 volts, or a multiple thereof. 


424. In the Case of Field-control Motors, characteristic curves Shall be 
given for all operating field connections. 


EFFICIENCY AND LOSSES 


425. The Efficiency of railway motors shall be deduced from a determina- 


tion of the losses enumerated in $8426, 427, 429 and 430. (Seealso §§436 and 
437.) 


426. The Copper Loss shall be determined from resistance measurements 
Corrected to 75? C. 


427. The No-load Core-loss, Brush Friction, Bearing Friction: and 


Windage shall be determined as a total under the following conditions: 


In making the test, the kind of brushes and the brush pressure shall be the 
same as in commercial service. With the field separately excited, such a volt- 
age shall be applied to the armature terminals as will give the same speed for 


' any given field current as is obtained with 


- the counter-electromotive force and the arm- 


the field current when operating at normal 
voltage under load. The sum of the losses 
above-mentioned, is equal to the product of 


Loss as per 
cent of no- 
load losses 


Per cent of 
nominal load | 


ature current. Under load, these losses 


Shall be taken as follows [in accompanying 
table]. 


Ioo and over 
75 
50 

428. In case it is desired to separate the | 25 
core-loss from the other losses above de- | 15 
scribed, this may be accomplished by meas- 
uring the power required to drive the motor at any given speed without gears, 
y running it as a series motor on low voltage and deducting this loss from 


the sum of the no-load losses at corresponding speed. (See §437.) 
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The core-losses at other loads shall be assumed as follows: At full continuous 
rated input 1.2 times no-load core-loss. At half continuous rated input 1.1 
times no-load core-loss. The multipliers for other loads shall be in the same 
proportion. 


429. The Brush Contact Resistance Loss to be used in determining the 

efficiency may be obtained by assuming that the sum of the drops at the con- 
h *,¢ * 

tact surfaces of the positive and negative LOSSES IN AXLE BEARINGS 


is thr ts. 
anres Ue: l AND SINGLE-REDUCTION 
430. The loss in single-reduction gear- GEARINGS 


ing and axle bearings varies with type, 
mechanical finish, age and lubrication. Per cent of 
The following [accompanying] values, | nominal rating | per cent of input 
based on accumulated tests, shall be used |. . | 
in the comparison of motors: 


ELECTRIC LOCOMOTIVES 


| 431. Rating. — Locomotives shall be 
rated in terms of the adhesive weight, 
nominal one-hour tractive effort, continuous tractive effort and corresponding 
speeds. 


432. Adhesive Weight. — The adhesive weight expressed in pounds shall be 
the sum of the weights on the drivers and of the drivers themselves. 


433. Nominal Tractive Effort. — The nominal tractive effort, expressed in :. 


pounds, shall be that exerted when the motors are operating at their nominal 
(one-hour) rating. 


434. Continuous Tractive Effort. — The continuous tractive effort, ex- 
pressed in pounds, shall be that exerted when the motors are operating at their 
full-voltage continuous rating, as indicated in $417. 

In the case of locomotives operating on intermittent service, the continuous 
tractive effort may be given for 1⁄2 or 34, voltage, but in such cases the voltage 
shall be clearly specified. 


( 435. Speed. — The rated speed, expressed in miles per hour, shall be that 
at which the continuous tractive effort is exerted. 


APPENDIX I: RAILWAY MOTORS 


436. In comparing projected motors and in case it is not possible or desirable 
to make tests to determine mechanical 
losses, the following values of these Per cent of Losses as per 


losses, determined from accumulated ex- | mominal rating cent of input 
perience, will be found useful. They in- 
clude axle-bearing losses, gear losses, 5.0 
armature-bearing losses, brush-friction 5.0 
losses and windage. a 
437. The core-loss of railway motors 5.0 
is sometimes determined by separately ; 5.3 
exciting the field and driving the arma- 6.5 | 
ture of the motor to be tested, by a sepa- 8.8 


rate motor having known losses and 13.3 
noting the differences in losses between 17.0 
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driving the motor light at various speeds and driving it with various field ex- 
citations. 
The core-losses at other loads shall be assumed as follows: 
At full continuous rated input 1.2 times no-load core-loss; 
At half continuous rated input 1.1 times no-load core-loss. 
The multiplier for other loads shall be in the same proportion. 


438. Selection of Motor for Specified Service. — The following infor- 
mation relative to the service to be performed is required in order that an ap- 
propriate motor may be selected. 


(a) Weight of total number of cars in train (in tons of 2000 lb.) exclusive of 
electrical equipment and load. 

(b) Average weight of load and durations of same, and maximum weight of 
load and durations of same. 

(c) Number of motor cars or locomotives in train, and number of trail cars in 
train. 

(d) Diameter of driving whecls. 

(e) Weight on driving wheels, exclusive of electrical equipment. 

(f) Number of motors per motor car. 

(g) Voltage at train with power on the motors — average, maximum and 
minimum. 

(b) Rate of acceleration in m.p.h. per second. 

(i) Rate of braking (retardation in m.p.h. per second). 

(j) Speed limitations, if any (including slowdowns). 

(k) Distances between stations. 

(I) Duration of station stops. 

(m) Schedule speed including station stops in m.p.h. 

(n) Train resistance in pounds per ton of 2000 pounds at stated speeds. 

(0) Moment of inertia of revolving parts, exclusive of electrical equipment. 

(p) Profile and alignment of track. 

(q) Distance coasted as a per cent of the distance between station stops. 

(r) Time of layover at end of run, if any. 


439. Stand Test Method of Comparing Motor Capacity with Service 
Requirements. — When it is not convenient to test motors under actual spe- 


' cific service conditions, recourse may be had to the following method of deter- 


mining temperature rise. 


440. The essential motor losses affecting temperatures in service are those 
in the motor windings, core and commutator. 'The mean service conditions 
may be expressed as a close approximation, in terms of that continuous current 


; and core-loss which will produce the same losses and distribution of losses as 


the average in service. 

À stand test with the current and voltage which will give losses equal to 
those in service will determine whether the motor has sufficient capacity to 
meet the service requirements. In service the temperature of an enclosed 
motor ($97), well exposed to the draught of air incident to a moving car or 
locomotive, will be from 75 to go per cent (depending upon the character of 
the service) of the temperature rise obtained on a stand test with the motor 
completely enclosed and with the same losses. With a ventilated motor (§§98 
and 100), the temperature rise in service will be 9o to 100 per cent of the tem- 


: perature rise obtained on a stand test with the same losses. 


441. In making a stand test to determine the temperature rise in a 


` cific service, it is essential in the case of a self-ventilated motor ($100), to run 


^, the armature at a speed which corresponds to the schedule speed in service. 


MEE 


MORES ROREM a RS m RR RARE RIO SC OR LE eS CEN C ONERE CHI E uU UD ADEL M ERE ——ÀP—Á—— —F 
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In order to obtain this speed it may be necessary, while maintaining the same «4 444 
total armature losses, to change somewhat the ratio between the DR and core- =; te 
loss components. -— 


442. Calculation for Comparing Motor Capacity with Service Require- ^" 
ments.— The heating of a motor should be determined, wherever possible, by = Ih 
testing it in service, or with an equivalent duty cycle. When the service or ““¥k 
equivalent duty cycle tests are not practicable, the ratings of the motor may be 
utilized as follows to determine its temperature rise. , 


n] 
443. The motor losses which affect the heating of the windings are, as n 
stated above, those in the windings and in the core. The former are propor- : lin 
tional to the square of the current. The latter vary with the voltage and ui 
current, according to curves which can be supplied by the manufacturers. The 
procedure is therefore as follows: bh 
444. (a) Plot a time-current curve and a time-voltage curve for the duty ~ 


A : dh 
cycle which the motor is to perform, and calculate from these the root mean- 3 


square current and the equivalent voltage which with r.m.s. current will produce taj, 
the average core-loss. u 


445. (b) If the calculated r.m;s. service current exceeds the continuous 7 
rating, when run with average service core-loss and speed, the motor is not a 
sufficiently powerful for the duty cycle contemplated. 


446. (c) If the calculated r.m.s. service current does not exceed the continu- ° Wi 
ous rating, when run with average service core-loss and speed, the motor is ordi- ; 
narily suitable for the service. In some cases, however, it may not have ue 
sufficient thermal capacity to avoid excessive temperature rises during the ^ 
periods of heavy load. In such cases a further calculation is required, the 4}, 
first step of which is to calculate the temperature rise due to the r.m.s. service 


current, and equivalent voltage. m 
= 1 Nj 
E " nee put is with r.m.s. service current, and equivalent 

rs core Ios iw service voltage. 

E i PR Ei em with continuous load current corresponding " 

P, = core-loss, kw. to the equivalent service voltage. r 

Then E » 

t=T fot Pe , approximately. ‘ 


P o+ P c 1 

447. (d) The thermal capacity of a motor is approximately measured by? . 

coefficient equal to the ratio of the electrical loss in kw. at its nominal (one- : 
hour) capacity, to the corresponding maximum observable temperature rise. 


448. (e) Consider any period of peak load and determine the electrical 
losses in kilowatt-hours during that period from the electrical efficiency curve. 
Find the excess of the above losses over the losses with r.m.s. service current 
and equivalent voltage. The excess loss divided by the coefficient of thermal 
capacity will equal the extra temperature rise due to the peak load. This tem- 
perature rise added to that due to the r.m.s. service current, and equivalent 
voltage, gives the total temperature rise. If the total temperature rise in any 
such period exceeds the safe limit, the motor is not sufficiently powerful for the 
service. 
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449. (f) If the temperature reached due to the peak loads does not exceed 
the safe limit, the motor may yet be unsuitable for the service, as the peak 
loads may cause excessive sparking and dangerous mechanical stresses. It is, 
therefore, necessary to compare the peak loads with the short-period over- 


n load capacity. If the peaks are also within the capacity of the motor, it may 


be considered suitable for the given duty cycle. 


APPENDIX II: ILLUMINATION AND PHOTOMETRY* 


460. Luminous Flux is radiant power evaluated according to its capacity 
to produce the sensation of light. 


461. The Luminous Intensity of a point source of light is the solid angular 
density of the luminous flux emitted by the source in the direction considered; 
or it is the flux per unit solid angle from that source. 


462, Candle. — The unit of luminous intensity, maintained by the Na- 
tional Laboratories of France, Great Britain and the United States. This 
unit, which is used also by many other countries, is frequently referred 
to as the international candle. The Hefner unit is 0.90 of the international 
candle. 


463. Candle-Power. — Luminous intensity expressed in candles. 


464. Lumen. — The unit of luminous flux, equal to the flux emitted in a 


. unit solid angle (steradian) by a point source of one candle-power. 


465. Illumination on a surface is the luminous flux-density over that surface, 


; or the flux per unit of intercepting area. 


Defining equation: Let E be the illumination and S the area of the inter- 
cepting surface. Then 


dF ‘ F 
E= ds or, when uniform, E= ç 


466. Luxis a unit of illumination equal to one lumen per square meter. The 
C. G. S. unit of illumination is one lumen per square centimeter. For this 


` unit Blondel has proposed the name “Phot.” One millilumen per square 


centimeter (milliphot) is a practical derivative of the C. G. S. system. One 


| foot-candle is one lumen per square foot and is equal to 1.0764 milliphots. The 
. foot-candle is the commonly employed unit of illumination in English-speaking 


UT 
(c 
"^ 
t” 
i 
hee 
TAM 
det 
Tid 
f 

l r 


a 


countries. 


467. Exposure.— The product of an illumination by the time. Blondel 
has proposed the name "phot-second" for the unit of exposure in the C. G. S. 
system. l 


468. Brightness, b, of an Element of a Luminous Surface from a Given 
Position is the luminous intensity per unit area of the surface projected on a 
plane perpendicular to the line of sight, and including only a surface of dimen- 
sions negligibly small in comparison with the distance to the observer. It is 
measured in candles per square centimeter of the projected area. 


*Sections 460 to 496, on Illumination and Photometry have been taken from the 
Publications of the Illuminating Engineering Society, after conference with its Committee 
on Nomenclature and Standards. (See reports of that Committee.) 
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Defining equation: Let 0 be the angle between the normal to the surface and slim, 

the line of sight, and dZ the luminous intensity of the element. Then Ds 

E al . odio 

dS cos. | 

469. Normal Brightness, b, of an Element of a Surface (sometime “iti 

called Specific Luminous Intensity) is the luminous intensity of the element ss: 

taken normally to the surface of the element, and is expressed in candles per du 

square centimeter. tee By 

In practice, the brightness 6 of a luminous surface, or element thereof, i5... ; 

observed, and not the normal brightness bo. For surfaces for which the cosine 
law of emission holds, the quantities b and bo are equal. 

Defining equation: | 
be dl h . , EE | 

h 16 or, when uniform, by = $ | lea y 

470. Specific Luminous Radiation.— The luminous flux density emitted 2: 

by a surface, or the flux emitted per unit of emissive area, It is expressed - 

in lumens per square centimeter. da 

Defining equation: Let E' be the specific luminous radiation. Then, for Ms 

surfaces obeying Lambert's cosine law of emission ; T 


— bo. 


471. Coefficient of Reflection. — The ratio of the total luminous flux | 
reflected by a surface to the total luminous flux incident upon it. Itisasimpl ` 
numeric. The reflection from a surface may be regular, diffuse or mixed. In “it 
perfect regular reflection, all of the flux is reflected from the surface at an angle ‘th $ 


`: of reflection equal to the angle of incidence, In perfect diffuse reflection the 


flux is reflected from the surface in all directions in accordance with Lambert’s 
cosine law. In most practical cases, there isa super-position of regular and dif- 


fuse reflection. I" 
472. Coefficient of Regular Reflection is the ratio of the luminous flus. “ii 
reflected regularly to the total incident flux. ES 
Ue 

473. Coefficient of Diffuse Reflection is the ratio of the iude flux si 
reflected diffusely to the total incident flux. w 
Defining equation: Let m be the coefficient of reflection (regular or diffuse). — ^ 
Then, for any given portion of the surface, th 
E' Si 


= oe ; PE 


474. Primary Luminous Standard. — A recognized standard luminous <i 
source reproducible from specifications. 


41$: Representative Luminous Standard, — A standard of luminous P 
intensity adopted as the authoritative custodian of the accepted value of the unit iz 


476. Reference Standard. — A standard calibrated in terms of the unit, 
from either a primary or representative standard and used for the calibration 
of working standards. 


477. Working Standard, — Any standardized luminous source for daily 
use in photometry. 


478, Comparison Lamp. — A lamp of constant but not necessarily known 
candle-power against which a working standard and test lamps are successively 
compared in a photometer, 


* 


bame eee 
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^ 4 Test Lamp, in a photometer, a lamp to be tested. 


^^ 48e. Performance Curve. — A curve representing the behavior of a lamp 
in any particular (candle-power, consumption, etc.) at different periods during 
its life, 
p; 481. Characteristic Curve. — A curve expressing a relation between two 
. variable properties of a luminous source, as candle power and volts, candle-power 
_ and rate of fuel consumption, etc. 


482. Mean Horizontal Candle-Power of a lamp. — The average candle- 
^- power in the horizontal plane passing through the luminous center of the lamp, 
-— Itis here assumed that the lamp (or other light source) is mounted in the usual 

manner, or, as in the case of an incandescent lamp, with its axis of symmetry 
vertical. 


483. Mean Spherical Candle-Power of a lamp. — The average candle- 
power of a lamp in all directions in space. It is equal to the total luminous flux 
.. of the lamp in lumens divided by 47. 


484. Mean Hemispherical Candle-Power of a lamp (upper or lower). 
_ —The average candle-power of a lamp in the hemisphere considered. It is 
^ equalto the total luminous flux emitted by the lamp in that hemisphere divided 
by 27, 


xa sg. 
n E 


485. Mean Zonal Candle-Power of a lamp. — The average candle-power 
=: ofa lamp over a given zone. It is equal to the total luminous flux emitted by 
cv the lamp in that zone divided by the solid angle of the zone. 


486. The Spherical Reduction-Factor of a lamp 


mean spherical candle-power 
boa — EN . 
mean horizontal candle-power 


487. The Spherical Reduction-Factor should only be used when properly 

. determined for the particular type and characteristics of each lamp. The 

= spherical reduction-factor permits of substantially-accurate comparisons being 

made between the total lumens, or mean spherical candle-powers of different 

.. types of incandescent lamps, and may be used in the absence of proper facilities 
for direct measurement of the total lumens or mean spherical candle-power. 


488. The Specific Output of Electric Lamps is properly stated in terms 
of lumens per watt at lamp terminals. The use of the term efficiency in this 
connection should be discouraged. 

When auxiliary devices are employed in circuit with a lamp, the specific output 
should be referred to lamp terminals, unless otherwise specified. 


489. The Specific Consumption of an electric lamp is its watts consump- 
tion per lumen. “Watts per candle” is a term used commercially in connection 
with incandescent lamps, and denotes watts per mean horizontal candle-power. 


z} 490. Photometric Tests in which the results are stated in candle-power 

., Should he made at such a distance from the source of light that the latter may be 
tegarded as practically a point. Where tests are made in the measurement of 
lamps with reflectors, the results should always be given as "apparent candle- 

: m at the distance employed, which distance should always be specifically 
Stated. l 


? 49r. Basis for Comparison. — Either the total flux of light in lumens, or 
| the mean spherical candle-power, should always be used as the basis for com- 
| 
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Stand 
paring various luminous sources with each other, unless there is a cleat under- ‘en 
standing or statement to the contrary. NE 

492. Incandescent Lamps, Rating. — It is customary to rate incandescent dieti 
lamps on the basis of their mean horizontal candle-power; but in comparing i, 
incandescent lamps in which the relative distribution of luminous intensity tin 
differs, the comparison should be based on their total flux of light measured in... is 
lumens, or on their mean spherical candle-power. P 


n 


493. Life Tests. — Similar filaments may be assumed to operate at the same zii: 


temperature, only when their lumens per watt consumed are the same. Life 


tests are comparable only when conducted under similar conditions as to fila- 
ment temperatures. 


494. In Comparing Different Luminous Sources not only should their 


candle-power be compared, but also their relative form, brightness, distribution 
of illumination and character of light. 


495. Symbols. 
Photometric magnitude Name of unit Symbols 
i. Luminous flux .................. Lumen F,Y* 
2. Luminous intensity............. Candle IT 
3. Illumination. ................... Phot., foot-candle, lux E, f 
A; EXDOSUIG.. (oues a E UERÉSid ecd Phot-second Ei 
s. Brightness Apparent candles per sq. cm. 


ERE | ee | i 
6. Normal brightness f Candles per sq. cm. 


rM Candies pecans im. bo 
: d Lot. Lumens per sq. cm. 
: ific luminous radiation...... $ 'p' 
7. Spec BM Lumens per sq. in. | EP 
8. Coefficient of reflection...... aes m 


496. In view of the fact that the symbols heretofore proposed conflict in some 

cases with symbols adopted for electric units by the International Electro- 

. technical Commission, it is proposed that where the possibility of any confusion 

exists in the use of electric and photometric symbols, an alternative system of 

symbols for photometrical quantities should be employed. These should be 
derived exclusively from the Greek alphabet, for instance: 


Luminous intensity.......... ecce ccccceccccccecs T 
Luminous MOK os ee ng gr USER uera Eis e. Y 
Illumination: (eco RE ERIS E aao ues DOR PR B 


STANDARDS IN TELEPHONY AND TELEGRAPHY 
TENTATIVE DEFINITIONS * 


sor. After careful consideration it does not seem that the time is yet ripe . 


for a formal standardization of terms and definitions used in telephony aud 
telegraphy. Many of the terms commonly employed are used in more than 
single way, and conversely, many pieces of apparatus and many constants 


which are essentially identical from a physical standpoint have been and are 
known by more than one designation. 


* Comments or suggestions should be forwarded to the Chairman of the Sub-Committee 
on Telephone and Telegraph Standards. 
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502. Damping of a Circuit. — The damping, at a given point, in a circuit 
from which the source of energy has been withdrawn, is the progressive dimi- 
nution in the effective value of electromotive force and current at that Done 
resulting from the withdrawal of electrical energy. 


$03. Damping Constant. — The damping constant of a circuit is a measure 
of the ratio of the dissipative to the reactive component of its admittance or 
impedance. 

Applied to the admittance of a condenser or other simple circuit having 
capacity reactance, the damping constant for a harmonic electromotive force 
of given frequency is the ratio of the conductance of the condenser or simple 
circuit at that frequency to twice the capacity of the condenser at the same 
frequency. 

Applied to the reactance of a coil or other simple circuit having inductive 
reactance, the damping constant for a harmonic current of given frequency is 
the ratio of the resistance of the coil or circuit at that frequency to twice the 
inductance at the same frequency. 

504. Equivalent Circuit. — An equivalent circuit is a simple network of 
series and shunt impedances, which, at a given frequency, is the approximate 
electrical equivalent of a complex network at the same frequency and under 
Steady state conditions. 

Norte. — As ordinarily considered, the simple networks, as defined, are the 
electrical equivalents of complex networks only with respect to definite pairs of 
terminals, and only as to sending-end impedances, and total attenuation. A 
further requirement is that the only connections between the pairs of terminals 
are those through the net-work itself. 

505. “T” Equivalent Circuit. — A “T” equivalent circuit is a triple star 
or ^Y" connection of three impedances externally equivalent to a complex 
network. 

Symbol: | 


506. “U” Equivalent Circuit. — A “U?” equivalent circuit is a delta con- 
nection of three impedances externally equivalent to a complex network. It is 
also called a “r” equivalent circuit. 


Symbol: || 
IMPEDANCE 


507. Mutual Impedance.— The mutual impedance, for alternating cur- 
rents, between a pair of terminals and a second pair of terminals of a network, 
under any given condition, is the negative vector ratio of the electromotive 
force produced between either pair of terminals on open circuit to the current 
flowing between the other pair of terminals. 


508. Self Impedance. — The self impedance between a pair of terminals of 


z: “a network, under any given condition, is the vector ratio of the electromotive 


force applied across the terminals to the current produced between them. 


LINE CHARACTERISTICS 


509. Characteristic Impedance. — Characteristic impedance of a line is the 
ratio of the applied electromotive force to the resulting steady-state current 
upon a line of infinite length and uniform structure, or of periodic recurrent 
structure, 


^ 
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Nore. — In telephone practice the terms (1) line impedance, (2) surge im- mii 
pedance, (3) iterative impedance, (4) sending-end impedance, (5) initial send. zd 
ing-end impedance, (6) final sending-end impedance, (7) natural impedance and. :-Te} 
(8) free impedance, have apparently been more or less indefinitely and in 23k"- 
discriminately used as synonyms with what is here defined as “characteristic “iui 
impedance.” 

510. Sending-End Impedance. — The sending-end impedance of a line is 
the vector ratio of the applied electromotive force to the resulting steady-state P 
current at the point where the electromotive force is applied. n 

Note. — See note under “Characteristic Impedance." In case the line is RUNE 
of infinite length of uniform structure or of periodic recurrent structure, the... 

: à "Ae. ! its 
sending-end impedance and the characteristic impedance are the same. -— 
sit. Propagation Constant. — The propagation constant per unit length pág 
of a uniform line, or per section of a line of periodic recurrent structure, is the i 
natural logarithm of the vector ratio of the steady-state currents at various 7 i 
points separated by unit length in a uniform line of infinite length, or at suc- Ds 
cessive corresponding points in a line of recurrent structure of infinite length. ^t 
The ratio is determined by dividing the value of the current at the point near. iut 
the transmitting end by the value of the current at the point more remote. n 


512. Attenuation Constant. — The attenuation constant is the real part of S 


the propagation constant. : Ug 
. 513. Wave-length Constant. — The wave-length constant is the imaginary Naf 
part of the propagation constant. ER 

3 Ns 


LINE CIRCUITS zh 


$14. Ground-return Circuit. — A ground-return circuit is a circuit cor » 
sisting of one or more metallic conductors in parallel, with the circuit com- 3M 
pleted through the earth. : 

515. Metallic Circuit. — A metallic circuit is a circuit of which the eatth =), 
forms no part. | m 
— $16. Two-wire Circuit. — A two-wire circuit is a metallic circuit formed x 
by two paralleling conductors insulated from each other. ` Xi 

517. Superposed Circuit. — A superposed circuit is an additional circi - 
obtained from a circuit normally required for another service, and in such 


xa 
manner that the two services can be given simultaneously without mutual 5 
interference. 7 


518. Phantom Circuit. — A phantom circuit is a superposed circuit, each = 
side of which consists of the two conductors of a two-wire circuit in parallel. — ^ 
srg. Side Circuit. — A side circuit is a two-wire circuit forming one side ol. ~ 
a phantom circuit. n 
$20. Non-phantomed Circuit. — A non-phantomed circuit is a two-wite 7 
circuit which is not arranged for use as the side of a phantom circuit. ; 


521. Simplexed Circuit. — A simplexed circuit is a two-wire telephone dr ^ 
cuit, arranged for the super-position of a single ground-return signalling circuit ^ 
operating over the wires in parallel. 

Norte. — In view of the use of the term “Simplex Operation” in telegraph 
practice, it is felt that the designation "'Simplexed Circuit” as applied to the 

arrangement described is not a happy one. l 
422. Composited Circuit. — A composited circuit is a two-wire telephone 
-rcuit, arranged for the super-position on each of its component metallic cot- 


its 


ductors, of a single independent ground-return signalling circuit. 


AX 
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523. Quadded or Phantomed Cable. — A quadded (or phantomed) cable 
isa cable adapted for the use of phantom circuits. 


Note. — The type of cable here defined has frequently been designated as 
"Duplex Cable" — a term which is objectionable, both on account of its lack 
of description and its widely different use in telegraph practice. 


LOADING 


524. Loaded Line. — A loaded line is one in which the normal inductance 
of the circuit has been altered for the purpose of increasing its transmission 
efficiency for one or more frequencies, 


525. Series-loaded Line. — A series-loaded line is one in which the normal 
inductance has been altered by inductance serially applied. 


526. Shunt-loaded Line. — A shunt-loaded line is one in which the normal 
inductance of the circuit has been altered by inductance applied in shunt across 
the circuit. 


$27. Continuous Loading. — A continuous loading is a series loading in 
which the added inductance is uniformly distributed along the conductors, 


$28. Coil Loading. — A coil loading is one in which the normal inductance 
is altered by the insertion of lumped inductance in the circuit at intervals. 
This lumped inductance may be applied either in series or in shunt. 


Noreg. — As commonly understood, coil loading is a series loading, in which 
the lumped inductance is applied at uniformly-spaced recurring intervals, 


$29. Microphone. — A contact device designed to have its electrical re- 
sistance directly and materially altered by slight differences in mechanical 
pressure. 

539. Relay. — A relay is a device by means of which contacts in qne circuit 
ate operated under the control of electrical energy in the same or other circuits. 


531. Resonance. — Resonance of a harmonic alternating current of given 
frequency, in a simple series circuit, containing resistance, inductance and 
capacity, is the condition in which the positive reactance of the inductance is 
numerically equal to the negative reactance of the capacity. Under these con- 
ditions the current flow in the circuit with a given electromotive force ig a 
maximum. 

532. Retardation Coil. — A retardation coil is a reactor (reactance coil) 
used in a circuit for the purpose of selectively reacting on currents which vary 
‘at different rates. 


Note.—In telephone and telegraph usage the terms ‘impedance coil,” 
“inductance coil,” “choke coil" and “reactance coil" are sometimes used in 
place of the term “retardation coil." 


533. Skin Effect. — Skin effect is the phenomenon of the non-uniform dis- 
tribution of current throughout the cross section of a linear conductor, oc- 
asioned by variations in the intensity of the magnetic field due to the current 
inthe conductor. 


534. Telephone Receiver. — A ieh receiver is an electrically operated 
device designed to produce sound waves or vibrations which correspond in form 
to the electromagnetic waves or vibrations actuating it. 


535. Telephone Transmitter. — A telephone transmitter is a sound-wave 
of vibration-operated device designed to produce electromagnetic waves or 
vibrations which correspond in form to the sound waves or vibrations actuat- 
ing it, 
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TRANSFORMERS 


536. The Coefficient of Coupling of a Transformer. — The coefficient of 
coupling of a transformer at a given frequency is the vector ratio of the mutual 
impedance between the primary and secondary of the transformer, to the 


square root of the product of the self-impedance of the primary and of the 
secondary. 4 


537. Repeating Coil. — A term used in telephone practice meaning the same 
as transformer, and ordinarily a transformer of unity ratio. 


| RADIO* 
538. Acoustic Resonance Device. — One which utilizes in its operation 
mechanical or other resonance to the audio frequency of the received impulses. 


539. Antenna.— A system of conductors designed for radiating or absorb- 
ing the energy of electromagnetic waves. 


s40. Atmospheric Absorption. — That portion of the total loss of radiated 
energy due to atmospheric conductivity. 


541. Audio Frequencies. — The normally audible frequencies lying between 
20 and about 20,000 cycles per second. (See also Radio Frequencies.) 


542. Capacity Coupler. — An apparatus which electrostatically joins por- 


tions of two circuits, and' thereby permits the transfer of electrical energy 
between these circuits through the action of electric forces. 


543. Coefficient of Coupling. — See $536 above. 


544. Conductive Coupler. — An apparatus which magnetically and elec- . 


trically joins two circuits having a common conductive portion (also known as 
a Direct Coupler). 


545. Counterpoise. — A system of electrical conductors forming one plate 
of a condenser, the other plate of which is the ground. For alternating current 
it may be used to replace a direct connection to ground. 


$46. Damping of a Circuit. — See $502. 


547. Damping Factor of a Simple Circuit. — The ratio of the effective 
resistance of that circuit to twice the effective inductance at any frequency. 
(The reciprocal of a time.) This term applies only to circuits capable of catry- 
ing free alternating currents. (See $503 above.) . 


548. Detector. — That portion of the receiving apparatus which, connected 
to a circuit carrying currents of radio-frequency, and in conjunction with a self- 
contained or separate indicator, translates the radio-frequency energy into à 
form suitable for operation of the indicator. This translation may be effected 
either by the conversion of the radio-frequency energy, or by means of the con- 
trol of local energy by the energy received. 


549. Electromagnetic Wave. — A progressive disturbance characterized by 
the existence on the wave front of electric and magnetic forces acting in direc 


tions which are perpendicular to each other and to the direction of propagation 


of the wave. 


550. Forced Alternating Current. — One produced in any circuit by the 
application of an alternating electromotive force.t 


* Sections 538 to 567 have been inserted after conference with the Standards Committee 
of the Institute of Radio Engineers. 


t In power applications termed simply an alternating current, 
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ssi, Free Alternating Current. — That produced by an isolated electrical 
displacement in a circuit having capacity, inductance and Jess than the critical 
resistance." 


552. Critical Resistance of an Oscillating-current Circuit. — Twice the 
square root of the ratio of the inductance of that circuit to the capacity of that 
circuit both expressed in practical units. This term applies only to circuits 
capable of carrying free alternating currents. 


- 


. 883. Group Frequency.— The number of distinguishable alternating-cur- 
rent groups occurring per second in an electrical circuit. 


Note 1. — The group referred to above is, in general, mainly a free alternat- 
ing current which is substantially damped to extinction before the beginning 
of the following group or train. 


‘NoTE 2. — The acoustic pitch of the note in the receiving station is, in general, 
determined by the group frequency at the transmitting station. 


NorE 3. — The term "Group Frequency" replaces the term “Spark Fre- 
quency.” 


554. Inductive Coupler.— An apparatus which magnetically joins portions 
of two electric circuits. 


555. Linear Decrement of a Circuit Containing a Resistance Element 
Equivalent to a Spark. — The difference of successive current amplitudes in 
the same direction divided by the larger of these amplitudes. (In circuits con- 
taining such an element, not the ratio of successive current amplitudes, but 
their difference is constant, and characteristic of the damping.) 


556. Logarithmic Decrement. — Logarithmic decrement of a circuit con- 
taining inductance, capacity and constant resistance is one-half the ratio of 
the electrical energy withdrawn from that circuit during a cycle to the total 
energy present in that circuit at the beginning of the cycle. It also equals the 
ris logarithm of the ratio of successive current amplitudes in the same 

irection. 


Note. — Logarithmic decrements are standard for a complete period or 
cycle. 


$57. Radio Frequencies. — Those above 20,000 cycles per second. (See 
also Audio Frequencies.) 


Nore. — It is not implied that radiation cannot be secured at lower fre- 
quencies and the distinction from audio frequencies is merely one of definition. 


558. Resonance to an Alternating Current. — See $531 above. 


559. À Resonance Curve gives the relation between circuit power, current 
or voltage at various frequencies of excitation as a function of those frequencies. 


560. A Wave-length Resonance Curve is one wherein the abscissas are 
ratios of specified wave lengths to the resonant wave length, and the ordinates 
are ratios of the energy (or square of the current at corresponding specified 
wave lengths to the energy (or square of the current) at the resonant wave 
length. The scale of ordinates and abscissas shall be equal. 


561. A Frequency Resonance Curve.—One wherein the abscissas are 
ratios of specified frequencies to the resonant frequency, and the ordinates are 
ratios of the energy (or square of the current at corresponding specified fre- 


* In power applications termed simply an oscillating current. See $5 
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quencies to the energy (or square of the current) at the resonant frequency. 
The scales of ordinates and abscissas shall be equal.. 


562. A Standard Resonance Curve, unless otherwise specified, is assumed 
to be a wave-length resonance curve. 


563. Selecting. — The process of adjusting an element driven by a plurality 
of simultaneous impulses until the ratio of desired response to undesired re- 
sponse is a maximum. 


564. Sustained Radiation consists of electromagnetic waves of constant 
amplitude (such as are emitted from an antenna in which flows a forced alter- 
nating current). 


565. Tuning.— The process of securing the maximum indications by adjust- 
ing the time period of a driven element. (In transmitter or receiver.) 


566. Wave-length Meter. — A radio-frequency measuring instrument cali- 
brated to read wave lengths. 


567. Rating. — r. All radio transmitting sets shall be rated in actual power 
output measured in the antenna. 


Norr.— The group or audio frequency of the note of the station should be 
stated as well (except for sustained wave sets, where that characteristic should 
be mentioned). 


2. The over-all efficiency of a radio transmitting station shall be the ratio of 
the actual power output as measured in the antenna to the power input sup- 
plied to the first piece of electrical machinery which is definitely a part of the 
radio equipment. 
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STANDARDIZATION RULES AND STANDARD SPECIFI- 
CATIONS. — (See also Standardization Rules of the A.I.E.E.) During the last 
decade many of the engineering societies have adopted rules and specifications 
covering materials, apparatus and methods of procedure. The Standardize- 
Wo Hon Rules of the American Institute of Electrical Engineers are given in full in the 
xx preceding article. A brief reference to the standardization rules and standard 
specifications of some of the other enginecring societies, with directions for pro- 
1.  cUfing copies of these rules and specifications, are given in this article. A state- 
ment of the nature of the publications of the International Electrotechnical 
Commission and of the Bureau of Standards at Washington is also given. 


AMERICAN ELECTRIC RAILWAY ENGINEERING ASSOCIA- 
TION. — (Secretary, E. B. Burritt, 29 West 30th St., New York City.) This 
Association issues an Engineering Manual, which contains all standards set by 
-— the Association, all practices recommended by it, and those practices which, 

! while they have not been formally adopted either as standards or recommended 
s practice, have been discussed and put forward by the Association's various 

committees. The Manual is in loose leaf form and consists of printed matter, 

_ drawings and illustrations. The Manual is revised each year by the Committee 
“- on Standards. The price of the Manual, including all sections in a binder, is 
$4.00 to non-members. 


AMERICAN RAILWAY ENGINEERING ASSOCIATION. — (Sccre- 
lary, L. H. Fricht, 962, Monadnock Block, Chicago, IH.) This Association issues 
*" a Manual containing the various committee reports which have been formally 
^" adopted by the Association. The following items are covered: Roadway; 

Ballast; Ties; Rail; Track; Buildings; Wooden Bridges and Trestles; Masonry; 

. Signs; Fences and Crossings; Signals and Interlockings; Records and Accounts; 

|. Rules and Organization; Water Service; Yards and Terminals; Iron and Steel 
| Structures; Economics of Railway Location; Wood Preservation; Electricity. 
| The cost of the Manual is $3.00 to non-members, | 
i 
| 


AMERICAN SOCIETY OF MECHANICAL ENGINEERS. — (Sec- 
retary, Calvin W. Rice, 20 West 30th St., New York City.) The Power Test Com- 
mittee of this Society has under preparation at the present time (1914) a set of 
Rules for Conducting Performance Tests of Power Plant Apparatus, embracing 
the following subjects: Boilers; * Reciprocating Steam Engines; * Steam Tur- 
bines; Complete Steam Power Plants; Pumping Machinery; * Compressors, 
Blowers and Fans; Locomotives; * Gas Producers; Gas and Oil Engines;* 
Complete Gas Power Plants; Waterwheels. A preliminary draft of these 
“Codes” appears in the Journal of the Society for November, 1912. 


AMERICAN SOCIETY FOR TESTING MATERIALS. — (Secretary, 

| Edgar Marburg, University of Pennsylvania, Phila., Pa.) This Society issues 
every September a Year Book which contains all the standard specifications of 
the Society in their latest revised form. These specifications at present (1914) 
cover Steel Rails, Structural Steel, Various Steel Objects, Steel Castings, 
Wrought Iron, Pig Iron, Tron Castings, Locomotive Material, Magnetic Tests 
of Iron and Steel (see Magnetic Testing), Various Kinds of Copper Wire and 
Wire Bars (see Wires and Cables, Bare), Spelter, Manganese Bronze Ingots, 
Cement, Lime, Clay Products, Preservative Coatings, Road Materials, Timber, 
Methods of Testing Strength of Materials, and Methods for Metallographic 
Tests. The price of the Year Book is $5.00 to non-members. 


* Earlier “ Codes ” of the Society dealing with these subjects were issued as follows: 
Boilers, 1899; Steam Engines, 1902; Pumping Engines, 1891; Locomotives, 1894; Gag 
Dgines, 1902. s 
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ELECTRIC POWER CLUB. — (Secretary, C. W. Roth, 1410 West Adams 
St., Chicago, Ill.) This Club is an association of corporations, firms and indi- 
viduals engaged in the manufacture of electric motors and generators. Its 
standardization rules, which are printed in a pamphlet entitled The Eleciric 
Power Club, are confined to sizes of shaft, pulley, etc., speeds, nomenclature, 
ratings for different kinds of service, and other matters that are industrial in 
contradistinction to those that are technical or scientific. The pamphlet re- 
ferred to may be obtained free of charge from the Secretary of the Club. 


ILLUMINATING ENGINEERING SOCIETY. — (Secretary, J. D. 
Israel, 20 West 30th St., New York City.) The Committee on Nomenclature and 
Standards of this Society has drawn up a report of Proposed Definitions (set 
Trans. Ill. Eng. Soc., Dec., 1912, Vol. 4). The definitions in this report are 
substantially the same as those incorporated in the Standardization Rules of 
the AI.E.E. (1914 edition.) 


INSTITUTE OF RADIO ENGINEERS. — (Secretary, E. J. Simon, 81 
New St., New York City.) See the reports of the Standards Committee of this 
Institute. Sections 538 to 567 of the Standardization Rules of the AIEE. 
(q.v.) were incorporated in those rules after conference with this Committee. 


NATIONAL ELECTRIC LIGHT ASSOCIATION. — (Secretary, T. C. 
Martin, 33 West 39th St., New York City.) In the reports of the annual meetings 
of this Association are given the recommendations of the various committees 
dealing with the following subjects: Railway Rates, Transportation, Account- 
ing, Prime Movers, Overhead Line Construction, Lamps, Electrical Apparatus, 
Meters, Terminology, Grounding Secondaries, Underground Construction, 
Electrical Measurements and Values, and Street Lighting. 


This Association issues, jointly with the Association of Edison Illumi- 
nating Companies (Secretary, Geo. C. Holberton, Pacific Gas and Electric Co., 
San Francisco, Cal.), a pamphlet entitled Code for Electricity Meters. This 
Code deals primarily with the use of watthour meters in connection with the 
sale of electric energy in both small and large amounts. The following list of 
chapter headings gives a general idea of the scope of the Code: Definitions, 
Standards and Measuring Instruments, Metering, Specifications for Acceptance 
of Types of Meters, Specifications for Acceptance of Auxiliary Apparatus, In- 
stallation Methods, Methods of Tests, System Tests, Maintenance Methods. 
The price of the pamphlet is 5o cents. 

The N.E.L.A. also issues the Electrical Meterman’s Handbook, written and 
compiled by the Committee on Meters. This book is intended primarily for 
practical meter men, as contrasted with the Code for Electricity Meters, which 
latter is primarily a guide to metering specifications for central station manage- 
ments and for state and civic commissions. The Meterman’s Handbook deals 
with the subject of metering in great detail, containing over 1000 pages. It 
may be had from the Secretary of the Association for $2.00. 


NATIONAL FIRE PROTECTION ASSOCIATION. — This Associa- 
tion issues the National Electric Code which contains the rules and require- 
ments of the National Board of Fire Underwriters for electric wiring and appa- 
ratus. 'The Code is revised every two years, the next revision being in 1915. 
A. List of Electrical Fittings is also issued by the National Board of Fire Under- 
writers. This is a list of fittings which have been examined and are suitable 
for the use intended; this list is revised semi-annually. The Code and List of 
Electrical Fittings may be obtained tree of charge from the National Board of 
Fire Underwriters, 135 William St., New York City. 
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OTHER ENGINEERING SOCIETIES.—The reports of the committees of 
isc the following societies also contain matter relative to standards of various kinds: 


" American Electrochemical Society, Secretary, J. W. Richards, Lehigh Uni- 
ie versity, South Bethlehem, Pa. 
= Association of Railway Electrical Engineers, Secretary, J. Andreucetti, Room 
toe 411, C. & N. W. Terminal Building, Chicago, Ill. 
* Association of Iron and Steel Electrical Engineers, Secretary, W. T. Snyder, 
gp McKeesport, Pa. 

Electric Vehicle Association of America, Secrelary, A. J. Marshall, 29 West 
A 30th St., New York City. 
5- Railway Signal Engineers’ Association, Secretary, C. C. Rosenberg, Times 
er ` Building, Bethlehem, Pa. 
“Society of Automobile Engineers, General Manager, Coker F. Clarkson, 1790 
m Broadway, New York City. This society issues a Handbook containing 

the standards recommended for use in the construction of automobiles 
and automobile accessories. 

Among the foreign electrical societies which have issued standards of various 
"' kinds may be noted the following: 
^^ British Electrical and Allied Manufacturers’ Association, King's House, 
m Kingsway, London, W. C., England. 
: Incorporated Municipal Electrical Association, Secretary, C. McArthur But. 
ie ler, London, England. 
Institution of Electrical Engineers, Secretary, P. F. Rowell, Victoria Embank- 

ment, London, W. C., England. 

Verband Deutscher Electrotechniker, Secretary, H. Dettmar, Kéniggratze, 
" Strasse, 106, Berlin, S. W. 11. 


INTERNATIONAL ELECTROTECHNICAL COMMISSION. — 
© (General Secretary's Office, 28 Victoria St., Westminster, London, S. W., England.) 
+ This Commission, which was organized in London in 1906, is made up of National 
; Committees whose membership as a rule is confined to members of the national 
r engineering societies in the several countries. National Committees at present 
: exist in about 25 countries. The United States National Committee, (Secre- 

lary, Dr. A. E. Kennelly, Harvard University, Cambridge, Mass.) is appointed by 
the President of the American Institute of Electrical Engineers, and keeps in 
dose touch with the A.I.E.E. Standards Committee. The expenses of the 
Central Office in London are met by contributions from the various National 
Committees. In addition to the National Committees there are a number of 
Special Committees, appointed by the President of the Commission. There 
are at present Special Committees on Prime Movers, Rating, Nomenclature, 
and SymBols and Units. 

The Commission meets in full session about every two years. The next 
meeting will be in San Francisco in 1915. "These meetings are for the purpose of 
discussing and acting upon the reports and recommendations of the Special 

. Committees. 

| The Central Office has, from time to time, published bulletins giving reports 
. of the meetings of the different committees and of the Commission. With the 
| exception of the list of International Symbols (see Symbols and Abbreviations), 
no definite standards have yet been published by the Commission. The bulletin 
PEDEM the list of International Symbols may be had of the General Secretary 
or 2/1 d. 


_ BUREAU OF STANDARDS. — The Bureau of Standards at Washington 
Is a branch of the U. S. Department of Commerce. In addition to making 
tests and comparisons of measuring apparatus, the Bureau carries on numerous 
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researches related to the establishment and maintenance of the various stand- 
ards and units of measurement, the development of measuring instruments 
and methods of measurement, the determination of physical constants and the 
properties of matter. The results of these investigations are published in 
pamphlet form, issued in two separate series: (1) Scientific Papers and (2) 
Technological Papers. In addition, the Bureau issues from time to time Circu- 
lars giving useful technical data, standard specifications for apparatus, descrip- 
tion of the nature of the standard tests carried out at the Bureau, etc. 

A complete list of the publications of the Bureau will be furnished by the 
Bureau upon request and free of charge; this list is contained in Circular No. 24 
which is brought up to date from time to time. Circular No. 24 also contains a 
brief summary of each of the Scientific and Tecknological Papers, any one or 
more of which will also be furnished by the Bureau upon request and free of 
charge. 

The Bulletin of the Bureau of Standards is a serial publication in which the 
Scientific and Technological Papers are first published, the individual pam- 
phlets referred to above being reprints from the Bulletin. Each number of the 
Bulletin contains about 150 pages, the separate numbers being issued as material 
accumulates, at intervals of about three months. Four numbers constitute a 
volume. Nine volumes had been issued at the beginning of 1914. The com- 
plete Bulletin is furnished free to educational and scientific institutions. In- 
dividuals may obtain separate numbers in paper covers (current or back num- 
bers) at 25 cents per copy, complete volumes bound in cloth at $1.50 per volume, 
and may subscribe in advance at the rate of $1.00 per volume to receive the four 
separate numbers as issued. Orders and payments for the Bulletin should be 
addressed to the Superintendent of Documents, Washington, D. C., and not to 
the Bureau of Standards. 

| TH. Penner] 
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STARTERS, MOTOR. — (See also Controllers; Motors, various types a 


Alkternaling-Current; Motors, Direct-Curreni; Rheostats.) An auxiliary resistance 
which is used with a motor, either d-c. or a-c., during acceleration is called a 
starter, or a starting rheostat. A compensator, or induction starter, consists of 
an auto-transformer and a switch, by the operation of which a reduced voltage 
is supplied to the terminals of an induction motor for starting. 


STARTERS FOR DIRECT-CURRENT MOTORS. — The starters for 
use with constant speed d-c. motors consist usually of a resistance to be inserted 
in the armature circuit, this resistance being gradually cut out by the movement 
of a contact arm over a face plate as the motor comes up to speed. Such rheo- 
stats connect the motor field in circuit at the first step and are provided with 
various safeguards such as low-voltage release, overload release, etc. 


Resistance Steps for D-C. Starters. — The resistance is designed to limit 
the starting current to about 114 times full load current with enough steps 
to insure smooth starting. Motors of 10 h.p. or less usually are brought up to 
speed in about 15 seconds and larger motors in about 30 seconds. Resistors 
should carry full load current for two minutes, starting cold, with a temperature 
rise not exceeding 250° C. 


Face-plate Type of Starters with Low-voltage Release (Fig. 1). — 
Fig. 1 shows the connections of a typical d-c. starter used for motors up to toh.p. 
at rro volts. This starter is provided 
with a low-voltage release and with 
an arcing tip at the first contact. 
The low-voltage release consists of 
à spring coiled around the pivot of 
the rheostat arm for returning it to 
the off-position and an electromagnet 
for retaining the arm in the on-posi- 
tion as long as the line voltage con- 
tinues above a predetermined mini- 
mum value. The arcing tip at the 
first contact provides a spring break 
and thus prevents arcing when the 
contact arm leaves the first contact 
in going to the off-position, 

For motors larger than 1o h.p. a 
brush-contact switch is used to short- 
circuit the starting box when the con- 
tact arm is in the running position. ` 
A magnetic blow-out may also be TN a ARR 
used in place of the arcing tip. 


Overload Release. — This is often furnished, especially with motors 
of large capacity. This device consists essentially of a solenoid which is con- 
nected in series with the motor armature and which, in case of a predetermined 
overload, opens the circuit of the low-voltage coil. This action releases the 
Contact arm and thus stops the motor. 

Mounting of Starting Boxes. — These starting rheostats are frequently 
mounted on a small panel, together with the line switches and fuses or circuit 
breaker required for the complete protection of the motor circuit. » 


Multiple-switch Starters (Fig. 2). — With the larger d-c. motors where 
the Starting conditions are severe the face-plate type of starter is not found 
satisfactory, so recourse is had to multiple-switch starters. These consist essen- 
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tially of a number of suitable switches mounted on a panel and a separate [by 
resistance, usually of cast-iron grids. The switches are mechanically inter- 4, 
locked so that it is necessary to close ; 


them in a given sequence. Resistance , 
The type of starter shown diagram- par i oe 
matically in Fig. 2 is used with 110- “ekg gs m kur 
volt motors up to 300 h.p. and with ma^ “Baik 
220- and soo-volt motors up to 600 Pipe uri dit 
h.p. The first switch on the right of — "iz ae ; 
the diagram is provided with mag- l duit 
netic blow-out coils and acts asa cir- [|l] me e 
cuit breaker. It also has voltage E | E 
release device. Protection against td 
inadvertently leaving part of the Pendant Switch, hag 


Armature ae 
Fig. 2. Connections of Multiple-switch 
S ter IM 


switches open when starting is pro- 
vided by means of an auxiliary push- 


button switch that must be held closed ux: 
until the ;ast switch on the left is closed, thus energizing the coil of the low- ==" 
voltage release. Tus 


Starters with Automatically-operated Contactors. — In starting a motor 5 
the energy required to overcome the inertia of the motor and the apparatusit “=! 
is driving must be admitted gradually, which is accomplished by introducing ~ E 
resistance into the armature circuit. If the time taken in starting is too long ^5: 
the resistance may be injured by overheating; if the time is too short the motor 3 
may be damaged or the supply circuits seriously disturbed. For these reasons 
a motor starter that will automatically take care of the proper rate of acceler- 
ation presents many advantages. Such a starter can be devised by means of "ts 
contactor switches and suitable relays, which are operated either by the variae “St: 
tion of the voltage drop across a resistance as the motor speeds up, or by the ‘=: 
decrease in current which permits a coil to drop its core. Mx 

Contactor Starter with Series-relay Control (Fig. 3).— Accde- 7 
ation by series-relay control is satisfactory where the voltage does not vary ~: 
more than 1214 per cent either way from a constant value. Fig. 3 shows the Rs 
connections of a compound-wound — “ER 
motor with a three-switch magnet- ' 
switch controller arranged for this 
type of control of speed acceleration. 
The relay switch opens when the 
motor current exceeds a safe value } 
and no further reduction of the start- 
ing resistance can be made until the 
current decreases and allows the relay 
switch to close. 

When the main switch is closed, | 
the closing of the master switch AP 
connects coil Mi across the circuit, | 7 
thus energizing its core, closing main == - - = E. 
contacts I and bridging gap 4-a by Fig. 3. Diagram of Contractor Starter with N 
interlocking contact I. The motor Series-relay Control k 
starts with all resistance RsRı in series. The high starting current causes the — 
relay switch to open gaps s-s in the control circuit. As soon as the starting n 
current has fallen to a limit predetermined by the relay adjustment the relay 
core drops, and gap s-s is closed. The second magnet switch then operates, 
simultaneously closing contacts- II, bridging gap b-c by contact 2, and opene `) 
ing gap c-d and closing gap d-e by contact 3. : 
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Contacts II short-circuit resistance R:Rı, causing an increase in the motor 


' current, and the relay switch again opens gap s-s. But the opening of gap 


cd and the closing of gap d-e has, meanwhile, connected coil Mz across the 
circuit independently of gap s-s; so that while the relay switch can delay the 
dosing of the magnet switch it has no control over one that is closed. As gaps 
a~ and b-c are bridged by contacts r and 2 respectively, the circuit through 
coil Ms will be closed as soon as the motor current has decreased enough to allow 
the relay switch to drop back and close gap s~s. As soon as the coil ms is 
energized, contacts III are closed, and gap f-f is bridged by contact 4. Con- 
tacts III connect the motor directly across the circuit and the bridge across 
gap f-f removes coil Ma from any further control by the relay switch. 


Contactor Starter with Resistance-drop Control (Fig. 4). — Acceler- 
ation by voltage control is applicable where the line voltage does not vary more 
than 5 per cent either way from a constant value. The arrangement required 
for this method is given in Fig. 4, 
Which shows the connections of a 
compound-wound motor with a three- 
Switch magnet-switch controller ar- 
ranged for speed acceleration by volt- 
age control; that is, the successive 
operation of the switches depends 
upon the voltage drop in the starting 
resistance. 

The operation of the controller is 
started by closing the line switch and 
the master switch, which connects coil 
Mı across the circuit. The core of M1 
rises, main contacts I are closed, and Cee 
interlocking contacts e-a are bridged pig 4, Diagram of Contactor Starter with 
by contact I. Main contacts I connect Resistance-drop Control 
the shunt field directly across the main 
circuit and close the circuit through the series field, armature and starting resist- 
ance R:R;. The coils M are wound for full line voltage, except that for higher 
than 220 volts, 220-volt coils with resistance in series are used. It is evident 
that the promptness with which the magnet switches act depends largely on the 
voltage applied to the coil terminals. For example, 180 volts will cause a 
220-volt switch to close much more slowly than will the full 220 volts. 

When contact I bridges contacts a-a the operating circuit through coil M3 
and resistance RR; is closed. This coil is then subjected to full line voltage 
less the drop in resistance R3Rj. While the starting current is high this voltage 
drop is considerable, and the closing of the second magnet switch is thereby 
delayed until the motor current has fallen to a strength that can be approxi- 
mately predetermined. 'The operation of the second magnet switch closes 
contacts II and bridges contacts b-b by contact 2. Contacts II short-circuit 
resistance ReRi and the bridge across b-b closes the circuit through coil Ms 
and resistance RaRo. When contacts II close, the starting current increases 
momentarily and on account of the voltage drop in resistance RR» the closing 
of the third magnet switch is delayed in the same manner as described in con- 
nection with contacts II. | 

The lag in the operation of the accelerating magnet switches can be adjusted 
by changing the connection point of the coils Mz and Ms to the resistance. For 
example, if coil Ms was connected to the point Rz’, as shown by the dotted line, 
there would be less resistance in series with the coil and consequently a higher 
voltage would be applied to the coil terminals. The nearer the connection 
Points of the two terminals of coils Mz and Ms are to the negative end of the 
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resistance Ri, the less will be the voltage drop affecting the operation of the 
second and third magnet switches. If both of these coil terminals were con- 
nected to Ri, or to the negative side of the circuit at points o-o, coil M would 
receive the full voltage as soon as contacts a-g are bridged and coil Ms as soon as 
contacts b—b are bridged. The three magnet switches would then close in quick 
succession, the delay in the operation of the second and third switches being 
only that caused by their own time element. If no other delaying element is 
introduced the acceleration will be very rapid, the starting current high and 
the tax on the motors severe. Acceleration by time element of the switches 
alone is useful where very quick starting is required. 


Contactors for Starters with Acceleration Control. — (See also Mag- 
«els and Solenoids.) The success of starters with acceleration controls, such as 
described in the two preceding sections, depends largely on the contactors or 
contactor switches. Contactors are switches or circuit breakers which are held 
in the closed position by some auxiliary power, such as a solenoid or compressed 
air. Contactors of the design shown in Fig. 5 are built in sizes of 100, 250, 350, 
soo and 1000 amperes. ‘They consist essentially of a contact that is closed by 
the action of a solenoid which raises its plunger ver- 
tically when the coil is energized and allows it to 
drop back by gravity, assisted by springs, when the 
coil is deénergized. The main contacts are above the 
solenoid and are protected by magnetic blow-out 
coils so placed on each side of the main contact that 
the arc is forced quickly to the front and blown out. 
(See also Control Systems for Railway Motors.) 

These contactors are ordinarily used in connection 
with a master switch or controller, and protective 
relay switches of various kinds to insure the perform- 
ance of various functions, such as the automatic cut- 
ting in and out of resistance in the secondary of an 
induction motor to maintain constant input to a fly- 
wheel set, or any similar features that may be desired. 


STARTERS FOR INDUCTION MOTORS 
may be divided into two classes: (1) those used 
with motors having a squirrel cage or short-circuited 
secondary, and (2) those for motors having a wound 
secondary. In the former case the starting is done 


Fig. 5. Section through 
Contactor. B—Graphite 


by impressing on the primary a voltage sufficient to 
induce in the short-circuited secondary the current 
required to develop the proper starting torque, and 
then transferring the primary connections to full 
voltage. With induction motors having phase- 
wound secondaries the method of starting is to con- 
nect the primary circuit directly to the line, with the 

secondary winding short-circuited through a resist- 
ance which is cut out in one or more steps. 

With squirrel-cage motors up to about 71% h.p. it is 
usually feasible to connect the primary immediately 
to the full line voltage without drawing an abnormal 
current from the line. 


Arcing Contact; C—Cop- 
per Contacts; D—Blow- 
out Coil; E~Are Shield; 
F—Arc Shield Fastener; 
G—Magnet Cap; H- 
Magnet Coil; I—Station- 
ary Core; J—Plunger; 
M—Insulating Tube; N— 
Interlock Spring; O—In- 


. terlock Disks; P—Insu- 


lating Bushings; Q—In- 
terlock Fingers; T—Mag- 
net Frame; V—Panel 


With larger squirrel-cage motors this is not feasible, and 


consequently there have been developed various means of reducing the impressed 


voltage supplied to the motor. 


Starting of Polyphase Motors with Change of Line Conmection, — 
With two- -phase motors operated from | a two-phase, four-wire system which | is 
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fed from mesh-wound or interconnected generators or transformers, the motor 


can be thrown on the side circuits, where 71 per cent voltage is available for 
starting, and can then be thrown over to full voltage for running. With either 
two-phase or three-phase motors where 50 per cent of line voltage is sufficient 
for starting and which have two parallel windings per phase, these windings 
may be connected in series for starting and parallel for running. With three- 
phase motors that will develop sufficient starting torque on 58 per cent of line 
voltage and which have their windings suitably designed, these windings may 
be connected in star for starting and delta for running. All of these methods 
give only one starting voltage and they usually require a type of winding that 
is not conducive to the best design of the motor, but they are advantageous in 
certain cases because they do not require any additional apparatus other than a 
double-throw switch. 


Starting Compensators. — Under normal conditions the most satisfactory 
means of obtaining the reduced voltage for starting induction motors with 
squirtel-cage secondaries is by the use of auto-transformers or compensators 
(q.v.). The auto-transformers supplied for starting induction motors are pro- 
vided with taps permitting the choice of any one of several voltages. The 
auto-transformers are designed for starting service only and are not intended 
to be left permanently in circuit. 


Connections of Starting Compensator (Fig. 6). — The connections of 
the starting compensator for a two-phase motor are shown diagrammatically 
in Fig. 6, the switching mechanism being omitted for the sake of simplicity. 
Two auto-transformers are used with a two-phase motor; with a three-phase 


STARTING CONNECTIONS RUNNING CONNECTIONS 
Fig. 6. Connections of Starting Compensator 


motor there would be used either three Y-connected or two V-connected auto- 
transformers, In the starting position the voltage at the motor primary which 
18 Connected to the auto-transformer is cut down by the auto-transformers 
from 200 to 130 in this particular case. 

The auto-transformers are provided with taps giving 50, 65 and 80 per cent 
of line voltage for starting, though it is usually found that the 65 per cent tap 
gives the proper conditions for average service. With the switch in the running 
position the auto-transformers are disconnected from the circuit and the motor 
connected to the full line voltage. 

Switch Mechanism. — The switch consists of two sets of butt contacts, 
copper rods abutting against brass rods, one set of contacts being closed for 
starting and one for running. When the switch is closed in either direction 
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coiled springs acting on each pair of rods are compressed so that excellent elec- 
trical contact is assured until more than 1⁄4 inch has worn off the end of each 
rod. The handle of the switch has three positions and locks automatically in 
the off and running positions but has to be held in the starting position. In 
starting a motor the handle is first moved very quickly to the starting position 
and held there until the motor gets up to speed; the handle is then moved 
quickly past the off position to the running position where it becomes locked. 
A mechanical device prevents throwing the handle to the switch from the off 
position to the running position without moving first to the starting position. 


Automatic Protection must be secured by means of fuses or circuit 
breakers in the running leads. If desired, heavier fuses can be installed in the 
starting leads to give protection against excessive starting currents. A modi- 
fication of the starting switch is frequently supplied that embodies automatic 
overload features in the running position, so that no outside protective devices 
are required. With this type of switch the overload release device consists of 
two solenoids with plungers, each solenoid being connected in series with a phase 
of the motor circuit. When the current exceeds a predetérmined amount the 
plunger rises and trips a catch holding the switch in the running position, allow- 
ing the switch to open by gravity and disconnect the motor. An oil-filled dash- 
pot on each solenoid plunger gives an inverse time element feature. The 
switch contacts trip independently of the handle so that the switch cannot be 
held closed on an overload. 


Resistance Starters for Induction Motors. — With motors having a wound 
secondary it is customary to connect the primary to full line voltage at starting 
and to short-circuit the secondary through a resistance. As the motor speeds 
up, this secondary resistance is cut out in one or more steps until at full speed 
the secondary is short-circuited. By properly designing the resistors for con- 
tinuous service instead of for intermittant service, this type of control can be 
used for speed regulation as well as for starting purposes (see Controllers). 

With constant-speed induction motors up to 200 h.p. output it is sometimes 
possible to mount the starting resistance upon the rotor spider, and to control it 
by butt contact switches operated by a rod which passes through the hollow 
rotor shaft. By moving this rod out or in by means of a knob at its outer end 
the resigtance may be connected into the secondary circuit for starting or be dis- 
connected therefrom after the motor has come up to speed. With large motors 
the terminals of the secondary windings are connected by means of .slip rings 
and a drum controller to the resistance, which in this cas: consists of three 
resistors mounted separately from the motor. Each resistor has one terminal 
connected with one of the three phases of the motor secondary. The other 
terminals of the resistors are connected in star and grounded to the frame of 
the controller. The drum of the controller short-circuits the various sections 
of the resistors in steps. 


Resistance Steps for Induction Motor Starters. — Wound second- 
ary motors at standstill act as transformers and the resistance in the second- 
ary circuit has to absorb practically the entire input to the motor; as the 
motor speeds up, the secondary voltage drops off and resistance is cut out of 
circuit at such a rate that the motor draws from the line about 5o per cent 
more than full load primary current. Grid resistors for starting service will rise 
about 250° F. in two minutes. Grid resistors for speed regulation are designed 
for the same rise on continuous service. 

Starters for ‘‘ Self-starting ” Synchronous Motors. — Where self-starting 
synchronous motors are used they are provided with a squirrel-cage winding 
on the rotor in addition to the usual field poles and field coils. Owing to this 
squirrel-cage winding they are started.up as induction motors and controlled by 
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are. the same type of starting devices. Suitable auxiliary apparatus, such as field 
ic, Theostats and field switches, must be provided. 


^ . CALCULATION OF STEPS FOR RESISTANCE STARTERS.* — 
"=: (See also Rheostats.) Resistance starters usually have from four steps for small 
=E motors to seven or ten for large sizes. The number of steps used is commonly 
=: somewhat larger than the computed values as a safeguard against excessive 
=- Starting currents due to improper handling by inexperienced operators. Starters 
"* for motors starting under heavy loads are frequently designed with two or three 
= extra steps by which it is permitted to switch the loaded machine on the line 
5: with a low current and to raise the current step by step. On the other hand, in 
us. Stations where experienced operators are available, large motors and synchronous 
: converters are often started on three or four steps. 


Calculation for Shunt-motor Starters. — The design is usually based on a 
fixed maximum current on each step of the starter, as well as on a fixed minimum 
^* current for each step. The minimum current must not be taken as less than 
=- the load current required for the maximum load with which the motor is to be 
-- started. ` 
= Im = the maximum current on each step of the starting rheostat, 

E Io = the lowest current for which the steps are to be designed, 
= E = the fixed line voltage, 
C = Im sJ Lo. 


Let K — 1 be the number of steps required in the rheostat, and let Ri, Ro, . . 
" Ry be the total resistances in the circuit, including the resistance of the motor, 
- for the successive positions of the contact arm. K is the number of working 
“contacts over which the contact arm moves, the first contact being when all 
<- the resistance of the rheostat is in the circuit and the Kth contact corresponding 
'" to all the resistance of the rheostat cut out; whence Rx = r= the motor resist- 
"ance and R1 2 E -+ Im. 

It can be shown that the successive resistances form a geometric series with 
the ratio C, whence 


E - 
log | — : 
MIC and m-É Reet R= Es, etc. 
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The value of C must be so chosen that K is a whole number. For most 
motors which are likely to start under load, the value of C is taken about 1.5. 
For machines which are started with no load, a larger value for C is usually taken, 
the limiting value being determined by the ratio of maximum allowable current 
at starting to current at no load. The maximum allowable current is commonly 
limited to r.5 times full-load current. Occasionally twice full-load current is 
taken, but the lower value is preferable, particularly if both power and lighting 
Services are connected to the same feeders. 


Design of Series Motor Starters. — An algebraic method for the computa- 
tion of the various steps for series-motor starters is rather complicated because 
the field flux varies with the line current. A graphic method based on equal 
fluctuations of current on each step of the starting rheostat is as follows, 

Let E= the fixed line voltage, Im the maximum allowable current during 
starting, and Jo = the minimum allowable current during starting. 

Construct the rectangle 4 ľmOB as in Fig. 7, in which (475) is the maximum . 
allowable current during starting, and (OR!) = E + £m is the entire resistance 


* By O. R. Schurig. 
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of the circuit when the contact arm of the starter is on the first operating contact. 
Lay off (AJo) equal to the minimum current during starting... Determine from 
the magnetization curve of the machine, at 

some definite speed the armature voltage Ey © 
for the current Zo, and the armature voltage r 
Em for the current Jm at this same speed (see R 
Motors, Direct-current). Lay off (OBo) equal R4 


to (OB) x x- ; and draw the two straight lines Ra 


m 

(ZmBo) and (JoB). Lay off (Or) equal to the 
resistance of the motor between terminals, “2 
and draw (rs) parallel to (OB), and find the 
point D where (rs) intersects (ImBo). Then bt 
draw the zig-zag line IonCuFv,... If this . : 
line does not meet the point D, then the ratio Fis- 7- Graphic Method of Design 
Io + Im and the corresponding ratio Eo + Em af Series Motor Starters 
and the distances (AJo) and (OBo) must be altered until the new zig-zag line 
meets the new point D. Then extend the horizontal line Cn, Fm, . . . until 
they cut the vertical axis, at Ro, Rs, . . . The resistances of the successive steps 
(resistances between successive contacts) are then equal to the distances (RiR), 
(SR), ... 

For machines working on a straight line magnetization curve, the steps for 
the starter would be equal, as the line (JoB) would be parallel to the line (/mEX). 

Graphic Method for Shunt-motor Starters. — The above method may 

also be applied to the determination of the steps of a shunt-motor starter, in 
which case the point Bo coincides with B. 


COST OF MOTOR STARTERS. — The following figures are appror- 
imate only and are intended merely to give a rough idea of the cost of some of 
the common types of starters. 


COST OF STARTERS FOR ss50-VOLT MOTORS* 


i 


Horse-power of motor 


Face-plate type (Fig. 1)............... 
Multiple-switch type (Fig. 2).......... 
Series-relay type (Fig. 3)....... esl 
Resistance-drop type (Fig. 4)..... rad 
Compensators (Fig. 6)................ 
Resistance starters for induction 

MOOS Loser enc C» a Sees 
Compensators for  ''self-starting ” 

synchronous motors................. 


* Starters for 110- or for 220-volt motors cost about the same as for 350-volt motors. 


BIBLIOGRAPHY, — Carichoff, E. R., A Graphical Study of the Resistance 
Divisions for Series Motor Operation, G. E. Review, Vol. 16, p. 981; Edler, 8. 
Uber die Strombelastung der einzelnen Widerstandstufen der Selbstanlasser, Elek. 
u. Masch. 1909, p. 823; Harris, F. W., Determination of Resistances by Graphics, 
Elec. Jour. 1909, Vol. 6, p. 627. See also Bibliography in articles on Controllers 


and Rheostats. 
[S. Q. Haves] 
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yn T ; 
le STEAM. — (See also Boilers; Calorimeters, Steam; Pipes and Piping; Steam 
Engines; Steam Turbines; etc.) Steam at a given pressure and at a temperature 
—— such that any decrease in temperature, the pressure being kept constant, will 
E cause a condensation of water, is said to be “saturated.” When the tempera- 
--- ture is such that a decrease of temperature, the pressure being kept constant, 
i can take place without the formation of water, the steam is said to be ‘“‘super- 
^5 heated,” and the number of degrees that the temperature can be lowered before 
t the formation of water takes place is called the “degrees of superheat." Saturated 
steam may contain fine particles of water in the form of spray or mist, in which 
, case the steam is said to be “wet,” while if there is no such moisture present 
the steam is said to be “dry.” (When the steam produced by a boiler is wet 
—— the steam is also said to be “primed,” and the amount of moisture is called the 
amount of “ priming. ") Superheated steam is always dry. The weight of the 
ses actual (dry) steam in a pound of wet steam (steam and moisture) is called 
n the "quality of the steam." The temperature of saturated steam at a given 
m pressure is the same whether the steam be dry or wet, and is the same as the 
"i boiling point of water at that pressure. The temperature of saturated steam, 


"or the boiling point, depends solely upon the pressure of the steam. 


n 

ws TOTAL HEAT OF STEAM. — The amount of heat required to change 
one pound of water at 32? F. into steam at any pressure, 5, is called the “total 

Mi heat” of the saturated steam at this pressure. The number of B.t.u. required 

È+ to raise the temperature of one pound of water from 32° to the temperature of 

x the saturated steam at the given pressure is called the ‘‘heat of the liquid." 

yi; The difference between the total heat and the heat of the liquid is called the 
“heat of evaporation." 

.,., Inthe case of superheated steam, heat is also required to raise the temper- 

ature of the steam from the temperature corresponding to saturation to the 

^ temperature of the superheated steam, The total number of B.t.u. required 
to change one pound of water at 32° F, into superheated steam is given in the 
second table below. 


ENTROPY OF STEAM. — (See also Thermodynamics, Principles of.) 

* [n dealing with steam the change in entropy resulting from adding to one 

„~ pound of the water at 32° F. an amount of heat necessary to raise its temper- 

ature to the bailing point is called the “‘entropy of the water,” the change in 

_ entropy during evaporation, j.e., the heat of evaporation divided by the abso- 

u lute temperature of the boiling point, is called the "entropy of evaporation,” 

; and the entropy of the water plus the entropy of evaporation is called the 

. "entropy of the steam." The entropy of the water is approximately the 

; quotient of the heat added to 1 Jb. from 32° to the boiling point divided by 
the average of these two temperatures above absolute zero. 


STEAM TABLES. — Tables glving the values of the various Drogerie 
of steam for the range of temperatures and pressures met with in practice have 
recently been recomputed by Marks and Davis, using the latest experimental 

- tesults as the basis for their calculations. The following tables are condensed 
from those given in their Steam Tables and Diagrams (N.Y., 1909). 


Saturated Steam. — Using the symbols at top of the table: 
Gage pressure in Ib. per square in. = p — 14.7 


- 


Vacuum, inches of mercury, = 29.92 — 2.036 p 
Entropy of evaporation =N~-—n 

I 
Pounds per cubic foot mt 


9 
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0.00 
Pounds gage 
0.3 
5-3 
10.3 
15.3 
20.3 
25.3 
30.3 
35.3 
40.3 
45.3 
§0.3 
55.3. . 
60.3 
65.3 
70.3 


Abs. 


Press., | Temp., 


Ib. per 
sq. in. 
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?F. 


Steam 


SATURATED STEAM 


B.t.u. 


£I 


Kom cu e re 


Steam 


SATURATED STEAM (Continued) 


Temp., 
°F, 


Spec. 
Vol., 
cu. ft. 
per 1b. 


Heat of|Heat of| Total 


Liq., 
B.t.u. 


Evap., 
B.t.u. 


Heat, 
B.t.u. 


H 


I184.4 
1185.4 
1186.3 
1187.2 
1188.0 
1188.8 


1189.6 
I190.3 
1191.0 
1191.6 
1192.2 
1192.8 
1193.4 
1194.0 
1194.5 
1195.0 
1195.4 
1195.9 
1196.4 
1196.8 
1197.3 
II97.'7 
1198.1 
1198.5 
1198.8 
1199.2 
1199.6 
1199.9 
1200.2 
1200.6 
1200.9 
I20I.2 
I201.5 
1202.1 
1202.6 
1203.1 
1204.1 
1208 

1210 

1210 
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Entropy Total 
of Liq. |Entropy 


n 


0.4644 
0.4694 
0.4743 


0.4789 
0.4834 
0.4877 
0.4919 
0.4959 
0.4998 
0.5035 
©.5072 
0.5107 
0.5142 
0.5175 
0.5208 
0.5239 
0.5269 
0.5299 
0.5328 
0.5356 
0.5384 
0.5410 
0.5437 
0.5463 
0.5488 
0.5513 
0.5538 
0.5562 
0. 5586 
0.5610 
0.5633 
0.5655 
0.5676 
0.5719 
0.5760 
0.5800 
0.5878 
0.621 

0.648 

0.670 
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SUPERHEATED STEAM : d 
dau 
V specific volume in cubic feet per pound, h=total heat, from water at 32° F. 2 B.t.g, T 
per pound, n=total entropy, from water at 32°. ee 
Abs. | Temp. Degrees of superheat, Fahrenheit is 
 pres,| sat. : 
lb. per|steam, Em 
sq. in. oF, 20 zo I100 ISO 200 250 300 400 uu 
croce eere eerta su 
20 | 228.0| V | 20.73 | 21.69 | 23.25 | 24.80 | 26133 | 27.85 1 29.37 | 32.39 " 
h | 1165.7} 1179.9| 1203.5| 1227.1| 1250.0| 1274.1| 1297.6| 1344.8 Pes 
n | 1.7456) 1.7652) 1.7961| 1.8251 1.8524) 1.8781 1.9026} 1.9479) ~E 
40 | 267.3} v | 10.83 | 11.33 | 12.13 | 12.93 | 13.70 | 14.48 | 15.25 | 16.8 | ^ 
h | 1179.3} 1194.0] 1218.4| 1242.4| 1266.4| 1290.3| 1314.1| 1361.6 i 
z n | 1,6895| 1.7089] 1.7392]. 1.7674| 1.7940| 1.8189| 1.8427} 1.8867 
60 |292.7| v | 7.40 | 7.75 | 8.30 | 8.84 |9.36 | 9.89 | 10.4 [irg |. 58m 
h | 1187.3) 1202.6, 1227.6] 1252.1| 1276.4] 1300.4] 1324.3) 1372.2 " 
n | 1.6568} 1.6761] 1.7062| 1.7342| 1.7603| 1.7849| 1.8081| 1.8511] =: 
8o |3120| v | 5.65 | 5.92 | 6.34 | 6.75 | 7.157 | 7.56 | 7.95 | 872 “aka 
h | 1193.0] 1208.8] 1234.3] 1259.0} 1283.6] 1307.8] 1331.9} 1379.8] | 
Dn | 1.6338) 1.6532] 1.6833] 1.7120] x.7368| 1.7612] 1.7840] 1.8265] —— 
. 300 | 327.8] V | 4.58 | 4.79 | 5.14 | 5.47 | 5.80 | 6.12 | 6.44 | 7.07 
h | 1197.5] 1213.8] 1239.7| 1264.7] 1289.4] 1313.6] 1337.8} 1385.9 
n | 1.6160] 1.6358] 1.6658] 1.6933] 1.7188] 1.7428| 1.7656] 1.8079] — 
120 |341.3| V | 3.85 | 4.04 | 4.33 | 4.62 | 4.89 | 5.17 | 5.44 | 5.9 | m. 
h | 1201.1} 1217.9] 1244.1) 1269.3) 1294.1] 1318.4 1342.7} 1391.0) — 
n | 1.6016} 1.6216] 1.6517} 1.6789! r.7o41| 1.7280] 1.7505} 1.794 | =- 
140 | 353.1} V | 3.32 | 3.49 | 3.75 | 4.00 | 4.24 | 4.48 | 4.70] 5-16 | 
h | 1204.3} 1221.4] 1248.0] 1273.3] 1298.2] 1322.6} 1346.9} 1395.4] 
n | 1.5894) 1.6096] 1.6395] 1.6666] 1. 1.7152) I. a 
160 363.6 | v 2.93 3.07 3.30 3.53 : 3.95 ; : eos 
h | 1207.0| 1224.5| 1251.3| 1276.8 .7| 1326.2 31 Ry 
n | 1.5789| 1.5993| 1.6292| 1.6561] 1. 1.7043} I. . oh 
1380 | 373-1] V | 2.62 | 2.75 | 2.96 | 3.16 : 3.54 | 3. XY 
h | 1209.4| 1227.2| 1254.3] 1279.9 .8| 1329.5 3 Ijo s 
n | 1.5697| 1.5904] 1.6201] 1.6468 1.6048 : 
200 | 381.9 | v |2.37 | 2.49 | 2.68 | 2.86 : 3.21 
h | 1211.6] 1229.8} 1257.1| 1282.6 -7| 1332.4 
n | 1.5614} 1.5823] 1.6120] 1.6385] 1. : 1.6862 
320 |389.9| v | 2.16 | 2.28 | 2.45 | 2.62 l.a. 2.94 
h | 1213.6} 1232.2] 1259.6] 1285.2 .3| 1335.1 
n | 1.5541) 1.5753] 1.6049] 1.6312] 1. 1.6787 
340 | 397.4 | V | 1.99 | 2.00 | 2.26 | 2.42 ; 2.71 
h | 1215.4] 1234.3| 1261.9| 1287.6 .8| 1337.6 
n | 1.5476] 1.5690] 1.5985] 1.6246! r. 1.6720 
260 | 404.5] V | 1.84 | 1.94 | a.ro | 2.24 : 2.52 
h | 1217.1| 1236.4| 1264.1| 1289.9 .I| 1340.0 
n | 1.5416| 1.5631| 1.5926] 1.6186) 1. 1.6658 
280 |411.2| V | 01.72 | 1.81 I.95 | 2.09 Í 2.35 
h | 1218.7; 1238.4| 1266.2| 1291.9 17.2| 1342.2 
à | 1.5362| 1.5580| 1.5873] 1.6133! 1. 1.6603 
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FLOW OF STEAM THROUGH A NOZZLE. — The rate of flow of 
un, Steam through a nozzle increases as the difference in the pressures on the two 
ove sides of the nozzle increases, until the absolute pressure fo of the atmosphere 
'' into which the nozzle discharges reaches 58 per cent of the initial absolute 


udi pressure p of the steam. For greater differences in pressure, i.e., for 5 < 0.58, 


» y, the rate of flow through a given nozzle depends only upon the initial absolute 


——" pressure of the steam. For " « o.58the percentage change in the volume of the 


8f 


pee Steam as it passes through the nozzle also remains constant, the ratio of initial 


" volume to expanded volume being 1.624. The following formulas have been 
“given by the authorities stated for the flow of steam through a nozzle when 
Pu í 

qus X «0.58. The notation is P = initial absolute pressure in pounds per square 


M PN. b 

ip: iach; A = smallest cross section of nozzle in square inches; W = flow in pounds 
4 Pan * * IOO - y ` ° 

" per minute; x= quality of steam = where y is the per cent of moisture; 
u 1M - : 


p i D = superheat in degrees F. 
pi, 


ge 


Dry saturated Superheated 


T i | | W=0.857AP 
A P? (14+-0,90065 D) 


"FLOW OF STEAM THROUGH PIPES, VALVES, AND BENDS. — 
(M (See Pipes and Piping.) 


pu 
um BIBLIOGRAPHY. — Marks and Davis, Steam Tables and Diagrams, N. V., 


vy.’ 1910; Peabody's Steam Tables, N. Y., 1909; Ennis, W. D., A pplied Thermody- 
.., namics, N.Y., 1910. See also bibliographies in the articles on Boslers, Steam; 
wo, end Steam Engines. 

Ee i; (Wu. KENT.] 
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STEAM ENGINES. — (See also Condensers; Power Stations; Steam; Stan 72 
Turbines.) A steam engine is a machine in which the energy of heat is cone ^77 
verted into mechanical energy by means of the pressure of steam upon oneor ®t 
more parts of the machine. This article treats of the reciprocating engineonly; ^7 
steam turbines (q.v.) are treated in a separate article. ` dw 


CLASSIFICATION. — The principal classifications of reciprocating ew |7. 
gines are the following: AEN 
Single- and Double-acting Engines. — If the steam acts on only one side. 29 
of the piston it is a single-acting engine; if on both sides, a double-acting, =~" 
Throttling and Automatic Engines. — A throttling engine is one in which ` x 
the speed of the engine is governed by a throttle valve in the steam pipe, used to su Mt 
vary the pressure of the steam admitted to the engine. An automatic cutof 75 
engine is one in which steam is always admitted at full pressure, but is cut of ^'^ 
by a valve or valves at different points in the stroke according to the load, the Čr 
point at which the cut-off takes place being automatically controlled bya iy% 1 
governor. 3x 
Throttling as a means of governing is seldom employed in other than small ::xit 
engines. It affords a simple and reliable means of speed control for pumps, ‘ia 
etc. Automatic regulation of cut-off is capable of closer speed fegulation and ‘x3 
permits higher ratios of expansion. ant 
Condensing and Noncondensing Engines. — A condensing engine is one $% 
in which the steam is exhausted into a condenser, by means of which its pressure ^ € 
is reduced usually to within 1 to 3 pounds per square inch above a perfect vacuum. ^3: 
A non-condensing engine is one whose exhaust steam is discharged at or above “®t 
atmospheric pressure. Any engine can be operated condensing or nonconden- =i 
ing, but certain minor modifications are usually made in the design of an engine . 
when it is to be operated normally condensing. x 
Binary-vapor Engine. — This is a very special form of condensing ies 
engine. Sulphur dioxide, instead of water, is used as a cooling medium ina 7^ 
surface condenser. The sulphur dioxide in condensing the exhaust steam is `" 
itself vaporized and this vapor, under a pressure of about 175 pounds per square ~'® 
inch, is used expansively in a secondary reciprocating engine. The exhausted 
sulphur dioxide is discharged into a surface condenser in which it is liquefied by 
cooling water, much the same as in refrigerating practice, and used over and [, 
over again. This type of engine has never come into extensive use. 


MY 

High- and Low-speed Engines. — This classification refers to rotative | 
(fly wheel) speed only; engines having a rotative speed of 150 revolutions pt 7 
minute or less are usually classified as low-speed engines; when the fly-wheel hr : 
speed is greater than 150 revolutions per minute the engine is called a high le 
speed engine. A high-speed engine may have a lower piston speed than 4 n 
low-speed engine; the relation between piston speed and rotative speed de — 
pends solely on the length of stroke. z 


Compound and Multiple-expansion Engines. — A compound engine is 
one in which the steam is partially expanded in a smaller cylinder and then 
carried to one or more larger cylinders in which it is further expanded. If the 
cylinders are in line with each other, using a common piston rod, it is called a 
tandem compound; if the smaller and larger, or high-pressure and low-pressure, 
cylinders are side by side it is called a cross-compound. The tandem type 5. ^ 
simpler, lighter, cheaper and more compact, and serves well where exact bak“ 
ancing and uniform crank effort are not essential The cylinders may be ` 
vertical or horizontal. Vertical engines take up less floor space, but are more 
costly than horizontal engines. l 


Fre 


stre aire E 
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An engine in which the total expansion of the steam is divided into three 
" stages, high-, intermediate- and low-pressure, is a triple-expansion engine; if 
` into four stages, a quadruple-expansion engine. Miultiple-expansion engines 
^ (ether than compound) are seldom used for driving electric generators. 


Classification According to Valve Gear. — Engines are also classified 
acording to their valve gear (see Valve Gear, below), as Corliss engines, slide- 
valve engines, piston-valve engines and poppet-valve engines. 


_ DESIGN AND CONSTRUCTION. — For a more complete treatment of 
'''' the design and construction of steam engines see Kent's Mechanical Engineers’ 
Pockel-Book. A brief discussion of valves and governors is given below. 


"7^ Valves and Valve Gear. — Three types of valves are used to control the 
EE admission and exhaust of the steam to and from the cylinder, namely the slide 
7- Valve, Corliss valve and poppet valve. 


m Slide Valves. — Fig. 1 shows a cylinder with a plain slide valve of the 
".. ordinary type. The valve rests in a V-shaped groove in the bottom of the 
- Steam chest, and is held up . | 

... against its seat by pressure z 
7. of the steam. The valve 
spindle passes through a 
channel in the back of the 
.. valve, as shown by the 
= transverse section of the ; 
-=> cylinder and steam chest, “222g 
=" which allows the valve to HORIZONTAL SECTION L 
mi^ press against its seat with- — - TRANSVERSE SECTION 
sv, Out springing the valve Fig. 1. Plain Slide Valve 
satt spindle. 

In the drawing, the valve is shown moved over to the left so as to allow 
, (7C steam from the steam chest to pass into the head end of the cylinder and force 
sci: the piston toward the left. Steam from the crank end of the cylinder can flow 
prs? through a cavity in the valve to the exhaust space Q. Steam enters by the 


t 


` 
LA 
rm 


{77 


TLL. 


k 


ee 
iE 
ux s Cut Off Valve 
um | Steam 
ee 
3. 
ge 
: p 
Tis = 
v Fig.2. Piston Valve Fig.3. Riding Cut-off Slide Valve 


x. Opening L (transverse section) and escapes through the exhaust space Q. As 
;p the piston moves toward the end of the forward stroke, the valve is moved by 
m the eccentric to the right, and it first shuts off the supply of steam from the head 
wit! end and the exhaust from the crank end of the cylinder, and then opens the 
pË supply of steam for the crank end and the exhaust for the head end just before 
"m the return stroke is begun. 

y Other types of slide valves are the piston valve and the riding cut-off valve, 
the former, Fig. 2, is used a piston filling an auxiliary cylinder which takes 


' valve engines. 


q 
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the place of the steam chest used with the common type. The riding cutof wm 
slide valve, Fig. 3, is essentially a double slide valve. The riding cut-off con gutte 
trols the point of cut-off only, the points of admission, release and compression syl 
being controlled by the main valve. (See Fig. 8 below.) sie 

Any adjustment of the simple slide valve changes all four events of the : 


stroke, namely admission, cut-off, release and compression. With the riding n 
cut-off slide valve the cut-off can be varied independent of the other events, — "' 
m" 


Corliss Valve. — To 
make all four events of the 
stroke independently adjust- 
able, four separately con- 
trolled valves are necessary. 
One of the fist successful 
four-valve engines was in- 
vented by George Corliss in 
1848. Various modifications 
of the original Corliss valve 
gear have since been made, 
but the same general princi- 
ple of operation is embodied 
in practically all modern four- 


Fig. 4 shows the general ex- xS 
ternal appearance of a simple Fig. 4. Corliss Valve Gear f y 
Corliss valve gear and Fig. 5 is a simplified diagram showing the principle oí. 
operation. m. 

“The steam valves work in the chambers SS, and the exhaust valves in . ih 
the chambers EE. The double-armed levers DD work loosely on the hubs t S 
the steam bonnets; they are | 
connected to the wrist plate 
B by the rods KK; the levers 
MM are keyed to the valve 
stems JJ, and are also con- 
nected by the rods OO to the 
dashpots PP. The double- 
armed levers D carry at their 
outer ends steam hooks FF, 
these being provided with L 1 / tL 
hardened-steel catch plates Gann l 008-39 
which engage with arms M M, 
making the arm M and the 
hook F work in unison until 
steam is to be cut off. At this ; f 
point another set of levers or Fig. 5. Diagram of Corliss Valve Gear : 
cams GG, connected by the cam rods HH to the governor, come into play, caus- S 
ing the catch plates on the hooks F to release the arms MM, the outer ends of i 
which are then pulled downwards by the dashpot plunger, causing the steam :, 
valves to rotate on their axis and thus cut off steam. The exhaust valve arms - 
N are connected to the wrist plate by the rods LL; and it is seen that all the ; 
valves receive their motion from the wrist plate B; the latter receives its motion. 
from the hook rod A. This rod is attached to a rocker arm; to this arm ce | 
eccentric rod is also attached. | 

* Ip order to obtain a greater range of cut-off in Corliss engines, a separate 
steam and exhaust eccentric is used. With two eccentrics the admission and 


- 


| Steam Engines 1379 
|: i exhaust valves can be adjusted independently, and steam may be cut off any- 
icx where, nearly to the end of the stroke." (From Types of Modern Engines and 
Their Valve Setting, by M. C. Myers, Boston, 1910.) 


Poppet Valves. — This type of valve for engine cylinders is largely 
i^ wedin Europe, but only to a limited extent in this country. Fig. 6 illustrates 
©- one type of poppet valve and valve gear, known as the Sulzer valve gear. 
me Comparison of Different 
Types of Valves. — Multi-valve 

" engines are more expensive than 

~ single-valve types, but give better 
sat economy, due to the independent 
> regulation of cut-off and other 
2 "| events of the stroke, and to the 
? reduced requirements of clearance 
~; and port space. Rotary valves are 
i “more difficult to make and keep 
by steam-tight when used with super- 
'r heated steam than the poppet and 
<; ordinary types. The erosive action 
~ and the severe temperature strains 

€ caused by superheat add much to 

x the difficulty of maintaining a good 
a valve fit, but the difficulties are 
^. minimized in the best designs. 


i Governors. — Two types of gov- 
emors are used, viz., the pendulum ii 

va" or flyball and the flywheel types. : : 
E Pendulum Governor.—The rM M EE 

| construction of the pendulum governor is too well known to need description. 
— This type of governor can be made to control the quantity of steam admitted 
“to the cylinder either by opening or closing a throttle valve, or by varying 
/ 'ithepoint of cut-off. In the latter case a suitable link motion (see below) must 
~ be provided. 


1 


l Flywheel or Shaft Governor. — This type of governor is now largely 
used, especially for high-speed automatic engines. 
7"! The Rites governor, Fig. 7, one of the commonest forms of flywheel gov- 
emors is of the single-weight or inertia type. The 
Li center of gravity of the weight is located approxi- 
< mately at G. The governor is shown in position for 
.r latest cut-off; the rotation is in the direction of the 
i attow. Any increase in speed tends to make the 
v center of gravity of the weight seek a position further 
jx] Way from the center of the shaft and causes the 
„į weight to swing on its pivot in a direction opposite to 
“i hat of the wheel; the eccentric is attached to the 
m Weight, and this movement brings the center of the 
3h" eccentric nearer the center of the shaft, and increases 
n. its angular advance, thus effecting an earlier cut-off. 
2 This and other types of shaft governors are described in detail in a small 
i book on Shaft Governors (Hill Pub. Co., 1908). 
OP Link Motion. — Link motions, of which the Stephenson link is the most 
ai commonly used, are designed for two purposes: first, for reversing the motion 
ie of the engine, and second, for varying the point of cut-off by varying the travel 


int! 


Fig. 7. Flywheel Governor 
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of the valve. The Stephenson link motion is a combination of two eccentrics, © 
called forward and back eccentrics, with a link connecting the extremities of... " 
the eccentric rods, so that by varying the position of the link the valve rod” 

tali 
may be put in direct connection with either eccentric or may be given a move- 
ment controlled in part by one and in part by the other eccentric. When the 77 iig 
link is moved by the reversing lever into a position such that the block to which tët d 
the valve rod is attached is at either end of the link, the valve receives its mat- 2: te 
imum travel, and when the link is in mid-gear the travel is the least and cut-of zs 
takes place early in the stroke. — Him da 


DEFINITIONS PERTAINING TO RATING AND PERFORMANCE Mi 
OF STEAM ENGINES. — The following terms are commonly employed. "3i 


Indicated Horse-power. — The indicated horse-power P of an engint is Fake 


found by the formula itt 
PLAN Ju 
P = , " 


in which f is the mean effective pressure, in pounds per square inch, as found by _ " 
an indicator (see below), L the length of the stroke in feet, A the area of the pis tla 
ton in square inches (corrected for area of the piston rod), N the'number of single «ti; m 
strokes per minute, equal to the number of revolutions of a single actin ot ts 

twice the number of revolutions of a double-acting engine. a. 


Sth 
Brake Horse-power. — The brake horse-power of an engineis the powet < 


delivered by its shaft as determined by a dynamometer or Prony brake. lis , 
equal to the indicated horse-power minus the power absorbed in friction of the N 
engine. In well-designed engines working under normal loads the frictions | 
usually from 8 to 12 per cent of the indicated power; the total power absorbed | im 
in friction is nearly a constant at all loads, so that its percentage increases to S 


100 as the load decreases to zero, when the whole of the indicated horse-poweris ^ *: 
absorbed in overcoming friction. x 


Rated Horse-power. — When an engine is commercially rated at a certain m 
horse-power it is understood that it will deliver that power when run under ^" 
those conditions for which it is designed, such as speed, steam pressure, back a 
pressure, etc., and cutting off at that fraction of the stroke which will give its “So 
best economy. Its rated overload capacity is the power it will deliver with , 
the same speed, steam pressure and back pressure, and cutting off at the latest =i; 
point which the design of the valve motion will permit. 


Indicator Diagram. — An indicator diagram is a diagram (see Fig. 8), ~ 
showing the steam pressure in the engine cylinder at each point of the stroke. > 
Such a diagram may be actually obtained by D 
means of a steam-engine indicator, which is 
an instrument which causes a pencil to record E 
on paper the pressure in the cylinder at every 
point of the stroke. The diagram drawn by 
the pencil shows whether the valves are prop- 
erly adjusted, and it is also used in figuring 
the power developed in the cylinder, and 
approximately the steam consumption. A 


Pressure 
f 


Oo 


diagram of a noncondensing engine in which Piston Trayel 
the steam is cut off at about one-quarter of Fig. 8. Indicator Diagram of 
the stroke is shown in Fig. 8. . Simple Engine 


The lines and points have the following significance. : 
Point of Admission, C, is the point at which the steam valve opens. 
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Admission Line, CD, shows the rise of pressure due to the admission of 
steam to the cylinder by opening the steam valve. 


Steam Line, DE, is drawn when the steam valve is open and steam 
is being admitted tc the cylinder. 

Point of Cut-off, E, is the point where the admission of steam is 
stopped by the closing of the valve. It is often difficult to determine the 
exact point at which the cut-off takes place. It is usually located where the 
outline of the diagram changes its curvature from convex to concave. 


Expansion Curve, EF, shows the fall in pressure as the steam in the 
cylinder expands doing work. 


Point of Release, F, shows when the exhaust valve opens. 


Exhaust Line, FG, represents the change in pressure that takes place 
when the exhaust valve opens. 


Back-pressure Line, GH, shows the pressure against which the piston 
acts during its return stroke. 


Point of Exhaust Closure, H, is the point where the exhaust valve 
doses. It cannot be located definitely, as the change in pressure is at first 
due to the gradual closing of the valve. 


Compression Curve, HC, shows the rise in pressure due to the com- 


pression of the steam remaining in the cylinder after the exhaust valve has 
dosed. 


Initial Pressure is the pressure acting on the piston at the beginning of 
the stroke. 

Terminal Pressure is the pressure above the line of perfect vacuum 
that would exist at the end of the stroke if the steam had not been released 
earlier. Tt is found by continuing the expansion curve to the end of the 
diagram. 

Other Definitions. — In addition to the terms defined above, the fol- 


: lowing are commonly employed: 


Throttle Pressure is the pressure in the steam pipe at the entrance to 
the throttle valve. 


Mean Effective Pressure is that equivalent constant pressure which 
vill do the same amount of work on the piston per stroke as is done by the 
vatying pressure shown by the indicator card. This may be calculated by 
dividing the area of the card by the length and multiplying by the scale of the 
spring used in the indicator.  — 


Clearance. — The portion of the cylinder volume, including the steam 


. ports, not swept through by the piston but which is nevertheless filled with 


steam when admission occurs is called the clearance volume. It ranges from r 
per cent of the piston displacement in very large engines to ro per cent or more 
in small high-speed engines. 

Ratio of Expansion is the ratio of the piston displacement (in low- 
pressure cylinder in case of a multiple-expansion engine) to the volume of 
the steam admitted through the throttle valve at each stroke (or half stroke 
In case of a double-acting engine), the volume being that corresponding to the 
pressure on the engine side of the throttle valve. 


Wire Drawing, as applied to steam, is the reducing of its pressure, 
due to its flowing through restricted pipes and passages. 


EFFICIENCY OF A STEAM ENGINE. — By the thermal efficiency of 
& steam engine is meant the quotient of the B.t.u. per hour equivalent to the 
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indicated horse-power divided by the total number of B.t.u. in the ateam supplied 
per hour; or, putting 
W = pounds of steam supplied per hour per indicated horse-power, 
x = quality of the steam supplied (= lb. of dry steam per lb. of wet steam; 
see article on Steam), 
L = heat of evaporation per pound of steam at throttle pressure, in B.t.u. per 
pound, 
h = heat of the liquid at throttle pressure, B.t.u. per pound, 
he = heat of the liquid of feed water, B.t.u. per pound, taken at the tem- 
perature corresponding to the pressure in the exhaust pipe near the engine. 
(See A.S.M.E. code, 1913.) 


Then the thermal efficiency for saturated steam is 


E, = — 246S 0. 
W (xL+ h— he) 


If the steam is superheated, let l 
H = total heat of superheated steam at throttle pressure and degree of super- 
heat, in B.t.u. per pound. 
Then the thermal efficiency is 
2546.5 
E x4 
TW — he) 


The above formulas are also applicable to the calculation of the over-all efi- 
clency, including friction losses, if W is taken as the pounds of steam supplied pet 
hour per brake horse-power. 


Efficiency of Rankine Cycle. — The maximum possible thermal efficiency 
is that of an engine performing the ideal Carnot’s cycle (see Thermodynamics, 


Principles of), but this cycle is not very closely simulated by ordinary engine, ^ 


even when the losses are neglected. Instead the efficiency of the “Rankine 
cycle" is employed as a standard of reference. This is an ideal cycle which 
assumes that the work done by the engine is equal to the “maximum work” 
(see Thermodynamics) corresponding to an adiabatic expansion from throttle 


pressure to exhaust pressure and an isothermal condensation of the exhaust, 


steam and a compression of the condensed water to throttle pressure. 
Rankine Efficiency for Dry Saturated Steam. — Let 
Hı = total heat, B.t.u. per pound, of dry saturated steam at throttle pressure, 
Ha = total heat, B.t.u. per pound, of dry saturated steam at exhaust pressure, 


he = heat of the liquid, B.t.u. per pound, at exhaust temperature, 
T; = temperature of exhaust steam, in ° F., 


N, = total entropy of 1 pound of dry saturated steam at throttle pressure, 

Na = total entropy of 1 pound of dry saturated steam at exhaust pressure. 
'Then the efficiency is i 
dh — H»-- T» (Ns — Ni) 

Hi — he 

Rankine Efficiency for Wet Steam. — In addition to the above syn- 
bols let n 
Hw = total heat, B.t.u. per pound, of wet steam at throttle pressure, 


Nw = total entropy of 1 pound of wet steam at throttle pressure, 
Ti = temperature of steam at throttle pressure, in °F. 


Then the efficiency is 
E Hi — Ha - T14(N2 — N1) — (Ni~ Ny) (Ti —- TY) 
r I— ianscnu———— ——— Ad . 
Hw — ha 
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Rankine Efficiency for Superheated Steam. — In addition to the 
above symbols let | 
H,= total heat, B.t.u. per pound, of superheated steam at throttle pressure, 
N,= total entropy of x pound of superheated steam at the given degree of 
superheat at throttle, 
l= degree of superheat at throttle, in °F. 


Then the efficiency is . ' 


Hi — H+ T: (No — M1) + (Ti + 0.5 ts —T2) (Ns —M1) 
a Hs — he 


Efficiency Ratio Referred to the Rankine Cycle. — This is the ratio of 
the actual efficiency of the engine (referred to the indicated horse-power) to 
the efficiency of the Rankine cycle (using dry steam) working between the same 
limits of pressure, i.e., 

Eff, Ratio = =£ 
. Ratio = » 


r 


STEAM ENGINE EFFICIENCIES—SATURATED STEAM. 
(From Gebhardt’s Steam Power Plant Engineering.) 


Condensing —1 Ib. absolute 


Noncondensing pressure 


Gage 

pres- l 

sure | Carnot | Rankine 
cycle cycle 


Best Eff. : Eff. 
actui Sendo Carnot | Rankine | Best ratio 


(995) % cycle cycle | actual " 
25 7.8 7.3 5.5 76 22.6 21.0 1r.6 55 
50 | 11.2 10.7 8.5 80 25.7 23.5 13.5 60 
78 13.7 13.0 10.4 80 27.8 25.3 15.9 6r 
100 15.7 14.8 I2.0 81 29.5 26.7 20.2 76 
125 17.3 16.3 13.5 83 30.8 27.8 20.3 74 
150 18.7 17.5 14.3 82 32.0 28.8 21.6 15 
175 | 19.8 18.5 14.8 80 32.9 29.6 21.9 74 
200 | 20.8 I9.3 I5.2 19 33.7 30.2 22.6 75 
225 | 21.6 19.9 15.5 78 34.5 30.6 22.6 74 
250 22.4 20.5 T" ko 35.1 31.0 
275 | 23.0 21.0 mE E 35.6 31.3 
30 | 23.6 21.4 — - 36.0 31.5 


The actual thermal efficiencies of multiple expansion engines using superheated 
steam range from about 19 to 23 per cent. 


Engine Losses. — The actual efficiencies of steam engines are necessarily 
much lower than the efficiency of the Rankine cycle due to the thermal and 
mechanical losses, These losses consist chiefly of (r) cylinder condensation, 
(2) steam leakage, (3) incomplete expansion and compression on return stroke, 


(4) friction, (s) clearance loss, (6) radiation and (7) the admission of wet 
t ` . 


| steam. 


3 
Cylinder Condensation is due to the chilling of steam by the cooler 
cylinder walls during admission and early expansion, thus reducing the active 
heat during expansion. Condensation increases with the range of expansion 
per cylinder and with the duration of the cycle. The condensation loss is 


eo 
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augmented by the formation of a water film on the cylinder walls, Itissue =Y 
cessfully reduced by expanding the steam in several stages, thus reducing the — ^ 
range of temperature in each cylinder and rendering the heat carried to the 2o 
exhaust in that cylinder available in succeeding cylinders. Other remedies for zw ux 
condensation are: increasing the rotative speed; steam jackets about the cylin <0 
ders; and reheaters to dry the steam between cylinders, The most positive zax. 
and effective remedy is superheat sufficient to keep the steam dry at least during tum, 
admission. 7 * ax 


Steam Leakage past valves, pistons and packing increases with the “2 
pressure difference. It is an important element of loss in all piston engines and = =::1. 
tends to increase with the wear of moving parts. Leakage is especially serious — 
in cylinders employing a wide range of pressures. Flow of steam throughon- +14, 
fices, in pounds, increases directly as the pressure (Napier's rule), and through -+y 
pipes as V density. (?. 845 Kent's Mechanical Engineers’ Pocket-Book.) Eg 


Incomplete Expansion and Compression. — As a rule the release -. 
occurs before the piston reaches the end of the stroke and the point of closure - 
comes before the piston reaches the end of the back stroke. There is a conse 
quent loss of expansion on the forward stroke. The piston also has to do wok < 
in compressing the steam remaining in the cylinder on the reverse stroke. Thee : 
two features are, as a rule, necessary; the first to reduce cylinder condensation, 
and the second for its cushioning effect. The first always, and the second 
usually, results in a net loss. 


Am =) 


L 


ear ear i 


FTIIT 


SEFLRFIIE] 


Friction varies with the type and condition of the engine, is greater in 
compound engines than in simple engines, and is nearly independent of the 
load, increasing but slightly as the load increases. It ranges from 4 to 20 pet 
cent of the rated output. 
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Losses Due to Radiation, Clearance and Moisture. — With wal- 
lagged cylinders radiation losses are small. Some clearance is necessary in evey >, 
engine, but the amount is much greater for high speeds than for low speeds. | 
The loss due to it is trifling in slow-speed engines of long stroke. Moisture “t 
dilutes the steam admitted but has little effect on the consumption of dry << 
steam; the consumption of the fluid (steam and moisture) is of course increased <:i 
in proportion to the percentage of moisture present. s 


ECONOMY OF STEAM ENGINES.*— The performance of a steam yı 


ay 

engine is frequently expressed in terms of the number of pounds of steam pet ay 
hour required per indicated horse-power, per brake horse-power or per kilowatt iy; 
(if used to drive an electric generator). The number of pounds of steam Per i: 
anit of output is called the “economy” of the engine or of the combined engine `i} 
and generator unit. à 
Such data may be very misleading unless comparisons are based on identical 
conditions of steam pressure, superheat, vacuum, etc. A true measure of ec “i 
omy applicable to all conditions may be expressed in net heat units consumed pt y 
unit of output, as B.t.u. per kilowatt-hour. In such determinations of eco 
omy all heat returned from the exhaust to the boiler should be credited to the w 
engine or turbine. o y 
The commonest means of gaining good engine economy are: raising the initial h 
pressure, compounding, condensing and superheating. à 


. Effect of Steam Pressure on Economy and Capacity. — There can be 
no universal rule connecting initial pressure and working economy. Compout 


* Adapted from lecture notes of Prof. W. E. Wickenden. 
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engines are better adapted to high pressures than simple engines. Experience 
indicates that the following gauge pressures are desirable: 


Simple, condensing engine without steam jackets .... 6o lb. 
Simple, condensing engine with steam jackets. ....... 8o Ib. 
Simple, non-condensing engine without steam jackets. 100 lb. 
Compound, non-condensing engines ............... 175 lb. 
Compound, condensing engines .............. leere. 150 lb. 
Triple-expansion, condensing engines ............... 175 to 200 lb. 
Quadruple-expansion condensing engines ........... 200 lb. 


Àn important advantage from the use of high pressures is the greater capacity 
which can be developed from a given engine. The ratio of pressure and capacity 
is nearly a direct one. High pressures tend to improve economy but not to the 
extent theoretically available, due to the counteracting effects of condensation 
and steam leakage with increasing pressure ranges. High steam pressures, 
however, usually add to the expense of piping and its maintenance. From an 
examination of a large number of engine performances Stevens and Hobart 
give the general relation of pressure and economy as shown in Fig. 9. 


1920 
26 In. Vacuum 
È |} | 90°F. Superheat 
E Steam Consunred 


% Relative Eco 
2 


8) 100 1200 140 160 18 200 220 20 260 980 
Gage Pressure Lbs. 


Fig. 9. Effect of Steam Pressure on Economy of Compound Piston Engines 


Effect of Multiple Expansion on Economy. — The loss due to cylinder 
condensation increases with an increase of the difference of temperature of the 
steam during admission and exhaust, and therefore tends to become greater 
as the initial pressure is higher. By dividing the total range of expansion into 
two or more stages, the range of temperature in any one cylinder is decreased, 
and this lessens the total loss due to cylinder condensation. 

Triple and quadruple expansion afford substantial economies with constant 
load as in pumping and marine service, but have little advantage with the 
variable loads of electric service to compensate for their great weight, complex- 
ity, bulk and cost. Compound engines with high cylinder ratios permit more 
complete expansion, but have less overload capacity than engines of smaller 
ratios. For electric service more than 18 expansions is seldom profitable. A 
cylinder ratio of 1 : 2.5 is well adapted to a pressure of 100 pounds; 1 :3 to 
125 pounds; 1: 3.5-to 150 pounds and 1: 4 to 175 pounds or above. Com- 
pound engines are relatively uneconomical at light loads, but have a greater 
economical range of overloads than simple engines. Compound engines, with 
a moderate cylinder ratio, usually give their best economy at 14 cut-off in the 
high-pressure cylinder and will safely carry an overload of 50 per cent. 


Effect of Condensing on Economy. — Condensing serves to increase 
both the capacity and economy of engines. The theoretical gain from con- 
densing to various back pressures is indicated in Fig. 10. Actual engines can 
avail themselves of but a part of this gain, the proportion falling as the vacuum 
is increased due to the added condensation and leakage. Expansion to very 
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low pressures requires cylinders of excessive volume. Condensing equipment, | 


especially that for high vacuum, adds much to the first cost of a plant and hence 


0 2 4 6 8 10 12 4 16 18 20 R2 94 96 B 9 
Vacuum - Inches f 
Fig. 10. Effect of Vacuum on Theoretical Efficiency 


to its burden of fixed charges. (See article on Condensers.) Condensers re- 
quire from one to three pumps and the thermal gain is reduced by the amount 
of their heat consumption. The temperature of the exhaust steam is lowered 
as the vacuum increases and so reduces the heat which can be reclaimed in the 
feed water. It is of great importance that the net gain rather than the appar- 
ent gain be considered in determining the economics of various vacua. Re 
duced steam consumption lessens the necessary investment in steam-generating 
equipment and piping, and this tends to somewhat counterbalance the invest- 
ment in condensing apparatus. (See article on Power Stations.) 


Effect of Superbeating on Economy. — Superheating the steam is more 
effective than using steam jackets and reheaters as a preventive of cylinder 
condensation under the usual central-station conditions. With proper valve 
structures there is a decided net saving in heat consumption as the superheat 
is increased within reasonable limits, but this procedure usually adds to the 
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Fig. 11. Effect of Superheat on Piston-engine Economy 
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cost of piping, fittings and their upkeep. Stevens and Hobart report the 
mean relationship between superheat and economy in compound and multi- 
ple expansion engines, as shown in Fig. 11. It is especially important that 
économic comparison be based on the heat unit consumption as in Curve B. 
Additional advantages from superheating are the reduction of condensation, 


tádiation losses and pressure drop in steam pipes. 
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Fig. 12. Steam Consumption of Representative Compound Engine 
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Fig. 13. Steam Consumption of Good Piston Valve Simple High-speed, 


Non-condensing Engines 


Per Cent Rated Load. 
Fig. 14. Steam Consumption of Good 4-Valve Non-condensing Engines 
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Fig. 15. Steam Consumption 4 Corliss and Grid-iron Valve Compound 
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Variation of Economy with Load. — Other factors affecting the economy 
of engines are the size of the unit, the speed, the mode of governing and the uni- 
formity of load. Stevens and Hobart give the relations between engine sizes, 
loads and economy shown in Fig. 12 as averages for compound piston engines. 
Simple engines as a rule show smaller variation in economy with partial loads 
than compound engines. Typical economy curves for simple and compound 
engines with saturated steam and compound engines with superheated steam 
are shown in Figs. 13 to 16. The curves in Fig. 16 correspond to like lettered 
curves in the other figures. 


Economy of the Binary-vapor Engine. — With this type of engine chads 
has been obtained an economy of only 8.36 pounds of steam per indicated 
horse-power-hour, corresponding to a heat consumption of 158.3 B.t.u. per 
minute. This was the best recorded performance in steam-engine practice at 
the time of the report (1907) and has not been noticeably exceeded since (1913). * 


DIMENSIONS AND WEIGHT OF ENGINES depend so largely upon 
the type, speed, etc., that it is impossible to give representative figures in the 
space available. The following table from the Elec. World, (Sept., 1902), gives 


DIMENSIONS OF SOME LARGE RECIPROCATING ENGINES 


L 
m 
^ 
Z the dimensions of some very large engines in New York City. 
PA 
Pd 
a 


Name of station Metro- | Manhat- Rapid Edison 


Double Double, 
2 hor. ; 2 hor 


Type of engine............| cross- HN 3 var: 3-cyl. vert. 


cyls. i cyls. 


comp. 


Rated horse-power 4500 8000 8900 5200 
Cylinders, all 60-in. stroke, 
i 46, 86 44, 88 ; 42,86  |43V5, 2~754% 
9, 10 8 8, Io 9 
I4X14 18X18 20X18 | 22 & 16X14 
Wrist pins, in 14X14 12X12 12X12 14X14 
Shaft length 27 ft. 4 in.|25 ft. 3 in. . 425 ft. 3 in. 35 ft. 
i 37 in. in. 37 in. 2986 in. 
34X60 34X60 26 X60 


The shafts are hollow, with a 16-inch hole, except the Edison which have a ro- ` 
inch hole. The speed of all the engines is 75 revolutions per minute, or 750 feet 
per minute. The crank pins of the Manhattan and Rapid Transit engines are 
each attached to two connecting rods, side by side, horizontal and vertical, each 
rod having a bearing 9 inches long on the pin. The crank pins of the Edison 
engine are 16 inches in diameter for the side cranks, and 22 inches for the 
center crank. 


TESTING OF STEAM ENGINES. — The actual work done by an en- 
gine may be tested by a brake or friction dynamometer, or in the case of en- 
gines driving electric generators by measuring the electric energy delivered, 
correction being made for the efficiency of the generator. The work done in 
the cylinder is obtained by taking numerous indicator diagrams and calculating 
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from them the mean effective pressure and the horse-power. The steam con- 
sumption is tested by condensing all the steam discharged by the engine and 
weighing the water of.condensation. When a condenser is not available the 
feed water delivered to the boilers may be weighed instead, precautions being 
taken to insure that all of the steam made by the boiler is used by the engine. 
Full directions for making steam-engine tests will be found in the “‘ Code of 1902” 
in Trans. A.S.M.E., of that year, and reprinted by the Society in a pamphlet 
of 78 pages. For a condensed abstract of the Code see Kent’s Mechanical 
Engineers’ Pocket-Book, p. 988. (A revised Code will probably be printed in 1914.) 


Plant Tests. — In the introduction to the report above referred to the Com- 
mittee says: 


The heat consumption of a steam-engine plant is ascertained by measuring 
the quantity of steam consumed by the plant, calculating the total heat of the 
* entire quantity, and crediting this total with that portion of the heat rejected 
by the plant which is utilized and returned to the boiler. The term “engine 
plant” as here used should include the entire equipment of the steam plant 
-which is concerned in the production of the power, embracing the main cylinder 
or cylinders; the jackets and reheaters; the air, circulating, and boiler-feed 
pumps, if steam driven; and any other steam-driven mechanism or auxiliaries 
necessary to the working of the engine. It is obligatory to thus charge the 
engine with the steam used by necessary auxiliaries in determining the plant 
economy, for the reason that it is itself finally benefited, or should be so bene- 
fited, by the heat which they return, it being generally agreed that exhaust 
steam from such auxiliaries should be passed through a feed-water heater, and 
the heat thereby carried back to the boiler and saved. 

SPECIFICATIONS. — (See also article on Specifications.) In obtaining bids 
for steam engines the prospective purchaser or his engineer usually furnishes 
only general specifications, stating the kind of work to be done by the engine, 
such as driving a cotton mill, or an electric power plant, and the following 
requirements: (1) Indicated horse-power required,(¢) Maximum, (b) Average; 
(2) Steam pressure available at engine; (3) Maximum absolute back pressure; 
(4) Number of revolutions; (5) Required steam consumption. 

The bidders then furnish with their bids complete detailed specifications with 
guarantees of the engines they propose to supply, with drawings, when these 
are required. The bidders are usually prepared to contract for the installation, 
erection and starting of the engine, especially if it is of a large size. 

FOUNDATIONS FOR STEAM ENGINES. — Engine foundations may 
be built of brick or concrete; the latter is more commonly employed in modern 
practice. The concrete is made with proportions of one barrel of Portland 
cement, three of sand, and five of crushed stone. 

If the foundation is to be of concrete a wooden box is built in the mouii, 
the inside of the box being the shape of the foundation. Over the top of this 
box are a number of pieces of joist, from which the anchor bolts or holding- 
down bolts are hung. Most engine builders furnish drawings giving location 
of foundation bolts and size of foundation required. The nuts at the top of 
these bolts are blocked up to the height they are to be when the engine is in 
place. . 

The heads of the bolts are at the bottom. A cast-iron plate, eight inches by 
eight inches by one inch, with a square recess for the bolt head, is at the bottom 
of each rod. Around each bolt a piece of four-inch galvanized-iton gutter pipe 
is placed, and the top end of the pipe stuffed with waste to keep the mason 
from dropping cement into the space between the pipe and the bolt. The con- 


crete is now dumped in and tamped down. After it has set, the wooden joists 
DNE the bolts may be taken away. ! 
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The engine is next put over the foundation and supported on iron bars one- 
half inch square or perhaps larger, these bars being placed near the bolts. By 
means of wedges, etc., the engine is leveled; the main shaft is placed parallel 
with the shafting which it is to drive. The bolts are next tightened fairly 
tight. As it is impossible to core the holes in the engine bed exactly as called 
for on the drawing, the leeway given by the space between the bolts and the 
iron pipe surrounding it takes care of variations of from an inch to an inch and 
a half. 

A wall of putty, sand, or cement about one inch high is built about one inch 
from the engine bed. A thin, neat Portland cement, mixed to the consistency 
of a thick cream, is poured under the engine bed and serves to fill the space 
around the bolts and to give the bottom of the bed a perfect bearing over the 
entire foundation. Before the cement becomes hard, the edge may be trimmed 
up nicely by means of a trowel; the bolts are then tightened again. 

Sometimes type metal instead of cement is poured under the engine bed. 


OPERATION. — Full directions for setting the valves of a steam engine 
will be found in a little book by M. C. Myers, entitled T. Ypres of Modern Engines 
end Their Valve Setting (Boston, 1910). Other useful data on the operation 
and performance of steam engines will be found in a book published by the 
Crosby Steam Gauge and Valve Co., entitled Steam Engine Indicator. See 
also the more elaborate treatises listed in the bibliography below. 


Speed Control. — The speed of an engine can always be controlled by 
changing the opening of the throttle valve, but this method is usually wasteful. 
A more efficient method is to change the point of cut-off. This can be done 
while the engine is running by using a suitable link motion (sce above), or by 
changing the setting of the governor spring if the governor is of the “automatic” 
type. On engines driving alternators in parallel this is usually accomplished 
by having an electric motor arranged to act directly on the governor spring so 
that the tension of the spring may be controlled from the switch-board. 


Equalizing Variable Load by Storing Heat in Hot Water. — There is 
no satisfactory method for equalizing the load on the engines and boilers in 
electric-light stations. Storage batteries have been used, but they are expensive 
in first cost, repairs and attention. Mr. Halpin, of London, proposes to store 
heat during the day in specially constructed reservoirs, As the water in the 
boilers is raised to 250 pounds pressure, it is conducted to cylindrical reservoirs 
resembling English horizontal boilers, and stored there for use when wanted. 
In this way a comparatively small boiler-plant can be used for heating the water 
to 250 pounds pressure all through the twenty-four hours of the day, and the 
stored water may be drawn on at any time, according to the magnitude of the 
demand. The steam engines are to be worked by the steam generated by the 
release of pressure from this water, and the valves are to be arranged in such a 
way that the steam shall work at 130 pounds pressure. A reservoir 8 feet in 
diameter and 30 feet long, containing 84,000 pounds of heated water at 250 
pounds pressure, would supply 5150 pounds of steam at 130 pounds pressure. 
At a steam consumption of 18 pounds-per horse-power-hour, such a reservoir 
would supply 286 effective horse-power-hours. 


COST OF STEAM ENGINES. — The price of steam engines varies not 
only with their size and weight, but also with their style, design and workman- 
ship. When builders are asked to submit bids for the same rated power of 
engine, with the same steam pressure and number of revolutions and of the same 
general type, such as cross-compound condensing, it is not uncommon to receive 
prices of which the highest is double that of the lowest, the range being say 
from $10 to $20 per horse-power for an engine of 500 horse-power. For specially 
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designed engines requiring new patterns to be made the price may be considerably 
above $20. The price also varies with the condition of the market, discounts 
from regular prices of as much as 20 per cent being sometimes quoted in periods 
of dull business. The catalogues of builders usually give the weights of standard 
sizes of engines and a rough approximation to the probable price may be made by 
taking it at from 5.5 to 10 cents per pound, the lower price being for engines 
with heavy bed-plates and of the more simple forms. 

From a number of tables and sets of curves kindly furnished by Mr. Jay M. 
Whitham, Consulting Engineer, Philadelphia, containing the actual bids he 
has received for different sizes and styles of engines, the following approximate 
expressions have been deduced, where P is the rated horse-power of the engine. 


Type of Engine Cost in dollars 


Corliss engines: 
Single cylinder, noncondensing 
Single cylinder, condensing 
Compound, noncondensing 
Compound, condensing 
Compound slide-valve engine: 
Portable (locomotive) boiler, noncondensing oe 
engine and stack 3ood-15 P 


'The cost of condensing engines is exclusive of condenser. 

Professor Wickenden gives the following values for engines used to drive 
electric generators, these values being based on the actual costs of a large num- 
ber of installations. 


Type of Engine |. Cost in dollars 


Simple high-speed engines and settings 350+ 9 P 
Compound high-speed engines and settings 1000+16 P 
Simple low-speed engines and settings 1400+11.5P 
Compound low-speed engines and settings 25004-14.5 P 


Cost of Operation. — See articles on Power Stations and Depreciation. 


Bibliography. — Richardson, J., Modern Steam Engines, N. Y., 1908: 
Ripper, W., Steam Engine Theory and Practice, 6th ed.; Sennett and Oran, 
Marine Steam Engines, N. Y., 1910; Rankine, Steam Engine and Other. Prime 
Movers; Whitham, J. M., Steam Engine Design; Stumpf, J., Una-flow Steam 
Engines, N. Y., 1912; Kent's Mechanical Engineers’ Pocket-Book; Gebhardt, 
G. F., Steam Power Plant Engineering, N. Y., 1913. 
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STEAM TURBINES. — (See also Condensers, Steam; Power Stations; 
Steam; Steam Engines.) Steam turbines may be classified as impulse, reaction, 
and composite; single-stage and multi-stage; nozzle expansion and blade ex- 
pansion; vertical and horizontal. A set of nozzles or stationary guide blades 
and the rotating vanes through which the steam passes immediately upon 
leaving the nozzles or stationary blades constitute a single "stage." If there 
are several sets of stationary nozzles or guide blades and rotating vanes through 
which the steam passes successively, the turbine is called a “multi-stage” 
turbine. 


APPLICATIONS OF STEAM TURBINES. — The steam turbine, when 
designed to use steam economically, is characterized by extremely high speed of 
rotation. The special field of application of the steam turbine is therefore the 
driving of electric generators, centrifugal blowers and pumps, and other ma- 
chinery in which a high speed of the motor shaft is desirable. When lower 
speeds are desired in the motor shaft a reduction gear of some kind is placed 
between it and the turbine shaft. See also articles on Generators; Power Sta- 
lions; Pumps. 

RATING OF STEAM TURBINES. — Turbine ratings are usually based 
on maximum sustained load. Momentary overload capacity is very large and 
moderate overloads of considerable duration can be carried but may require 
the admission of high-pressure steam to low-pressure stages by means of a 
secondary valve. Small turbines for driving pumps, blowers, etc., are rated 
in horse-power. Turbines used to drive electric generators are usually rated 
in connection with the generator, the combined unit or turbo-generator being 
rated in kilowatts. Turbo-alternators of 20,000 kilowatts capacity each are in 
use (1913), and still larger units are considered practicable. 


DESIGN AND CONSTRUCTION OF STEAM TURBINES. — Below 
are noted briefly some of the chief features in the design and construction of 
steam turbines. For further details sec the treatises by Stevens and Hobart, 
Moyer, Stodola, Foster, Thomas, etc. 


Impulse Turbines. — An impulse steam turbine of the simplest form is a 
wheel similar to a water wheel, which is moved by a jet of steam impinging at 
high velocity on its blades. By expansion of the steam its pressure energy is 
converted into kinetic energy, and the wheel is propelled by the impact of the 
steam moving at high velocity. 


De Laval Turbine. — The distinguishing features of this turbine are 
tbe diverging nozzles, in which the steam expands down to the atmospheric 
pressure in non-condensing, and to the vacuum pressure in condensing wheels; 
a single forged-steel disk carrying the blades on its periphery; a slender, flexible 
shaft on which the wheel is mounted and which rotates about its center of 
gravity; and a set of reducing gears, usually 1o to 1 reduction, to change the 
very high speed of the turbine to a moderate speed for driving machinery. 

The number and size of nozzles vary with the size of the turbine. The nozzles 
are provided with valves, so that for light loads some of them may be closed, 
and a relatively high efficiency is obtained at light loads. The taper of the 
nozzles differs for condensing and noncondensing turbines. Some turbines 
are provided with two sets of nozzles, one for condensing and the other for non- 
condensing operation. 


Zoley or Rateau Turbine. — The Zolley or Rateau turbines are 
developments of the De Laval and consist of a number of De Laval elements in 
Series, each succeeding element utilizing the exhaust steam from the preceding. 
The steam is partly expanded in the first row of nozzles, strikes the first row of 


1304 Steam Turbines 


buckets and leaves them with practically zero velocity. It is then further 
expanded through the second row of nozzles, strikes a second row of moving 
buckets and again leaves them with zero velocity. This process is repeated 
until the steam is completely expanded. 


Curtis Turbine, made by the General Electric Gane is an impulse 
wheel of several stages. Steam is expanded in nozzles and enters a set of 
three or more blades, at least one of which is stationary. The blades are all 
non-expanding, and the pressure is practically the same on both sides of any row 
of blades. In smaller sizes of turbines, only one set of stationary and movable 
blades is used, but in large sizes there are from two to five sets, each forming a 
pressure stage, separated by diaphragms containing additional sets of nozzles. 
The smaller sizes and the more recent (1914) larger sizes have horizontal 
shafts. Earlier large sizes have vertical shafts supported on a step bearing 
supplied with oil or water under a pressure sufficient to support the whole 
weight of the shaft and its attached rotating disks. 


Reaction and Composite Turbines.— In a simple reaction turbine steam, 
expanding through a set of blades or nozzles capable of rotating about a fixed 


axis, produces a reacting force and drives the rotating part in the opposite. 


direction to the motion of the steam. Hero’s engine is the prototype of the reac- 
tion turbine. The term "reaction" turbine, however, as ordinarily used, refers 
to a turbine in which the reaction principle is combined with the impulsc prin- 
ciple, i.e., to turbines in which jets of steam striking blades or buckets inserted 
in the rim of a wheel give it a forward impulse, and escaping from it in a reverse 
direction react upon it. 


Parsons Turbine. — This is a reaction turbine in which there are a 
large number of rows of blades, mounted on a rotor or revolving drum. Be- 
tween each pair of rows there is a row of stationary blades attached to the cas- 
ing, which take the place of nozzles. A set of stationary blades and the follow- 
ing set of moving blades constitute what is known as a stage. "The steam er- 
pands and loses pressure in both sets. 'The speed of rotation, the peripheral 
speed of the blades and the velocity of the steam through the blades are very 
much lower than in the De Laval turbine. The rotor, or drum, on which the 
moving blades are carried, is usually made in three sections of different diam- 
eters, the smallest at the high-pressure end, where steam is admitted, and the 
largest at the exhaust end. In each section the radial length of the blades and 
also their width increase from one end to the other, to correspond with the 
increased volume of steam. "The Parsons turbine is built in the United States 
by the Westinghouse Machine Co. and by the Allis-Chalmers Co. 


The Westinghouse Double-flow Turbine. — For sizes above 5000 
kw. a turbine is built in which the impulse and reaction types are combined. 
It has a set of non-expanding nozzles, an impulse wheel with two velocity 
stages (that is, two wheels with a set of stationary non-expanding blades be- 
tween), one intermediate section and two low-pressure sections with Parsons 
blading. After steam has passed through the impulse wheel and the inter- 
mediate section, it is divided into two parts, one going to the right- and the other 
to the left-hand low-pressure section. There is an exhaust pipe at each end. 
In this turbine, the end thrust, which has to be balanced in reaction turbines 
of the usual type, is almost entirely avoided. Other advantages are the reduc- 
tion in size and weight, due to higher permissible speed; blades and casing are 
not exposed. to high temperatures; reduction of size of exhaust pipes and of 
length of shaft; avoidance of large balance pistons. 


Comparison of Impulse and Reaction. Turbines. — Moyer gives the 
following comparison of impulse and reaction turbines: . 
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Impulse Reaction 

1. Few stages. I. Many stages. 

2. Expansion in nozzles. 2. No nozzles. 

3. Large drop in pressure in a stage. 3. Small drop in pressure in a stage. 

4. Initial steam velocities 1000 to 4. All steam velocities low, .300 to 
4000 feet per second. 600 feet per second. 

5. Blade velocities 400 to 1200 feet 5. Blade velocities 150 to 400 feet 
per second. per second. 

6. Best efficiency when the blade ve- 6. Best efficiency when the blade ve- 
locity is nearly half the initial locity is nearly equal to the 
velocity of steam. . highest velocity of the steam. 


Experience has not made manifest any marked and consistent difference in 
economy and reliability between the impulse and reaction types. 

Vertical Versus Horizontal Turbines. —There is also no marked difference 
in economy and reliability of the vertical and horizontal types. The former 
is more economical of floor space, especially when the base type of condenser 
is employed, but requires more head room, as sufficient overhead space must 
be allowed to permit the lifting clear, and removal of, the shaft from the casing. 

Reduction’ Gear for Steam Turbines. — Double spiral*reduction gears, 
usually of a ratio of 1 to 10, are used with the De Laval turbine to obtain a 
velocity of rotation suitable for dynamos, centrifugal pumps, etc. G. W. 
Melville and J. H. McAlpine have designed a similar gear, with the pinion car- 
tied in a floating frame supported at a single point between the bearings to 
equalize the strain on the gear teeth, for reducing the speed of large horizontal 
turbines to suitable speeds for marine propellers. A 6000-horse-power gear 
with reduction from 1500 to 300 revolutions per minute has been tested, giving 
an efficiency of 98.5 per cent (Eng’g, Sept. 17; Eng. News, Oct. 21 and Dec. 30, 


1900). 


TURBINES VERSUS RECIPROCATING ENGINES.* — The inherent 
advantages of the turbine are: (1) The perfect continuity and uniformity 
of effort. This permits the working parts to be made light and gives the uni- 


form angular velocity which is desired for the parallel running of alternators. 


(2) The high velocity of rotation and of steam flow. This tends to great com- 
pactness, permits light weights, provides for the full expansion to high vacuum 
without enormous volume of expansive space, cheapens the cost of turbine and 
alternator, and is favorable to the efficiency of the latter. The effect of items 


(1) and (2) on weights, sizes and costs may be best appreciated by comparing - 


turbine and gas-engine sets of equal maximum capacity. (3) The reduction 
to a minimum of condensation, radiation and leakage, (4) The absence of all 
lubrication from the steam space. Difficulties of lubrication with high super- 
heat are thus obviated and the condensed steam is free from oil. (5) The main- 
tenance of good economy over a wide range of fractionalloads. (6) The great 
momentary overload capacity obtained from the high inertia of the rapidly 
rotating parts. To match this advantage in slow-speed reciprocating engines 
fequires very heavy working parts and the addition of an expensive flywheel. 
The reciprocating engine can be built to equal the turbine in economy over a 
wide range of loads but the refinements necessary to this end are costly. For 
equal heat consumption the costs of large engine-alternator units are from 
35 to 5o per cent greater than those of turbine sets. 

Low-pressure Turbines compounded with high-pressure reciprocating 
engines are coming into extensive use where it is necessary to increase the ca- 
pacity or improve the efficiency of existing engine plants. By combining the 


'* Adapted from lecture notes by Prof. W.. E. Wickenden.. 
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superior efficiency of the engine in the pressure range above the atmosphere 
with that of the turbine below the atmospheric range a resultant superior to 
the efficiency of either single type may be secured. Standard piston engines 
are able to sustain full-rated load when run non-condensing and often will 
carry from 25 to 50 per cent above rated load without danger or excessive wear. 
Under such conditions the water rate per kilowatt-hour is high but all the heat 
rejected in the exhaust is available to a low-pressure turbine; hence the net 
economy of the combined engine and turbine may be considerably superior to 
that of the engine when run condensing. By proportioning the turbine to eff- 
ciently utilize the exhaust steam and by connecting to it a high-vacuum con- 
denser, the initial capacity of the unit may be doubled or even trebled, and if 
the engine is in good condition, the resultant efficiency may be superior to that 
obtainable from a new complete-expansion turbine of equal capacity. 

Structurally, the low-pressure turbine is similar to the full-pressure type 
with the high-pressure stages omitted. It is, therefore, somewhat shorter but 
the steam spaces are necessarily greater than in a full-pressure type of equal 
rating. It is highly desirable that an efficient separator be installed between 
the engine and the turbine as the presence of moisture in the steam adds greatly 
to the friction against the turbine blades. When the exhaust is to be returned 
to the boiler it is also necessary to extract the oil from the steam as it leaves 
the engine. 


EFFICIENCY AND LOSSES. — The maximum theoretical efficiency of a 
steam turbine is the efficiency of the Rankine ideal engine between the tem- 
peratures of admission and exhaust (see Steam Engines). 

The several losses which tend to reduce the efficiency of turbines below the 
theoretical maximum are: (1) residual velocity, or the kinetic energy due to 
the velocity of the steam escaping from the turbine; (2) friction and imperfect 
expansion in the nozzles; (3) windage, or friction due to rotation of the wheel 
in steam; (4) friction of the steam traveling through the blades; (5) shocks, 
impacts, eddies, etc., due to imperfect shape or roughness of blades; (6) leak- 
age around the ends of the blades or through clearance spaces; (7) shaft fric- 

tion; (8) radiation. The sum of all these losses amounts to about 25 per cent 
of the available energy in the largest and best designs and to 50 per cent or more 
in small sizes or poor designs. | 

Condensation, leakage and radiation are of small magnitude. Windage and 
friction are especially marked in the high-pressure stages and the turbine is 
most efficient in its low-pressure stages, in direct contrast to the piston engine. 
The mechanical friction is relatively small, due to the small loads on wearing 
surfaces and the effectiveness with which they may be lubricated. Steam fric- 
tion, windage and condensation are much increased by moisture in the steam. 
Superheated steam is particularly advantageous in turbines because of its low 
heat conductivity, dryness and high fluidity.” 


STEAM ECONOMY OF TURBINES.* — Like all heat engines the eff- 
ciency of the turbine depends on the range of expansion and the reduction of 
. losses. Increasing the expansion range by raising the admission pressure affords 
a relatively small gain in efficiency. The chief advantage resulting from high 
initial pressure is in the decreased size of the turbine of a given capacity. Tbe 
relation of initial pressure to the steam and heat consumption per unit of output 
varies somewhat with the individual turbine, but the general relation with fixed 
conditions of vacuum and superheat is shown in Fig. 1. . 

The advantage gained by increasing the range of expansion at the lower end 
greatly exceeds that gained by an equal pressure increment at the upper end of 


* Adapted from the lecture notes of Prof. W . E. Wickenden. 
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" = the cycle. In the utilization of high vacua the turbine greatly surpasses the 
-> eine. Fig. 1 shows the relation of vacuum to turbine efficiency for typical 


2 units. This relation depends Tia 
poto EEG 
Net Heat 
Varia tion iw ith d. 
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RE design of the particular turbine #112 
~ andis therefore not identical 
- inal units of a given general B* 
type. 108 
.. Effet of Vacuum on © 
.., Economy. — The economical $19 
<. limit of vacuum in turbines is 104 
... much higher than in engines. © 
The attainment of very high 5109 
. Vacua involves a very heavy 2 
.. investment in condensers and = z^ 
„| auxiliaries and a considerable 8 98 
,.|, consumption of heat for their & 
na| Operation, The ultimate effect ®™ 96 
| e plant economy is there- 


Fig. 1. Factors unfavorable 
‘cz to high vacuum are a poor. 
it: load factor for the unit; 

! costly, warm or corrosive cooling water; the necessity of artificially cooling 
x: condensing water when the supply is limited; and very cheap fuel. 


Fig. 1. Relations of Turbine Effiaency to Steam 
Conditions and Vacuum 


;45 The question of the most economical vacuum must be determined by care- 
dies 
^d 
iui c 
MA i 
uu si 
A 

é & 
he > i 
te! A 
D 5 
ci * 

i (9.16000 
ans 
R^ 
gf 15000 


mowers 
AU Fig. 2. Average Full-load Net Heat Consumption of Turbines 
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» B. Results o 50 European Tests 


fully weighing against nd other the annual charges on the condenser system, 
T interest, depreciation, attendance, repairs, and the net cost of water for its 
gi] Deration included, and, on the other hand, the annual saving in total fuel 
Consumed plus the saving on boiler-plant fixed charges and operation. Such 
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an analysis takes due account of the heat consumed in driving the auxiliaries, 
Where an abundant supply of cold condensing water is available, experience 
indicates that the highest vacuum attainable is a good investment in connec- 
tion with large units operated at load factors of 60 per cent, or above. With 
ordinary central-station conditions vacua of from 27 to 28 inches are most 
advantageous. 


Effect of Superheat on Economy. — Superheat of almost any practicable 
degree improves turbine efficiency, though the net saving is much less than that 
indicated by the water rate, due to the extra heat content of superheated steam 
of high temperature. On account of the influence of superheat on the first cost 
and maintenance expense of piping, valves and fittings, also because of the 
difficulties in providing for expansion of turbine parts at very high temperatures, 
the tendency of American practice is to exceed a steam temperature of soo” F. 
only in very large units, though the tendency in Europe is toward a higher limit. 
Fig. 1 shows the effect of superheat on steam consumption and net heat con- 
sumption of steam turbines, the relation being disi uniform for all types. 


Effect of Size and Type on 21000, 
Economy. — The efficiency of the 
turbine, like that of the engine, 5 
improves as the size of the unit 
increases, see Fig. 2. Large units E 
are relatively cheaper than small, we 
and afford better economy in S ds 
ing, condensing equipment, space, 9 9 18000 
attendance and maintenance. 

A turbo-generator is rated as a Hin 
single unit. The momentary and % x. 
sustained overload capacity of the 316000 
turbine proper is very large, but 4 
the generator is much restricted by 
its ability to dissipate the heat 
developed in its parts. The usual BEBE 
ratings are based either upon maxi- 14000 a5 
mum sustained capacity (M in Fig. % Rated Load - 
3) or upon normal sustained capa- Fig 3. Net Heat Consumption of Modern 
city with an allowable overload of Turbines 
zu ied : e di tm bour peniga M. Maximum Bating. N. “ Normal” Rating 

Experience has not made manifest any marked or consistent differences in 
economy and reliability between the several commercial types. The vertical 
type is not well suited to the highest speeds, but is especially economical of 
floor space in connection with the base type of condenser. It requires greater 
head-room than the horizontal type. Fig. 4 shows the steam consumption of 
a number of small non-condensing turbines (see paper by G. A. Orrok, Trans. 
A.S.M.E., 1909). All curves are test results. 


ECONOMY OF COMBINED TURBINE AND ENGINE UNIT. — 
The following is reported by H. G. Stott and R. J. S. Pigott in Jour. ASME, 
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Mar., 1910. The steam engine is one of the 7500-kilowatt Manhattan type © 


engines at the soth St. Station of the Rapid Transit Co., New York, with two 
42-inch horizontal high pressure and two 86-inch vertical low pressure cylinders, 
and the turbine, also 7500 kilowatt, is of the vertical three-stage impulse type: 
The principal results are summarized as follows: An increase of 100 per cent 
in the maximum capacity and 146 per cent in the economical capacity of the 
plant; a saving of about 85 per cent of the condensed steam for retum to the 
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boilers [it was previously wasted]; an average improvement in economy of 13 
per cent over the best high-pressure turbine results, and of 2.5 per cent (between. 


Dry Steam at 150 Lb. Gage | 
| A 50 H.P. Terry, 2350 R.P.M. | 
| B 100 H.P.,Bliss, 2600 R.P.M. | 


C 200 H.P, «© ‘ “ 
D 150 H.P., Kerr, 2800 R.P.M. 
E 50 H.P. Curtis, +: ts 

| F 50 H.P., ** ,8600R.P.M. 
iG 200H.P., ™ ,1500 R.I'.M. 
200 H.P., « ,2000 I.P. M. 


| 
| 


Lbs. Steam per B.H.P.-Hour 


60 80 100 120 
% Rated Load 
Fig. 4. Steam Consumption of Small Non-condensing Steam Turbines 


0 


7500 and 15,000 kilowatts) over the results obtained by the engine alone; an 
average thermal efficiency between 6500 and 15,500 kilowatts of 20.6 per cent. 
[This efficiency is not quite equal to that reached by triple-expansion pumping 
engines.] 


TESTING OF STEAM TURBINES. — Turbines are tested in the same 
Way as reciprocating steam engines, measuring the power by a Prony brake or 
by an electric generator whose effidency at different loads is known, and the 
steam consumption by weighing the water discharged from the condenser. 


SPECIFICATIONS. — See Specifications in article on Steam Engines. 


OPERATION.* — Several important features are noted below. For addi- 
tional information see article on Power Stations. 


Oil-pressure System for Step Bearing of Vertical Turbine. — When 
running the end of the shaft is lifted slightly from its seat and supported by a 
forced circulation of water or oil under a pressure of from 500 to 1200 pounds 
per square inch. ‘This pressure is produced by a special step-bearing pump 
which may be of the steam-driven, direct-acting type or of the motor-driven, 
triplex type, and is reinforced by a heavily weighted plunger accumulator. 
When a double pump equipment is installed the second may serve as a reserve 
and, if of the motor-driven type, may readily be arranged to automatically take 
up the load if the accumulator falls to a certain point, due to the failure or 
inadequacy of the primary pump. The horizontal-shaft type is subject to an 
end thrust, which must be neutralized by dividing the turbine into two sections 
through which the steam flows in opposite directions or by the use of pressure 
tings opposed to the thrust on the turbine. i 


+ Adapted from lecture notes by Prof. W. E. Wickenden. 
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Speed Control. — Turbines having nozzle expansion are most efficiently 
governed by varying the number of active nozzles. Reaction turbines are 
governed by the intermittent throttling of steam at the admission valve. The 
governor is usually of the shaft or flywheel type (see Steam Engines). In both 
types, when used for driving alternators in parallel, a small motor is attached 
to the governor spring so that the tension may be controlled at the switch- 
board. This affords a convenient control of speed for synchronizing and ad- 
justing the loads taken by the several machines. 


Speed Control of Combined Turbine and Reciprocating Engine 
Unit. — In central-station service the two elements are so adjusted that the 
turbine takes all the steam from the engine, the load on the two is varied simul- 
taneously and the two are electrically coupled by being connected to the same 
bus bars. This arrangement simplifes the problem of governing and the 
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Fig. 5. Approximate Cost of Turbo-generator Sets 


division of load. It has not been found advantageous to place a governor on 
the turbine under such conditions. The turbine operates under variable admis- 
sion pressure, depending on the load. The turbine should be equipped with 
a speed-limiting relay, which opens the atmospheric exhaust from the engine 
should the speed of the turbine become unsafe. 


COST OF STEAM TURBINES. — Small turbines for driving pumps, 
blowers, etc., cost from $20 to $40 per horse-power. - 

In Fig. 5 are given the total costs of various turbo-generator sets in 1912. 
These costs include both the turbine and generator but do not include condensers 
and auxiliaries. The curves were kindly supplied by Prof. W. E. Wickenden 
and represent the average of the actual costs of a number of units of various 
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capacities. Impulse and reaction turbines cost approximately the same. Tur- 
bine costs are subject to considerable variation, the tendency being a decided 
decrease in the cost per kilowatt from year to year. The costs given in the 
curves should therefore be checked against actual quotations, even when used 
in preliminary estimates. 


BIBLIOGRAPHY. — Neilson, R. M., Steam Turbine, N. Y., 1912; Thomas, 
C. C., Steam Turbine, N. Y., 1910; Stodola, A., Steam Turbines, 1906; Moyer, 
J.A., Steam Turbine, N. Y., 1908; Heck, R. C. H., Steam Engines and Turbines, 
N. Y., 1911; French, L. G., Steam Turbines; Gebhardt, G. F., Steam Power 
Plant Engineering, N. Y., 1908; Kent’s Mechanical Engineers’ Pocket-Book. 
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STEEL. — (See also Iron, Pig and Cast; Castings, Iron and Steel; Rais, Trach 
and Third.) Carbon steel (the ordinary commercial steel) may be defined as 
an alloy of iron and carbon produced by any one of the methods described in 
the following article. It differs from wrought iron in not being slag bearing 
and from cast iron in being malleable at certain temperatures. 


Slag is the substance which collects on the surface of molten iron or steel 
in the blast furnace, converter or open-hearth furnace. Its constitution varies 
with the process but it includes oxides of the various impurities found in the 
iron such as silicon, aluminum, phosphorus, calcium and magnesium. It may 
also include some oxide of iron. The slag from blast furnaces is often very rich 
in calcium owing to the amount of limestone added to the charge as a flux. 
' The manufacture of Portland cement from blast-furnace slag is an important 
industry. The process of puddling used in making wrought iron involves the 
mixing of some of the slag with the iron, thus making it an integral part of the 
finished product as explained in the article on Iron, Wrought. 


METALLURGY. — The various processes by which steel is at present manu- 
factured are described in the following paragraphs: 


Bessemer Process. — This process consists of the burning out of most of the 
impurities and carbon contained in molten iron by the aid of a blast of unheated 
air, and subsequent recarburization of the mass by the addition of spiegel-eisen 
or ferro-manganese. 'The molten material is placed in a pear-shaped vessel 
called a converter and the blast is introduced through openings in the bottom. 
After the process has continued long enough to convert the iron into steel, 
the molten material is either poured into iron molds forming ingots which are 
later rolled or hammered into commercial! shapes, or else cast into steel castings. 

Two processes are in use, the acid and the basic; in the former the converter 
lining is of refractory acid materials composed principally of silica, so that the 
phosphorus and sulphur in the charge are unreduced; in the latter, the con- 
verter is lined with burnt dolomite, and lime is added to the charge to reduce 
the phosphorus and sulphur. The heat necessary for the process is obtained 
from the combustion of silicon in the acid process and of phosphorus in the basic 
process. The acid process alone is in use in the United States owing to the 
prevalence of low phosphorus and sulphur ores. Steel of fair quality is pro- 
duced by this process at low cost and with great rapidity, but Bessemer steel is 


gradually being replaced for important structures by the more reliable open- 
hearth steel. 


Open-hearth Process. — This process consists of the reduction of the carbon 
and other impurities contained in a mixture of pig iron, scrap iron or scrap steel, 
and iron ore by exposure for seven or eight hours to an intense heat obtained 
from a mixture of producer gas and air, the process being stopped when the 
bath is found to have the right proportions as determined by physical and 
chemical analyses. The steel is then withdrawn from the furnace and either 
poured into ingots or cast into usable forms. Steel of excellent quality for 
structural purposes is thus produced in large quantities, a paingie furnace often 
having a capacity of 50 tons. 


Duplex Process. — This process consists of a combination of the Bessemer 
and open hearth; pig iron is first blown into the converter to remove the silicon 
and a portion of the carbon; it is then transferred to the open hearth, where it 
is dephosphorized and the carbon reduced to the proper percentage. The 
process permits the use of a poorer grade of material than the Bessemer, and 
gives a higher grade of finished product, while the speed of production is superior 
` to that of the open hearth. 
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Crucible Process. — This process consists of melting down, in covered clay 
or graphite crucibles, wrought iron (sometimes diluted with steel scraps) with 
charcoal, ferro-manganese and various so-called physics, such as salt, oxide of 
manganese, etc. The crucibles hold from 5o to 100 lb. each. Crucible steel 
is high in carbon and low in sulphur and phosphorus. It is superior to Bessemer 
and open-hearth steel and is used for tool making. 


Cementation Process. — This process consists of converting wrought iron 
into steel by piling iron bars and charcoal together, bringing to a yellow heat 
and keeping in this condition for a period extendin; from ten days to two weeks. 
The steel thus obtained is known as blister stecl. If the blister steel is cut, 
piled, heated and forged, skear steel is produced; if the operation is repeated 
on shear steel, double shear steel is obtained. Blister steel is frequently melted 
in the crucible to free from slag; the resulting product is of the highest quality 
and is used in making the finest grades of cutting tools, such as razors. Case 
hardening is a special form of cementation by which the outer surfaces of articles 
forged from wrought iron or steel are hardened. Harveyizing of armor plate 
is also a cementation process. 


MECHANICAL TREATMENT. — (See also Steel Mills, Electric Drive of.) 
Steel made by any of the preceding processes may be put into usable form 
either by casting, or by forging while hot under the hammer, or usually by 
rolling while hot between heavy grooved rollers, the latter process being used for 
rods, plates, rails, and structural shapes such as angles, channels and I-beams. 
The rolling process is usually divided into two parts: (a) the reduction of 
the ingot into blooms or billets by the blooming mill; and (b) the reduction of 
the blooms or billets into commercial shapes by the shaping mill. 

The blooming mill consists of a pair of horizontal grooved rollers, one above 
the other, between which the ingot is passed back and forth, the rolls being 
gradually forced closer together. These rolls are actuated by a reversing engine. 
This process reduces the ingot from a block of steel perhaps 16 inches square by 
6 feet in length to a bar of small cross-section, usually rectangular and of 
considerable length. This is then cut into sections several feet in length 
which are called blooms if the cross-section contains more than 36 square 
inches and billets if less. In England this mill is called a cogging mill. 

The shaping mill is similar to the blooming mill, but there are usually three 
non-reversing rolls in a vertical plane, the bloom passing forward between the 
lower and middle rolls, and returning between the middle and upper roll. 


HEAT TREATMENT; CRITICAL TEMPERATURE. — When iron or 
steel cools from a high temperature, say 1000° C., the rate of cooling is not 
uniform, but is marked by certain periods of retardation accompanied by 
spontaneous evolution of heat, the opposite phenomena occurring when the tem- 
perature is increased. There are in general three of these critical points which 
are designated by metallurgists by the letters 41, 43 and Áz, 41 being at the low- 
est temperature, Owing to /ag the changes occur at slightly lower temperatures 
on cooling than on heating, and to distinguish between them, the cooling points 
are designated An, Are and Ars, and the heating points Acı, Ace and Acs. These 
points vary with the percentage of carbon, and for certain grades of steel the 
three cooling points may be merged into one and also the three heating points. 
With favorable conditions when the temperature Arı is reached an increase in 
temperature of the metal may be detected by its change of color. "This point is 
called the point of recalescence. At this temperature also a softening of the 
metal occurs. An interesting feature of the point Ae is that at a higher tem- 
perature steel is non-magnetic, but in passing through Ar» it becomes suddenly 
magnetic, See Magnetic Properties of Iron and Other Metals. 
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The approximate values of these critical points in degrees Centigrade as given 
by Sauveur are shown in the following table: 


CRITICAL TEMPERATURES IN DEGREES CENTIGRADE 


Grade of steel 


Carbon content, 
per cent 


650 to 700 
725 
725 


ANNEALING. — Steel with a coarse structure due to rapid cooling may be 
improved in grain by heating to a temperature varying with the carbon con- 
tent and cooling slowly. The accompanying table gives the annealing tem- 
peratures which are commonly specified for this purpose. 


Range of eali 
Range of carbon g annealing temperature 


content, per cent ec 


Less than 0.12 875 to 925 1607 to 1697 
0.12 to 0.29 840 to 870 1544 to 1598 
0.30 to 0.49 815 to 840 1499 to I544 
0.50 to r.00 790 to 815 1454 to 1499 


The object should be kept at the annealing temperature long enough to in- 
sure a uniform temperature throughout and then cooled. 'The higher the 
carbon, or the greater the ductility and softness required, the slower should be 
the cooling. ‘It is usually sufficient to remove the object from the furnace and 
to allow it to cool in air protected from rain, snow and drafts. Steel containing 
more than o.5o per cent carbon should cool more slowly until the color dies out 
before removing from the furnace; it may then be removed and cooled in air. 
To remove the effects of cold working the object should be heated to about 
775? C. and cooled with a slowness depending upon the thickness. 

For detailed specifications see Year Book of Amer. Soc. for Test. Mat. 
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ie] CARBON STEEL. — The alloy of carbon and iron of which ordinary carbon 
** steel is composed is divided into the five following groups by Sauveur: 


| 


| Grade of steel Hardness Cat bon content, 
| 
| 


per cent 


RADE 


1 ^ Very low carbon Very soft Not over 0.10 


Low carbon Soft Not over 0.25 
Medium-high carbon Half hard 0.26 to 0.60 
High carbon Hard - Over 0.60 
Very high carbon Hard, extra hard Over 1.25 


= 
cx» 
c 


The properties of these different groups when made under normal conditions 
depend upon the relative amounts of the following constituents: 


Ferrite, or iron free from carbon, this being the same as the ferrite in 
wrought iron (q.v.). 
Pearlite, consisting of a mixture of iron carbide and ferrite. 


Cementite, or iron carbide, with the formula Fe3C, combined with a vary- 
, ,  ingamount of carbide of manganese. 


Austenite and Martensite. — Steel that is suddenly cooled from a high 
temperature contàins also certain other compounds of iron and carbon, the two 
of most importance being known as austenite and murtensite. The former 
is generally considered as a solid solution of carbon, or of the carbide FegC, in 
iron in the allotropic condition in which the latter exists at a high temperature 
(above 875? C.). Itis not a constituent of constant composition, and is seldom 
found in ordinary steels since it is rapidly transformed in cooling into an aggre- 
gate of ferrite and cementite. To obtain it highly carburized steel may be 
suddenly cooled from a temperature of 1000° C. or more by a bath such as ice 
cold water. It may also be obtained by slow cooling if the steel contains a 
considerable portion of manganese or nickel. Martensite is generally believed 
to be an early stage in the transformation of austenite. 


Phosphorus and Sulphur. — The common injurious impurities in car- 
bon steel are phosphorus and sulphur, both of which cause brittleness and should 
be allowed only in small quantities. Specifications (see section below on this 
topic) frequently forbid more than 0.05 per cent of sulphur and 0.04 per cent of 
phosphorus. Other impurities commonly occuring in small quantities in steel 
are silicon and manganese, which in small quantities help to reduce blow holes 
by their deoxidizing action. These elements while often present in higher 
percentages than the carbon have comparatively little influence upon the strength 
of ordinary carbon steel. 


Composition of Low-carbon Steel. — Low-carbon steel consists chiefly of 
a mass of ferrite with pearlite occuring at the junction of the grains of ferrite, 
the percentage of the former decreasing in medium and hard steels until in steel 
having 0.8 per cent to 0.9 per cent carbon, it disappears entirely, the steel 
then consisting exclusively of pearlite. In still higher carbon steels some of 
the pearlite is replaced by free cementite, the substance which gives steel its 
hardening property. | = 

Strength and Weight of Carbon Steel.— The tensile strength of steel 
varies with its composition. For ordinary carbon structural steel the working 
values given in the following table may be adopted with safety: 
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Working strength, 


- Nature of stress ; 
pounds per square inch 


Tension on net section, and extreme fiber stress in 


bending so odere e eee ee ea 16,000 
* E] K » 70 l L] 
Compression in columns*................Luueeee eese. 16,000 — — , with a 
f 


maximum of 14,000. 
Shear on net section of plate-girder webs and on ma- 


'chine-driven shop rivets............. cc cece e eee eens 12,000 
Bending on extreme fiber of pins....................... 24,000 
Bearing on pins and shop-driven rivets................ 24,000 
Bearing on hand-driven rivets....................L.u.. ` 18,000 
Shear on hand-driven rivets................. eee 9,000 
Modulus of elasticity. ....... 0c. cece ec cc ec ec cee eeees 28,000,000 Ib. per sq. in. 


A RE i 
* In the expression for compression in columns, , = maximum value of ratio of the 


unsupported length of column to radius of gyration, both values being expressed in 
inches. This ratio should be restricted by the form of the column so that it will not 
exceed 100 for main members and 120 for lateral and other secondary members. 


Steel weighs approximately 490 lb. per cu. ft., or 2 per cent more than wrought 
iron. 

Specifications for Structural Steel and Steel Castings. — The American 
Society for Testing Materials has adopted standard specifications for steel to 
be used in various classes of structures. (See A.S.T.M. Yearbook.) Among 
the items covered are the chemical and physical properties of the material, the 
specimens and methods of tensile and bend tests and the permissible variation 
in weight and gauge. The following tables give the requirements as to chemical 
composition and tensile properties as given in the Society's specifications for 
structural steel for bridges and ordinary steel castings as adopted Aug. 25, 1913. 


CHEMICAL COMPOSITION 


; Structural Steel 
e nsidered i à 
Elerent:eo me steel Rivet steel castings 
Phosphorus, max., per cent; | 
ACId. CI vA RE ESETEERS 0.06 0.04 0.06 
. Basic......... eese papain aise 0.04 X 0.04 0.06 
Sulphur, max., per cent........ 0.05 i . 0.04 0.05 


TENSILE PROPERTIES 


Steel 


Properties considered Structural steel Rivet steel cast 


—À. 


Tensile strength, lb. persq. in. 55,000 to 65,000 | 48,000 to 58,000 | 60,000 mini- 


mum 
Elongation in 8 in., min., per 1,500,000 1,500,000 
cent Paar ee ee ee Tensile strength Tensile strength essers’ 
i . min., per 
Elongation in 2 in., p E an B 2 
CONE ise ees —— eid a ates ’ 


n Pr aM i$ aai i o aI 
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= SPECIAL OR ALLOY STEELS. — The more usual forms of special 
*t' steels and their uses, composition and general characteristics are as follows: 


Nickel Steel. — Steel containing a considerable percentage of nickel, but 
; generally not more than 33 per cent, is called nickel steel. This steel has a 

| greater strength and a higher clastic limit than carbon steel, and practically the 
it same modulus of elasticitv; it is more ductile in proportion to its strength and 
| m somewhat harder than carbon steel of like properties, it is more expensive be- 
"^. causeof the cost of the nickel, and the additional cost of working. Nickel steel 
tg: has been used considerably in recent years for bridges of large size, for steamer 
shafts, automobile parts, etc. 


x | Invar Steel. — This is a nickel steel containing about 36 per cent of nickel. 

z | Its coefficient of expansion is practically zero. It is used in making steel tapes 

" for base line measurements in geodetic surveying. 

tt Manganese Steel. — The steel commonly known as manganese steel con- 

0 tains from 12 per cent to 13 per cent of manganese and gencrally from 1.25 per l 
Kif cent to 2.00 per cent of carbon for castings; for forgings or rolled steel, less 
—-| carbon is used. It is austenitic in composition and is very hard without brittle- : 
| ness making it well fitted for railroad frogs, railroad rails or curves and burglar- : 


proof safes. It is adapted principally to parts that can be cast, since working 
| it with tools is practically impossible and forging is difficult. It is not used for ; 
" Structural work as its elastic limit is so low as to offset the advantage of its 

great strength. Like nickel, the manganese interferes with the transformation 


of austenite to pearlite during cooling. It is often called “Hadfield” steel from 
the name of its inventor. i 
Chrome Steels. — Steels containing from 1 per cent to 2 per cent of chromium 


are very hard and have a high elastic limit. They are well adapted for armor- 
piercing projectiles, steel balls, Gles and automobile gears. Krupp armor plate 
is said to contain 3.25 per cent nickel, 1.5 per cent chromium and o.25 per cent 
carbon. 


Vanadium Steels. — The addition to steel of a small amount of vanadium, 
usually less than 0.3 per cent, adds greatly to the elastic limit, ductility and 
resilience. Vanadium is especially advantageous in increasing strength, tough- 
ness and temper of nickel and chromium steels. This steel is particularly use- 
Iul for springs, axles and automobile parts. | 


Silicon Steels. — The only silicon steels in use contain less than 5 per cent 
of silicon. The alloy recommended by Hadfield, its patentor, contains 2.75 per 
cent silicon with the smallest possible amounts of carbon, manganese and other 
impurities. Such steel has a greater magnetic permeability than the purest 
iron, and also a high electrical resistance. Its magnetic hysteresis is low. It 
is a valuable material for use in electromagnetic and in electrical generating 
machinery. See Magnetic Properties of Iron. ! 


Tungsten Steels. — These steels have the property of becoming martensitic 
upon heating to a high temperature and air cooling and are said to be “self- 
hardening.” Such steels are ‘used for springs, magnets and with manganese | 
eum for self-hardening tools. See also High-speed Steels and Magnetic Steels, (| 
elow. | . : 

Self-hardening Steels. — Steel which is hard without tempering and çan- | 
not be annealed by known processes is called self-hardening steel; All such steels k 
ate non-magnetic. Any steel which is in an austenitic condition at atmospheric ] 
temperature is self-hardening. (See Mushet Steel, below.) 

Ternary and Quartenary Steels. — These are steels consisting of three or 
four essential components, viz., iron, catbon and one or two alloys. Some of 
the more important ternary steels are nickel steel, manganese steel, chrome 


p C uU 
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steel, tungsten steel and silicon steel. Among quartenary steels are nicke 
chromium, nickel-manganese, nickel-vanadium, tungsten-chromium, etc. The 
effect of these various alloys upon carbon steels is very striking and their 
possibilities are very great. 


-Chrome-nickel Steel. — The chrome-nickel steels in use are pearlitic and 
contain moderate amounts of carbon, nickel and chromium. Such steel has a 
high elastic limit combined with high ductility and has greater hardness, resilience 
and wearing power than carbon steels. It is used in automobile construction 
and for the manufacture of armor plate. 


Chrome-tungsten Steel. — Tungsten and chromium have the property of 
producing a finely martensitic structure in steel when heated to a high tempera- 
ture and cooled in air. The martensite in this case is so stable that the steel 
may be heated to a red heat without losing hardness. Such steels are known 
as “high speed steels ” (q.v.). 


High-speed Steels. — These steels have a finely martensitic structure 
which is stable up to red heat. 'They may contain from O.25 per cent to 1.00 
per cent of carbon, from 5 per cent to 25 per cent tungsten, 2 per cent to 10 
per cent of chromium and seldom over 0.40 per cent of manganese." Tungsten 
may be replaced wholly or in part by molybdenum. Steels of this character 
are of great importance in machine work as tools made from them can be driven - 
without injury until the cutting edge is red hot. 


Mushet Steel. — This steel contains both tungsten and manganese. It is 
a self-hardening steel and has been used for many years for tools which make 
very heavy or deep cuts such as is required for armor plates. The speed allow- 
able is a little greater than for carbon steel, but it lasts a long time without 
grinding. 

Magnetic Steels. — Steels containing 4 per cent to 5 per. cent of tungsten 
and from o.5 per cent to o.7 per cent of carbon if heated to red heat and quenched 
in water will retain their magnetism better than carbon steel. The addition of 
chromium increases the permanency but decreases the magnetic force. 


PRICE OF STRUCTURAL STEEL, F.O.B. PITTSBURGH. — The 
following prices show market quotations in April, 1913 (from Iron Age, April 10, 
1913). l-beams, 3 to rs in.; channels 3 to 15 in.; angles 3 to 6 in. on one or 
both legs % in. thick and over; and zees, 3 in. and over, 1.45 to 1.70 cents per 
Ib.; extras on other shapes and sizes are as follows: 


I-béanis over 15 IDs ies sod uo Sa ERES EN k ewes O.IO cents per |b. 
H-beams over 18 in.. occ dee c cas eee e e eur o1o " 7” 
Angles over 6 in. on one or both legs.................... oro? ) 
Angles, 3 in. on one or both legs, less than 14 in. as per steel 
bar card, Sept. 1, 1909... ..... eee cece cece cece 0.70 ” nn 
Tees, structural sizes (except elevator, hand rail, car truck 
and conductor rail)...... 2.0... cece ccc cece ae cc cece, $998 To 
Angles, channels and tees, under 3 in. wide as per steel bar 
card, Sept d, T9099. ced dy. ceased x esae ok iai 0.20 to o.80o ?  ?? 
Deck beams and bulb angles....................000..., ogo 7 7” 
Hand tail £665.55 sese exe ire ru v dur de vua wo M. ES 
Cutting to lengths, under 3 ft. to 2 ft. inclusive. . ........ . 0.25 ” ea 
Cutting to lengths, under 2 ft. to 1 ft. inclusive. ........... oso 7 >?” 
Cutting to lengths under 1 ft............. enc lot sadaa diga cv T 


No charge for cutting to lengths 3 ft. and over. 


FREIGHT RATES ON FINISHED IRON AND STEEL PRODUCTS. 
— (From Iron Age, April 11, 1913.) Freight rates in April, 1913, from Pitts- 
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burgh in carloads, per roo lb. were: New York, 16 cents; Philadelphia, r$ 
cents; Boston, 18 cents; Buffalo, rı cents; Cleveland, 1o cents; Cincinnati, r5 
cents; Indianapolis, 17 cents; Chicago, 18 cents; St. Louis, 224 cents; Kansas 
City, 42% cents; Omaha, 42% cents; St. Paul, 32 cents; Denver, 84% cents; 
New Orleans, 30 cents; Birmingham, Ala., 45 cents; Pacific coast, 80 cents on 
plates, structural shapes and sheets No. 11 and heavier; 85 cents on sheets 
Nos. 12 to 16; 95 cents on sheets No r6 and lighter; 65 cents on wrought pipe 


‘and boiler tubes. 


BIBLIOGRAPHY. — Howe, H. M., Iron, Steel and Other Alloys, N. Y., 1906, 
and Metallurgy of Iron and Steel, N.Y., 1891; Stoughton, Metallurgy of Iron 
and Steel, N. Y., 1911; Campbel, Manufacture and Properties of Structural 
Steel, N. Y., 1903; Sauveur, Metallography of Iron and Steel, Cambridge (Mass.), 
1912; Tieman, Iron and Steet (a Pocket Encyclopedia); Sellew, W. H., Stee? 
Rails, 1913. 

[C. M. Spofford.] 
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STEEL MILLS, ELECTRIC DRIVE OF.— (See also Flywheels for Load 
Equalization; Motors, Industrial Applications of.) The application of electric 
motors to steel mill service may be divided in two general classes; 1. that deal- 
ing with the application of motor drive to the main rolls, that is to those rolls 
in which the ingot or billet is reduced in section, and 2. that dealing with the 
problems of electrifying the numerous other auxiliary machines and devices, 
such as tables, screw-downs, charging machines, etc. 


MAIN-ROLL APPLICATION. — The term *^mill" is sometimes used to 
designate a single stand or group of stands, and sometimes to include the main 
rolls and all auxiliaries involved in the production of a given class of materials. 
The stands are generally classified according to the 
arrangement of rolls and method of operation, that is 
two-high or three-high, the two-high being either revers- 
ing or non-reversing, see Fig. 1. — 


Reversing and Non-reversing Mills. — The great 
majority of rolling mills in this country are of the non- 


reversing type where the rolls run continuously in one — l V 

direction. Flywheels are used to equalize the input to 

the motor. The ideal combination would be to use a bx Baf 
o ree 


motor of sufficient capacity to carry the average load Hich ‘High 
and a flywheel which would take care of all the peaks. Fi "s 

: g.l. Diagram of Two- 
Such a wheel would be too large and a compromise Wigh and Three-high 
between the motor and flywheel must generally be made. ^ Rolls 
As opposed to the heavy flywheel effect required by 
the two-high or three-high non-reversing mill, the minimum flywheel effect con- 
sistent with the necessary speed and torque is desirable for reversing mills. 
Jn order to avoid the reflection of peak loads of these motors back upon the 
system, it is customary to interpose a flywheel motor-generator set with one or 
more generators between the power station and the mill. In order to minimize 
the flywheel effect of the reversing motor, two or more direct-current motors are 
often mounted on the same shaft and their armatures connected in series. This 
arrangement renders possible the use of smaller armature diameters with con- 
sequent reduction of acceleration losses and also permits the use of a high-voltage 
generator on the flywheel set. ‘The mill motor is separately excited and perfect 
speed control is obtained by varying the excitation of the generator on the fly- 
wheel set. Direct-current generators can be designed for 2400 volts to give ex- 
cellent results when operating two 1200-volt motors in series. 


Power Required. — Rolling mill loads are irregular in the extreme due to the _ 


intermittent character of the process. For any particular ingot the motor load 
consists of periods of heavy duty increasing in length with the length of the 


metal in the pass, interspersed with periods of friction load only. With a given . = 


mill the load varies widely with the difference in the section rolled, differences 
in temperatures of metal, personal equation of the operator, etc. The practical 
determination of the power required to roll steel is a matter of elaborate and 
extensive tests under widely varying conditions. For methods and results see 
papers in Bibliography. The information for predetermining the sizes of motor 
and flywheel for an installation must cover the following points: 


Type of mill; rail, plate, etc. : Time between passes. 

Diameter and speed of rolls. Elongation in each pass and total. 
Weight of ingot. Initial length. 

Initial and final section. Average and maximum rate of rolling. 


Number of passes. Temperature of metal. 
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Load Curves. — From these data and a thorough understanding of the 
many variable factors encountered in steel-mill practice, it is possible to lay out 
load curves similar to the ones shown in Figs. 2, 3 and 4. From such curves it 


is then possible to determine the 
proper size of the motor and the 


. flywheel. 


The typical curve shown in 
Fig. 2 represents a load curve 
calculated for a two-high single- 
stand reversing blooming mill in 
which a 3000-pound ingot is re- 
duced from initial to final sec- 
tion in eleven consecutive passes 
occurring at s-second intervals. 
This curve is characteristic of 
blooming mills, roughing mills, 
etc, which in general give the 
lowest load factor. The work 


consideration must be given to 
the fact that excessive loads 
may be encountered at times 
due to the low temperatures of 
the metal in the pass, too heavy 
draft or other causes, and ample 
margin allowed. Assuming for 
the moment that by properly 
combining simultaneous passes 
on the several stands and the 
application of a suitable flywheel 
the load curve has been flattened 
out as much as appears possible, 
the question of continuity of 
service and duratian of peaks 
must be considered to determine 


Horse Power 


Horse Power 
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10 60 
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Fig. 2. 


done in horse-power seconds is ES Jasas Etait Hk EE 
indicated by the area under the — 3 EX Binge lap = -H 
curve. Fig. 3 is representative $ ERES c-r ES EFRA- 
of a large and mixed class with Baum ES BEER --EEHHRHGE) 
medium load factor, such as 9e ttt tr naa Ht 

. Small merchant mills, bar mills, | e«o- FPH a H SEBBEHEEHR 
sheet mills, etc. Fig. 4 shows $ o HE EEH PH- EESEHER 
à load factor so high as to be £ Mos HHHH | | jAjoraze IP JHH 
scarcely approximated except in ĝ din rimari all - FH - HOREA 
merchant mills with a large g PICH BEREE 
number of stands working at 800 BUE ES 
full capacity. soo ET H+} 

In determining the most suit- oLLLI | BER 

able size of motor for the work 3 a Bees . 3 
indicated by the load curve full Fig. 3. 
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Fig. 4. 


whether the limiting feature will be maximum torque or heating. With rolling- 
mill motors the limiting feature of design is usually torque rather than heating. 
Themotor rating is determined by a consideration of the root-mean-square value 
of the current for a single cycle, and the frequency and duration of successive 


cycles, ° 
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Use of Induction Motors. — The choice of alternating- or direct-current 
motors for main rolls must be determined by a careful consideration of several 
factors, chief of which are the capacity of individual units, constant, variable or 
adjustable speeds, reversing or non-reversing, transmission distance, existing 
power-station equipment, etc. 

It is in general conceded that for large units and constant speed, constant-load 
service induction motors with phase-wound rotors possess many advantages over 
direct-current motors. This is due to the ruggedness of construction and 
simplicity of operation of the induction motor, and to the facility with which 
alternating current may be stepped up to any desired voltage, thus rendering the 
problem of economic power distribution relatively simple. 

For the comparatively few main roll drives where it is essential that close 
regulation be maintained for a large number of speeds, each constant under 
varying loads, a direct-current motor with shunt characteristics has until re- 
cently been practically necessary. It is now possible to obtain these character- 
istics by using standard induction motors with phase-wound rotors and speed- 
regulating sets. The method of avoiding the dissipation of energy as heat in 
the control rheostat consists in replacing the non-inductive external resistance 
by a compensated commutator motor which may be mounted either on the shaft 
with the main motor, or more commonly as one element of a two-unit motor- 
generator set. In the latter case the second element is a squirrel-cage induction 
motor, driven slightly above synchronism by the commutator motor and operat- 
ing as an induction generator, thus returning to the line energy proportional to 
the slip of the main motor less the losses in the regulating set itself. 


Control Equipment for Induction Motors. — The control for large steel 
mill motors is important because of the size of the apparatus involved and the 
extreme importance of continuous operation. Most motors for main-roll drive 
are started up at the beginning of a shift, immediately brought up to full speed, 
and left running until the end of the shift. Provision must be made for running 
a short time at reduced speed when desired, for making adjustments to the mill, 
and for reversing, in order to back out ingots which have stuck in the mill. If 
a flywheel is used, there should also be provision for quick stopping, so that if a 
spindle is broken, the motor can be brought to rest quickly and a new spindle 
substituted without delay. Current-limiting relays are desirable in order to 
avoid severe fluctuations in input during starting and to maintain an approxi- 
mately even torque witbout depending upon the intelligence of the operator, 
for which service magnetically-operated contactors are necessary. It is always 
desirable to have some device by which the motor can be shut down from a 
remote point in case of accident. 


Resistors for Starting Rheostats. — The resistance should be liberal, 
because the control may often be held on the first point for some time when ad- 
justments are being made and the starting torque may sometimes be heavy, 
particularly when an ingot has stuck in the rolls. Also, where a flywheel is 
used, the acceleration is necessarily slow, and some mills, particularly cold rolls, 
require a very heavy torque during starting and until they have warmed up. 
Resistances should always be furnished having at least enough capacity to pro- 
vide for full-load torque for two minutes. In special cases more will be 
required. 


Contactors and Oil Switches. — Where 440- or — alternating 
current is used, contactors can be employed for both primary and secondary, 
and remote control is an easy matter. 2200- or 6600-volt motors require oil 
switches in the primary, which cannot be operated readily by means of alternat- 
ing current. They can be operated with direct-current, but this complicates 
the system and makes the operation of the alternating-current motor dependent 
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upon the direct-current supply. As remote control is not essential in the large 
majority of cases, hand-operated oil switches can be used. 
Simple-control System. — Fig. 5 shows a typical diagram of connec- 
tions for a simple-control system. The incoming line passes through discon- 
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Fig. 5. Diagram of Mill-control System with Induction Motor 


necting switches by means of which the motor and all the control equipment 
can be cut off when repairs or adjustments are to be made. The hand-operated 
oil switch is made double-throw to provide for forward and reverse operation. 
A push button or control switch located in the mill can be used to trip the switch 
by short-circuiting the no-voltage release for emergency stopping. The slip 
THES are connected permanently to a three-phase resistance. Contactors 
(double-pole, where sizes permit) are used for short-circuiting successive portions 
of the resistance as the motor accelerates. The operating current for the con- 
lactors passes through a master controller so that the motor can be held with all 
Tesistance in circuit or on any one of several intermediate points between that 
and complete short-circuit. Current-limit relays in series with the primary line 
Bovern the rate at which the contactors close. 

No-voltage release is obtained automatically on the secondary contactors, 
because they are operated by current received from the primary line. If the 
Pumary oil switch is opened for any cause, the operating current for the con- 
actors is interrupted, so that they open. The acceleration is always governed 

Y the current-limit relays independent of the position of the master controller. 

or ordinary starting and for stopping the master controller can be left on the 

| running position and the oil switch simply closed and opened. 

It is standard practice to use 5o per cent more ohms in the secondary resistance 

the value required to give full-load torque at standstill. This value limits 


€ Lope 
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the current on reversal at full speed to 133 per cent of full-load current, so that 
full-speed reversal for quick stopping causes no more shocks on the motor or line 
than will be experienced in ordinary operation. If a flywheel is used, a small 
amount of resistance (sufficient to give 5 or 10 per cent slip at full load) is left 
permanently connected in the secondary. 

Where motors having two or more speeds are used, more switching equip- 
ment is necessary to provide for speed changing, but the general system is the 
same. Where remote control is necessary, the system is somewhat more com- 
plicated, but the same general principles apply. Where direct current is used 
for operating the control, it is necessary to provide no-voltage relays, which will 
shut down the motor in case either alternating or direct current fails. Special 
cases, such as concatenated sets, require special arrangement of control. 


Direct-current Motors are used only on low-voltage circuits, usually 250 
volts, and can be handled by contactors. Quick stops can be accomplished with 
d-c. motors by dynamic braking, by which the armature is disconnected from the 
line and connected across a resistance so that the motor becomes a generator. 
Compound motors should be used with flywheels in order to give automatic 
reduction in speed as the load increases. 


Characteristics of Gary Equipment. — The characteristics of the main- 
roll motor equipment for the rail, billet, and sheet-bar mills of the Indiana Steel 
Company, Gary, Indiana, are given in the following table: 


CHARACTERISTICS OF MAIN ROLL MOTORS 


Weight 
complete, 


Flywheel 
effect T 


4,312,000 
11,600,000 
8,950,000 
11,600,000 
14,100,000 


4,312,000 392,000 
11,600,000 624,000 


Sheet-bar Mill 


* All motors 25 cycles, 6600 volts. 
t Weight of flywheel in pounds times square of radius of gyration ia feet. 
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nis AUXILIARY MOTOR APPLICATIONS. — The application of electric 
Zt. motors for auxiliary steel-mill machinery has been used for a long time. The 
=> nature of this service is unusually severe and has led to the development of the 
—  qnill-type motor for both d-c. and a-c. service. These motors are designed to 
| withstand heavy overloads and abnormally rapid acceleration, and their con- 
-:* gtruction is such that various parts are interchangeable, which greatly facili- 
Sz tates repairs and minimizes the delays incident to the same. 
is All A-C. versus Mixed System.—Whether a-c. or d-c. motors should be used 
7^ for driving the auxiliary machinery in a steel mill is a problem which has been 
.". Very seriously discussed, and has led to the use of two recognized systems. These 
^" are known as the all a-c. system, where no direct current is used, and the mixed 
_* System, where direct current is used for the small motors. 
s+ A great many factors must be considered in comparing the two systems. In 
=" the first place, it is to be assumed that power will primarily be alternating-cur- 
54 rent, as the transmission distances ordinarily preclude the use of direct-current 
^j generators. Jt would therefore seem to be simplest and most efficient to step 
-4 down to a suitable voltage through static transformers and use alternating- 
| current motors. The mixed system involves additional expense for motor- 
*u generator sets and entails considerable power loss due to the low efficiency of 
: conversion. On the other hand, direct-current motors are lower in first cost 
| than induction motors and a higher power factor is maintained on the entire 
| 


System where they are used. In the mixed system an increase in power factor 

is effected by eliminating the lagging current of the induction motors, and, in 

addition, the motor-generator sets can be equipped with synchronous motors 

| Which will take a leading current from the line and offset part of the lagging 

. | Current on the rest of the system. The increase in power factor enables a re- 

duction to be made in the size and cost of transformers and generators, and also 

increases their efficiency due to the lower currents which they are required to 
handle and to the decreased excitation required by the generators. 

In order to make as nearly as possible a general determination of these factors, 
an exhaustive study of the problem was made by Messrs. Shover and Cheney 
and the results presented in a paper before the Association of Iron and Steel 
Electrical Engineers. (See also General Electric Review, Aug., 1912.) The con- 
clusions reached were as follows: 


1. The all a-c. system costs slightly more than the mixed system. 

a. First cost higher for 22,000 volt transmission than for 6600. 

b. First cost higher for gas engines than for turbines. From this 
it appears that the higher the first cost of power supply the less 
favorable is the use of the all'a-c. system. 

2. The lower the power factor, the greater is the cost of the all a-c. system 
for both percentages of auxiliary load. 

3. The less the percentage of auxiliary load the less the cost of the all a-c. 
system for both power factors. 

4. The annual costs of the all a-c. system considéredo are lower than those 
of the mixed system. 

5. The actual operating costs, i.e., excluding interest, depreciation, taxes 
and insurance, of the all a-c. system are considerably less than those of 
the mixed system. 

6. The cost of maintenance of the mixed system is based on an estimate 
and not on actual records. Should this item be entirely neglected, the 
results in nine out of sixteen cases would show an excess of annual costs 
for the all a-c. system, but the amount is so small that accurate calcula- 
tions for any individual case would be necessary to determine the rela- 


tive advantages. 
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7. When the saving in output due to the reduced delays in the all a-c, sys- 
tem is taken into consideration, the saving in annual costs will be largely 
increased; and even should the difference in motor maintenance be 
neglected there would still be a considerable saving in annual costs for the 
all a-c. system. 

In conclusion, then, for a rolling mill properly motored, where the percentage 
of power required for auxiliary apparatus (exclusive of pumps, etc.) is 25 per 
cent or less of the total power delivered to that mill, and where the power factor 
of the entire mill including both main and auxiliary apparatus is 70 per cent or 
over, the authors feel amply justified in saying that the all a-c. system will show a 
saving in annual cost, to say nothing of its greater simplicity and more satis- 
factory operation. 


BIBLIOGRAPHY. — Sykes, W., Operation of Large Electrically- Driven 
Reversing Rolling Mill, A.1.E.E., 1912, Vol. 31, p. 559; Sykes, W., Power Re- 
quirements of Rolling Mills, A.1.E.E., 1912,Vol. 31, p. 2017; Brent, W., Motors 
for Driving the Main Rolls of Steel Mills, G. E. Rev., 1911, Vol. 8, p. 144; Brent, 
W., D-C. and A-C. Motors for Auxiliary Drive, A.Y.E.E., 1912, Vol. 31, p. 545; 
Whiting, M. A., Selection of Control Apparatus for Steel Plants, G. E. Rev., 1912, 
Vol. 15, p. 249; Coey, S. C., Advantages of Automatic Control in Steel Plant 
Operation, A.I.E.E., 1912, Vol. 31, p. 539. 


[D. B. RUSHMORE, assisted by E. A. Lor] 
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STOKERS, MECHANICAL. — (See also Boilers.) Mechanical stokers 
setve a twofold purpose: they make possible a more uniform and a more com- 
plete combustion of the fuel and thereby prevent the formation of smoke, and 
they also reduce the amount of labor required in handling and firing the fuel. 
To insure the prevention of smoke a fire-brick arch should also be used over 
the front part of the furnace. 

There are five classes of stokers on the market. (1) The “‘chain-grate stoker,” 
made by Babcock and Wilcox and others, is a continuous belt of grate bars 
driven over sprockets at the front and rear of the furnace. Coal is fed continu- 
ously upon the grate from the hoppers located above the boiler, is carried by 
the grate the entire length of the furnace at such a rate that it is completely 
burned by the time it reaches the back of the furnace. (2) The *'front-feed 
step grate" (the Roney and the Wilkinson stokers) consists of a series of 
stepped grate bars, slightly inclined from the horizontal, and a dumping grate 
at the bottom which receives and discharges the ashes. The bars are given a 
slow rocking or sawing motion by means of a small engine or motor. (3) The 
“side-feed step grate” (the Murphy stoker) issimilar to the front-feed step grate, 
but is arranged so that the fuel is fed into the furnace from the two sides. (4) 
The “underfeed stoker” (the Jones and Taylor stokers) pushes fresh coal into 
the fire from beneath. The volatile matter of the freshly fired fuel then has to 
pass through a body of ignited coke and is thus heated to the ignition point 
before coming into contact with the supply of hot air immediately above, 
where it is rapidly burned. (5) In the “sprinkler type” of stoker the fuel in 
finely divided form is sprinkled uniformly over the entire grate. In the Little 
Giant stoker thís is accomplished by discharging the coal into a cast-iron chute 
which extends over the front part of the grate, from which it is. blown into the 
furnace by a steam jet. . 


COSTS. — The following costs are taken from Gebhardt's Steam Power 
Plant Engineering. Approximate costs of stokers suitable for a Babcock and 
Wilcox boiler of 350 horse-power capacity; 45 square feet of grate surface; 
height of chimney above grate, 175 feet; coal burned, Illinois screenings; 


cost of installation not included: "e" n 
Chain grate and appurtenances............ EIE —— e»... $IS00 
Roney stoker,,............... SAU EE E TEN VsQcixE eeu ede ees LE 1300 
Murphy stoker and furnace.............. e. esee. RO OAA . 1350 
Jones underfeed SLOKGE a ED La VEN @eeeaecee @eeneecoeveveeeeaeeveeen 1400 


The maintenance charge of a chain-grate stoker should not exceed $5 per boiler 
per year, with proper care, and the stoker should have a life of 15 years. If 
the stokers are neglected or abused the maintenance charge may be as high as 
$100 per year. Stokers are often condemned by their owners as inefficient and 
inferior to hand firing, because no particular attention has been paid to them 
beyond filling the hopper with coal. 'They should be operated in strict ac- 
cordance with the principles of their design. 


BIBLIOGRAPHY. — Carpenter and Diederichs, Experimental Engineering, 


N. Y.; Report of Committee on Power Tests, A.S.M.E., Nov., 1912. 
(Wu. Kent.) 
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STRENGTH AND ELASTICITY. — (See alse Buidings, Allowed 
Unit Stresses in; Mechanics, Principles of; Structures, Simple:) When opposing 
éxterhal forces are applied to a body the latter is in genetal deformed thore ot 
less, aiid, in the case of solids, when the applied forces are increased sufficiently 
the body ruptufes. ' 


STRESSES. — A stress is the internal resisting force set up within a body 
opposing the external forces which tend to deform it. When the external 
forces cause a stretching of the body the stress is called a tension; when the 
external forces compress the body the stress is called a compression; when 
the external forces cause a relative slipping of the particles in two contiguous 
parallel planes in the body the stress is called a shear. 


- Unit Stress. — By unit stress is meant the étréss per unit area; Ín the case 
of tension or compression the area is taken petperidiculat to the line of action 
of the forces producing the stress; in the cage of shear the atea is taken parallel 
to the forces producing thé stress. Unless otherwise stated the stress is ad 
sumed uniformly distributed over the area upoh which it acts. 


Ultimate Stress ot Ultimate Strength. — The ultimate stress whith à 
body will stand, of the ultimate strength of the body, is the greatest strés$ 
which can be produced in the body without rupturing it. Ultimate strength 
tor tension and compression are usually quite different; the fortner i$ usually 
called tensile strength and the latter compressional strength. The ultimate 
strength of materials is usually specified in terms of the stress pet unit area; 
see Untts and Conversion Factors. | | 

DEFORMATIONS OR STRAINS. — The deformation accompanying 
any stress is usually called a strain. The strain corresponding to a tension 
is called an elongation, the strain corresponding to a compression is à short- 
ening, the strain corresponding to à shear Is called a detrusiot. An elongation 
ts usually specified as the ratio (or percentage) of the increase in length to the 
original length of the specimen. For example, {f a rod ro fect long is stretched 
by an applied force to a length of 10:2 feet, the elongation is (£0.2~10)/ 10 = 0.02 
or 2 per cent. The term elongation is frequently used to designate spetifically 
the maximum elongation just before rupture. - p 

Hooke's Law. — Experiment shows that when the unit stress in a body 
does not exceed a certain value it bears a constant ratio to the resulting unit 
strain (ratio of. change in size to original size). This fact is known a8 Hooke's 
Law. In the case of a tension the change in size is usually taken as the change 
in length, no attention being paid to the decrease in ctoss-section, which i 
usually négligible, except just before rupture. 

ELASTICITY. —A body deformed under stress will return to its original 
shape when the stress is removed, provided it has not been strained beyond the 
point at which the proportionality between stress and strain censes. This 
ability to return to its original form after deformation is called elasticity. 


Elastic Limit. — The.stress per unit area. corresponding to the point at 
which the proportionality between stress and strain. ceases is called the elastic 
limit of the material. l DNO a - 

Permanent Set. — When a body is stressed beyond its elastic limit, the 
deformation per unit increase in stress becomes greater than it was before this 
point was reached, and the material takes a permanent “‘set,” i.e. when the 
stress is removed the body does not return to exactly its original form. As 
a measure of the "set" is taken the ratio of the permanent change in size 
(after the stress is removed) to the original size. 


Was + 
pur 
hivas 
ithe 
Apate 


ami 
NIVES 
W- 
zivar 
Ji 
ip? 
fmin 


Sa aa a a aa Ee a | 


Strength and Elasticity 1419 


ni Modulus of Elasticity. — Let AF denote the change in the total tension 
W£ producing a change AJ in a rod of length / and cross section A; then the quotient 
"** of the increase in the unit stress by the increase in the elongation per unit length, 
RC is called the modulus of elasticity (Young's modulus) of the material, and may 
5* - be designated by the symbol M, i.e., 


AF | 


— 


| TS M = = cdd e 
Wap A A 
z1:- This modulus has the dimensions of pounds per square inch. 


"VALUES OF TENSILE STRENGTH AND MODULUS OF ELAS- 
TICITY.— Values of these properties given by different authorities are ex- 
tremely variable, since the measured values depend largely upon the chemical 
composition, heat treatment, age, size and shape of the test specimen. 

Alloys, Miscellaneous.— See articles on A//oys and Wires, Resistance. 
eye: Aluminum. — See article on Aluminum. 
| Belting. — Tensile strength, in pounds per square inch: Cotton, 4500 to 
axe, 9900; Single leather, 3200 to 5900; Double leather, 2200 to 5400. See also 
aw: Article on Belts and Belting. 

» z Brass Wire. — Tensile strength ranges from about 50,000 to 150,000 pounds 

nt: per square inch; modulus of elasticity is about 14 X roë pounds per square inch. 

Th - Brick, — See article on Bricks and Brick Masonry. 

yz Bronze Wire. — The tensile strength of phosphor-bronze wire ranges from 
_ about 44,000 to 140,000 pounds per square inch; of silicon-bronze wire, from 

qui 95,000 to 115,000 pounds per square inch. i 

wE Cement. — See article on Cement. 

TU Concrete. — See article on Concrete. 

ie Copper. — See articles on Copper and Wires and Cables, Bare. 

wet Earth. — See Soils, below. 

"Es Glass. — Tensile strength of common green or of flint glass ranges from about 

ef) 2500 to sooo pounds per square inch. Modulus of elasticity ranges from about 

8.5 X 108 to 11.5 X 108, 

The crushing or compressive strength of glass ranges from about 13,000 to 
40,000 pounds per square inch. 

Granite. — Crushing or compressive strength ranges from about 9700 to 
34,000 pounds per square inch. 

Iron. — See articles on Iron, Pig and Cast, and Iron, Wrought. 

Lead. — Tensile strength ranges from about 2600 to 3300 pounds per square 
inch 

Limestone. — Crushing or compressive strength ranges from about 6000 to 
25,000 pounds per square inch. 

Marble. — Crushing or compressive strength ranges from about 7500 to 
21,000 pounds per square inch. 

Nickel. — Tensile strength of cast nickel ranges from about 40,000 to 85,000 
pounds per square inch, and tensile strength of annealed nickel ranges from 
about 70,000 to 95,000 pounds per square inch. Modulus of elasticity ranges 
from about 24 x 40° to 27 X 10* pounds per square inch. 
` Rope. — See Ropes and Rope Drive. 


. Soils. — See articles on Power Stations, Hydroelectric, and Buildings, Allow- 
able Unit Stresses in. 
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Steel. — Tensile strength in pounds per square inch: 


Bessemer: 56,000 to 74,000, Open-hearth: 50,000 to 69,000, 
Cast: 67,000 to 106,000, Wire: 50,000 to 450,000. 


Modulus of elasticity of various kinds of steels usually ranges between 27 x 10! 


and 35 x 1o pounds per square inch. See also articles on Steel and Wires and 
Cables, Bare. 


Timber. — See articles on Timber and Poles for Overhead Lines. 


Tin. — Tensile strength ranges from about 4000 to 5000 pounds per square 
inch; modulus of elasticity from about 2.5 X 1o$ to 6 X 1o* pounds per square 
inch. 


Zinc. — Tensile strength ranges from about 7000 to 30,000 pounds per 
square inch; modulus of elasticity is about 12 X 10% pounds per square inch. 
Wood. — See Timber, above. 


BIBLIOGRAPHY. — Johnson, J. B., Materials of Construction, N. Y., 
1910; Unwin, W. C., The Testing of Materials of Construction, London, 1910; 
Smithsonian Physical Tables, 1910; Landolt, Bórnstein and Roth, Physi- 
kalisch-chemásche Tabellen, 1912; Kennedy, A. B. W., Proc. Inst. of Civil Eng., 
Vol. 76; Kent, W., Mech. Engineers! Pocket-Book, N. Y., 1912; Harbord, T. W., 
Iron and Steel Institute, 1907; Bauschinger, J., Mittheilungen, Munchen, IV, 
1874; Merriman, American Civil Engineers’ Pocket-Book, N. Y., 1912; Waler- 
town Arsenal Tests, 1883; U. S. A. Dept. of Agriculture, Forestry Circular, 
No. 15; Technology Quarterly, 1899, Vol. 12, No. 3; Engineering News, Feb. 9, 
1893; Sperry, F. L., Trans. A.I.M.E., 1895; Publications of Pittsburgh Reduc- 
tion Company. 


[H. Penner AND R. G. Hupson.} 
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STRUCTURES, SIMPLE. — (See also Building Laws; Cement; Concrete; 


Irm; Mechanics, Principles of; Steel; Timber; Towers for Transmission Lines.) 
A structure in the sense used by engineers is a member or combination of 
members constructed to hold forces in equilibrium. The common structures are 
beams, girders, columns and trusses. 

A brief outline of the contents of this article is as follows: 


Definitions and Fundamental Relations.................. leues eese Dp. 1421 
Properties of Plane Sections. ............. eese nes 1424 
Tables of Structural Shapes. ........ scele eee nnne 1429 
Allowances for Impact... eise here shies x Rem EXE ERE ENDE CE 1437 
Calculation of Reactions. ..........cccc cece eene Hh tn I437 
Calculatión of Shear. oe eoo eva VE expres aes Vae E NE DP WERKES 1438 
Calculation of Bending Moment............ eee eee 1441 
Beams, Formulas and Costs............. eese nn ne 1443 
Plate Girders, Formulas and Costs. ............... esee 1444 
Columns, Formulas and Costs. ...............eeeseeeeeeleeeeeeeenee 1445 
Trusses, Design of «o iva ce eres roe EX Ros YU S POCHE s 1456 
Continuous Girders, Beams, Slabs and Trusses..................Luuue. 1461 


DEFINITIONS AND FUNDAMENTAL RELATIONS. — The more 
common terms used in the treatment of structures are defined below. 


Center of Gravity; Moment of Inertia; Radius of Gyration; Stress and 
Strain. — See Mechanics, Principles of. 

Neutral Axis. — The neutral axis of the cross-section of a stressed bar is 
the locus of those points in the plane of the cross-section at which the direct 
fiber stress equals zero. If the bar is of homogeneous material and subjected 
to flexure (see Bending Moment, below) only, the neutral axis passes through 
the center of gravity of the cross-section, and if the loads causing flexure are 
applied in the plane of one of the principal axes, the neutral axis coincides with 
the other principal axis. This is the condition commonly occurring in wooden 
and steel beams. Table I which follows gives the location of the neutral axis for 
such cases only. If the cross-section is subjected to combined flexure and direct 
stress, the neutral axis will not pass through its center of gravity, but will deviate 
from it by an amount depending upon the ratio of bending moment to direct 
stress, reaching infinity when the stress is direct tension or compression only, 
as in the case of a tie rod or column centrally loaded. 

It the beam is of unhomogeneous material the position of the neutral axis 
must be determined by calculation. The reinforced concrete beam is the only 
common example of such a case. For formulas for this case, see Concrete, 
Reinforced. 


.Section Modulus. — If c is the normal distance from the neutral axis of a 
given plane surface to the most remote portion of its perimeter, and J the mo- 
ment of inertia of the surface about its neutral axis the expression J/c is called the 
section modulus. For symmetrical beams exposed to pure flexure only, c = one- 
half the depth of the beam. Tabular values of this quantity for plane surfaces of 
varying shapes are given in Table I and for the ordinary structural steel beams 
in Tables III to VI, which follow. 


Moment of Resistance. — If s is the allowable unit stress per square inch 
I, 
upon the extreme fiber of a beam or girder, the expression - is called themoment 


of resistance since its value equals the maximum bending moment which the mem- 
ber may carry without causing a stress greater than the allowable unit stress. 


Statical Moment. — The statical moment of a plane surface about a given 


axis lying in the plane is the summation of the products of each elementary area, 


Ue Nem ie LAE UL 
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dA, of which the surface is composed, times the distance of its center of gravity 


from the given axis, distances above the axis being considered positive, and 
below negative. It may be expressed mathematically as 
follows: (See Fig. 1.) 
Let Q = statical moment of a given area about an axis 
Y-Y lying in the plane of the area, 
dA = an elementary area, 


y= distance of center of gravity of the area dA 
from the axis, | 


then Q = f» : Fig, 1. 


The statical moment of an area about an axis of symmetry evidently equals 


zero since the positive Jever arm of any elementary area will be balanced by a 
corresponding negative lever arm. . | 


Equations of Equilibrium. — (See also Mechanics, Principles of.) The 
following laws apply to a structure lying ina plane and acted upon by forces 
lying in the same plane: 

Ist. The algebraic sum of the components of all the forces acting paralld 

to any axis in the plane of the forces must equal zero,  . 

and. The algebraic sum of the moments of all the forces about any axis at 

right angles to the plane of the forces must equal zero. . 

Tf we resolve the applied forces into components parallel to two rectangular 
axes, OX and OY, and let 2X and ZY equal the algebraic sum of the forces 
parallel respectively to OX and OY, and ZM the algebraic sum of their moment 
about any axis, normal to the plane of the forces, these two laws will be fully 
comprehended by the three equations: 

ZX 2-0, ZY 20, ZM-0. 


Ií OX and OY are respectively horizontal and vertical these equations take the 
generally used form: 


ZH =o, ZV =o, ZM =o. 
Unless a structure satisfies all these conditions it cannot be in equilibrium. 


Reactions. — The forces which the abutments or piers exert upon structures, 
such as beams, girders or trusses, are called the reactions. Each reaction may, 
in general, have three unknown factors, viz., direction, magnitude and point 
of application. In order to simplify computations it is customary for girders or 
trusses to eliminate three of these unknowns by the method of construction; e.g. 
in end-supported trusses and long girders, the ends are usually supported on pins 
of comparatively small diameter thereby fixing the points of application of both 
reactions. Moreover, the pin at one end is in turn supported on a set of rollers 
thereby making that reaction normal, or nearly so, to its supporting surface, thus 
fixing the direction of one of the reactions, These refinements are not generally 
- applied to short girders the ends of which are supported on steel plates or cast- 

ings. Even in such cases, however, the point of application is fixed within 

comparatively small limits, and the base plate at one end is usually planed 
thus making the reaction at that end approximately normal to the supporting 
surface. For ordinary beams no special provision is made to fix any of the 
reaction conditions but each reaction is assumed to be normal to the supporting 
surface and to act at its center. 

When the unknown reaction factors are thus reduced to three, their values 
may be determined by the three equations of equilibrium previously given, this 
being the usual procedure in the case of beams on two supports as illustrated 


later. For beams supported at more than two points, the three-moment equa- 
tion (see below) may be applied. 
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ie Three Moment Equation. — This is an equation connecting the moments 
wt at three adjoining points of support of a continuous structure. It is strictly 
applicable only to structures having a constant moment of inertia and on level 
supports but is applied approximately to structures the moment of inertia of. 
which is not constant. 


4 The formula for concentrated loads is as follows: 
Eg Let M. - moment at any support, 
NI. Ma= moment at adjoining support on left, 


l My = moment at adjoining support on right, 

Ly = length of span to left of support at which Me acts, 

Iz length of span to right of support at which Me acts, 

"m Pı = any load in span Lı and &ila its distance from left support, 

P= any load in span Lz and kL its distance from support at left of 
that span. 

Then 


"UO Mya 2 Mellt Ls) + MoL = EPiL(e — ki) + DP2Ls? (3 k? — k3 — 2 ky). 


| For uniform load of w lb. per ft. over span L1 and we lb. per ft. over span La 
is; the preceding formula becomes 


Mola 4 2 Mc Lo) + Mila - — : wL? — wL. 


The application of these formulas to successive series of spans enables the 
moments at all supports to be computed and from these the reactions and shears 
*. may also be determined, and the structure completely solved; see section below 
x on Girders, Design of. 


". Shear. — The shearing force or shear at any section of a body is the force 
| which tends to produce slipping along the given section. Shearing failure 
may be due either to transverse fracture or to slipping of the fibers on each other. 


T" 


t} Of the ordinary structural materials wood is the only one of fibrous character 
and shearing failure in this material frequently occurs on planes parallel to the 
fibers. 

tke 


Bending Moment; Flexure. — The bending moment at any section of a 
w“ body due to a set of coplanar forces is the resultant moment about an axis 

| passing through the center of gravity of the section of all the forces on either 
| side of the section, it being understood that the section and the axis are perpen- 
“| dicular to the plane of the forces. Fractures due to excessive bending moment 
3! occur through longitudinal failure of the fibers either by tension or crushing. 
: Bs bending which results from the application of a bending moment is termed 
vio exure. 


. Dead and Live Loads. — The loads acting upon a given structure may be 
divided into two distinct types: viz., quiescent loads which are known as dead 
loads and moving or intermittent loads which are known as Jive loads. The 
first class includes all loads which are fixed in magnitude and position such as 
the weight of the structure itself and such superimposed loads as the floor of 
a building or bridge; the second class includes such loads as crowds of people, 
merchandise, snow, wind and vehicles of all sorts. The live load through its 
rapidity and irregularity of application is more injurious in its effect than the 
dead load, hence in a structure subjected to live loads, either the value of the 
live load shoukl be increased as explained below under Allowances for Impact, 
ot the allowable unit stress in the material should be reduced. The former 
| method seems to be more logical and is commonly adopted at the present time 
$ by leading structural engineers. 


(Text continued on p. 7428.) 
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TABLE I.— PROPERTIES ÓP -up 
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Bc — bk tte ——M— 
(Fs Se es Be s—bh+t3 
{A ; (Best i+ tc) 3 tH?+-bd? MEL i 
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BEENDEN) 
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$ Be —bhi--te 
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Fb» Jm- Bei —bh54-te z Bep— bw | ir, 
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A: PLANE SECTIONS — (Continued) 


Distance from , : . 
| Moment of inertia Section modulus A 
"RD -Y to ex- " 2 : . Radius of gyration with 
I | treme ote of | With i as to axis | with Eep TOPAS respect to axis Y-Y 
section 
I 
k I, [4 P, 
B 2d B3--hb* 2d B3-|-hb* V 2d BSE hb 
2 g ra m ae 12(20 B - Ab) 
3 
H i--2db3 HiY2db3 
HB.—hb 3 di HP+2d63 
2(BII — hb) (Ht+2db)(b—k)? Tas — (bk)? 
-(Hi+2db) bk) | -y 3T t 246) 
B (H—d)B--dBi (H—d) 84d (H—d)8+dB3 
a 12 6B I2(H —d)t4-12dB 
HBd 
ED | mtae- | tD EN 
k 


b (H—h)b? (H—h)b? IL 

2 re PES DM vr; 499590 
BIEN. TIERE a 

D T ] x (D*—d*) I 

2: 64 (D*—4*) a D- 4 V Didi 
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Impact is the name given to the dynamic force which is added to the forces 
due to live and dead loads to obtain the true forces acting upon structures; 
see section below on AWowances for Impact. 


Beam or Girder. — A beam is a bar of wood, metal, concrete or other 
stress-resisting substance supported at certain definite points along its length 
and loaded transversely to its longitudinal axis, which is usually but not always, 
placed in a horizontal position. The name girder is commonly applied to large 
beams built up of structural members; for example, a plate girder is a steel or 
iron structure made up of plates and angles, or other structural shapes, riveted 
together. 


Floor Beam; Panel.—Frequently girders and trusses receive all their live load 
and much of their dead load through other members called floor beams. Fig. 2 
illustrates such construction. The distance 
between adjacent floor beams is the panel 
length. 


Column. — A column is a member in- 
tended primarily to resist direct compression, 
although it may also be subjected to bending 
stresses due either to transverse loads or to 
eccentric application of the direct loads. 


Truss. — A truss is a structure consisting 
of separate bars constructed to carry either di- Column Girder Colum 
rect tension or direct compression. These bars Fie. 2 

: à g. 2. 

are connected at their ends and occasionally 

at intermediate points, the points of connection being called joints. The 
connections are sometimes made by riveting the bars directly together and 
sometimes by riveting them to a common steel plate, the truse in either case 
being called a riveted truss. The connections may also be made by fastening 
together with a large steel pin all the members meeting at a joint; such a 
truss is called a pin truss. The outer forces should be applied at the joints 
only, since the members are not intended to carry bending. This is accom- 
plished by the use of floor beams in a bridge and purlins in a roof. 


PROPERTIES OF PLANE SECTIONS. — In Table I are given the loca- 
tion of the center of gravity, and values of the moment of inertia, section 
modulus and radii of gyration of the more common plane sections. 


Column Girder Col ami 


Floor Slab 
Floor Beam 


Floor Beam 
Floor Slab 


aod 
DE 
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TABLES OF STRUCTURAL SHAPES. — Tables II to VI give the dimen- 


sions and properties of the commonly used shapes of structural steel; namely, 
sheared plates, angles with either equal or unequal legs, I-beams, and channels. 
For information upon other metallic structural material see the publications of 
the various steel manufacturing companies. 


TABLE II. — SHEARED PLATES* 


Thickness in inches 
7Au| 15 6] 9S 131430] 94 | M46) 78 |1546 


Maximum length in inches 


t ————áà(— —iÓ(— —Á— —ÓÀ ——— a €——— a a a E E EE O E Er EE eeiam mE CE d RU RR 


24- 29 :1400|525|575 600 doin 600/600 550.550 525/500 450|425|375|350 
30- 35 375,525,550/600/600|625/625|600 550/500 475,450 450,400/375,350 
36- 4r 13751475|525|550/550|575|575|575 525|500 4751450 425|400|375|350 
42- 47 |400:525/550|575,600,600|600' 575 525/500 500 475:425,400/3751350 
48- 53 |400!525|5'75/600|600|600/600|600 550/550 525,500 450} 400! 375|350 
$4- 59 400/525 550/600|600/625/625|600| 575 |575| 550/550] 525 |525,500|450| 400| 3751350 
60- 65 375/525 550 /600|600,625/625 600 550/550 525|475|425 400|350|325 
66- 71 1350/475|500,575|575 600 600 600 550|550 525475,425|315|350|325 
72- Tl |325|425|450|525|550|575|5751575 550/525 500|475|425,375|350|300 
78- 83 |... |400|425|475 500/525 525/525 500/475 450|425 375325 300|275 
84- 89 |.../375|400|425.450|475 475 475 450|450 425 375/350/300|275|250 
9o7 95 |...|325|350,375|400|425 425 425 400|400 375|350|325|280|260|250 
96-IOI |...[300/325|350|375 400,400 400 375/375 325|300|275|260|250|225 
102-107 |.. .|275)300|325|350|375|375|375 375| 350|350 300|275|250|240|220|220 
108-113 -|250|275|300|325|350|350 350 3251325 275/250 250} 225| 200/175 
II4-119 |...|175|200|225/250,275 275 275 275/275 250| 225 | 200] 175] 160) 150 
120-125 175|200|225|250| 250] 250 250| 250 225] 200, 200) 175/160) 150 
126 .[175 200|200 175| 160] 160|150|144|144 


Diam. of 
Head, in, | 72|115|117|124|124|127|127 127| 127 |127| 127 |127| 127 |127|127|127|127|127|127 


—— |] | i I | d P d dÉ d P Pd d; |! Y! d yl. 


Minimum diameter of heads = 30 inches. 


From Cambria Steel, George E. Thackray, Engineer. 


* Fdges trimmed by shearing. Narrower plates are rolled to dimensions and can be 
obtained in practically any width; even inches should be used. 


1430 

Dimen- | Thick- 
sions ness 

axa t 
Inches | Inch 

%x1% | 38 

ad Ke 

66 LA 

a He 

et 96 

66 TA a 

2 Xa 94g 

44 14 

a Üia 

4t 96 

66 tA 6 

66 lo 

2X2 | A6 


Structures, Simple 


TABLE III. — STANDARD ANGLES WITH EQUAL LEGS 


Weight 
per foot 


Pounds 


I.23 
1.80 
2.34 
2.86 
3-35 
3.82 


2.44 
3.19 
3.92 
4.7 
5.3 
6.0 


3.07 
4.I 
5.0 
5.9 
6.8 - 
7.7 
8.5 
4.9 
6.1 
7.2 
8.3 
9.4 
` 10.4 
II.5 
12.5 


7.2 
8.5 
9.8 
II.I 
I2.4 
13.6 
14.8 


Area of 
section 


A 


Sq. in. 


lt 


yo: 


Distance 
of center 
of gravity 
from back 
of leg 


x 


Inches 


0.42 
0.44 
0.47 
0.49 
0.51 
0.53 


0.57 
0.59 
0.61 
0.64 
0.66 
0.68 


0.69 
0.72 
0.74 
0.76 
0.78 
0.81 
0.83 


0.84 
0.87 
0.89 
0.91 
0.93 
0.95 
9.98 
1.00 
0.99 
I.OI 
I.04 
1.06 
I.08 
I.IO 
I.I2 . 


Inches‘ 


0.08 
o. II 
0.14 
0. 16 
0.19 
0.21 


0.21 
0.35 
0.42 
0.48 
0.54 
0.59 
0.55 
0.70 
o.85 
0.98 
I.II 
I.23 
I.34 
I.24 
I.5I 
1.76 
1.99 
2.22 
2.43 
2.62 
2.81 
2.45 
2.87 
3.26 
3.64 
3.99 
4.33 
4.65 


From Cambria Steel, George E. Thackray, Engineer. 
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jh TABLE fil. STANDARD ANGLES WITH EQUAL LEGS — (Continued) 


Distance Section 
of center | Moment | modulus 
of gravity | of inertia | axis r-r 
from back | axis 1-1 


Weight Area of 
per foot section 


of leg 
s 
i 
i 
i I. 
P I. 
i I. 
d I. 
E I. 
a : 
I. 
: Y. 
ji Y. 
4 I. 
' I. 


"mom 
[^ 
m 


From Cambria Steel, George E. Thacktay, Engineer. 
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TABLE IV.—STANDARD ANGLE 


Structures, Simple 


^. 


S WITH 


UNEQUAL LEGS 


Distance Distance 
of center of cegter 


Dimen- | Thick- | Weight | Area of | % vicis perii ot Ane n 
sions | ness | per foot | section | “Ym jf inertia | ity from jot in 
back of | axis 1-1 | back of | axis 2-2 


longer shorter 
leg leg 
bxa t A x I x’ r 


SS TT a —- | MM OS | |S 


——— —— eS À—— —— 
————— | —Ó———ÓM | —————— 


2.75 0.81 0.51 0.29 0.76 0.51 

$ VA 3.62 1.06 0.54 0.37 0.79 0.65 
" Ae 4.5 1.31 0.56 0.45 | 0.81 0.79 
" 36 5.3 1.55 0.58 0.51 0.83 0.91 
" he 6.1 1.78 0.60 0.58 0.85 1.03 
i y 6.8 2.00 0.63 0.64 0.88 ` 1.14 
^ 94e 7.6 2.22 0.65 0.69 0.90 1.24 
3 XM | y 4.5 I.3I 0.66 0.74 0.91 I.17 
ii 546 5.6 1.62- 0.68 0.90 0.93 1.42 
- 38 6.6 1.92 0.71 1.04 0.96 1.66 
dé Ye 7.6 2.22 0.73 1.18 0.98 1.88 
di We 8.5 2.50 0.75 1.30 1.00 2.08 
K 946 9.5 2.78 0.77 1.42 1.02 2.28 
i 58 10.4 3.05 0.79 I.53 I.04 2.46 
3Vex2l | Yi 4.9 1.44 0.61 0.78 I.II 1.80 
ia 546 6.1 1.78 0.64 0.94 1.14 2.19 
" 96 7.2 2.11 0.66 1.09 1.16 2.56 
a TAs 8.3 2.43 0.68 1.23 1.18 2.91 
» Ys 9.4 2.75 0.70 1.36 I.20 3.24 
946 10.4 3.06 0.73 1.49 1.23 3-55 
s 5% II.5 3.36 0.75 1.61 1.25 3.85 
« 114g I2.5 3.65 0.77 1.72 1.27 4.13 
D 34 13.4 3.94 0.79 1.83 1.29 4.40 
32X3 546 6.6 1.93 0.81 1.58 1.06 2.33 
E 9$ 7.9 2.30 0.83 I.85 1.08 2.72 
ní The 9.1 2.65 o.85 2.09 I.IO 3.10 
Y 10.2 3.00 0.88 2.33 1.13 3.45 
» %6 II.4 3.34 0.90 2.55 I.IS 3.79 
" 56 12.5 3.67 0.92 2.76 1.17 4.1 
" 1g 13.6 4.00 0.94: 2.96 - I.I9 4.41 
us 94 I4.7 4.3I 0.96 3.15 I.2I 4.70 
d 1946 15.8- 4.62 0.98 3.33 1.23 4.98 
e 76. 16.8 4.92 I.00 3.50 I.25 5.24 


From Cambria Steel, George E. Thackray, Engineer. 
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TABLE IV. — STANDARD ANGLES WITH UNEQUAL LEGS — (Continued) 


Distance Distance 

of center of center 

A of grav- | Moment | of grav- | Moment 
bio iind ity from |of inertia! ity from |of inertia 
PSF TOG es back of | axis 1-1 | back of | axis 2-2 


longer shorter 
leg leg 
A x I x’ r 


————M—— | | ——— 
——— |——— | —————— | ———— | ` 


Sq. in. | Inches | Inches‘ Inch Inches‘ 


———— p A fn a |——M——— 
— 


2.09 0.76 1.65 1.26 3.38 
2.48 0.78 1.92 1.28 3.96 
2.87 0.80 2.18 1.30 4.52 
3.25 0.83 2.42 1.33 5.05 
3.62 0.85 2.66 1.35 5.55 
3.98 0.87 2.87 1.37 6.03 
4.34 0.89 3.08 1.39 6.49 
4.69 0.92 3.28 1.42 6.93 
2.40 0.68 1.75 1.68 6.26 
2.86 0.70 2.04 1.70 7.37 
3.31 0.73 2.32 1.73 8.43 
3.75 0.75 2.58 1.75 9.45 
4.18 0.77 2.83 1.77 10.43 
4.61 0.80 3.06 1.80 11.37 
5.03 0.82 3.29 - 1.82 12.28 
5.44 0.84 3.51 1.84 I3.15 
2.56 0.84 2.72 1.59 6.60 
3.05 0.86 3.18 1.61 7.78 
3.53 0.88 3.63 1.63 8.90 
4.00 0.91 4.05 1.66 9.99 
4.47 0.93 4.45 1.68 II.03 
4.92 0.95 4.83 I.70 12.03 
5.37 0.97 5.20 I.72 12:99 
5.81 I.00 5.55 1.75 13.92 
6.25 I.02 5.89 1.77 14.81 
6.67 1.04 6.21 1.79 15.67 
3-42 0.79 3.34 2.04 12.86 
4.50 0.83 4.25 2.08 16.59 
5.55 0.88 5.08 .2.I13 20.08 
6.56 0.93 5.84 2.18 23.34 
7.55 0.97 6.55 2.22 26.39 
3.61 0.94 4.90 1.94 13.47 
4.75 0.99 6.27 1.99 17.40 
5.86 1.03 7.52 2.03 21.07 
6.94 . I.08 8.68 2.08 24.51 
7.98 1.12 9.75 2.12 27.73 


From Cambria Steel, George E. Thackray, Engineer. 
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TABLE V.—STANDARD I-BEAMS 


—o 
ad a 3 | . 

agla êled ja 4 ji : 

o bu B ut g E: gq g 

a be 9 S Rz v On Ù m b Ba a 

o v w= | > l L | we dh BB A 
a|2|5|$|la|93| 35 «58 Sü|.H S 
2. 9]|s|83 3 js $9|25|99 ga) g? 
o c o 3 g 2 3 E ois ig 
A E 4|BdlBIsS a g | |8 d R 
H a eo ^ jo | Bs 
——— D d LLL |I———— | ————— —Ó——— ———— 177 a 
8 

d A t b 1 |. S r| FPF | rf 


EE asl 
B 


Lb. |Sqin.| In. | In. In.‘ In | In. In.* | In. 


8.50 | 1.63 | a.17 | 2.33 2.5 1.7 | 1.93 o. 46 0.53 17,650 
6.50 | 1.91 | 0.26 | 2.42 2.7 1.8 | 1.39} 0.53) 9.52 19,140 
7.50 | 2.21 | 0.36 | 2.52 2.9 1.9 | 1.35 | 0.60} 0.52 20,710 


3.50 | 2.21 | 9.19 | 2.66 6.0 3.0 | 1.64 | 0.77} 9.59 31,810 
8.50 | 2.50 | 9.26 | 2.73 6.4 3.2 | 1.59 | 0.85| 0.58 33,890 
9.50 | 2.79 | 0.34 | 2.81 6.7 3.4 | 1.54 |. 0.93, 0.58 35,980 
19.50 | 3.09 | 0.41 | 2.88 7.1 3.6 | 1.54 | 1.01} 0.57 38,070 
9.75 | 2.87 | 0.21 | 3.00 12.1 4.8 | 2.05 | 1.23) 0.65 51,590 
12.25 | 3.60 | 0.36 | 3.15 13.6 5.4 | 1.94 | 1.45| 0-63 58,100 
14.75 4.34 | 0.50 | 3.29 IS.I 6.1 | 1.87 1.70| 0.63 64,630 
12.25 | 3.6r | 0.23 | 3.33 | 21.8 4.3 | 2.46 | 1.85] 0.72 77,460 
14.75 | 4.34 | 0.35 | 3.45 24.0 8.0 | 2.33 | 2.09] 6.69 85,270 
17.25 | 5.07 | 0.47 | 3.57 26.2 8.7 | 2.27 | 2.30| 0.68 93,110 
1§.00 | 4.42 | 0.25 | 3.66 36.2 10.4 | 2.86 | 2.67, 0,78 | 140,410 
17.50 | 5.15 | 0.35 | 3.76 39.2 11.2 | 2.76 | 2.94) 0.76 | 119.409 
20.00 | 5.88 | 0.46 | 3.87 42.2 12.1 | 2.68 | 3.24] 9.74 18,560 
18.00 | 5.33 | 0.27 | 4.00 56.9 14.2 | 3.27 | 3.78 9,84 151,660 
29.25 | 8.96 | 0.35 | 4.08 | 60.2| 15.0 | 3.18 | 4.04] @.82 | 160510 
23.75 | 6.69 | ọ.44 | 4.17 | 64.1] 16.0] 3.10 | 4.36) @.81 170,970 
23.25 | 7.43 | a.53 | 4.26 | 68.0 17.0 | 3.03 | 4-71} 9,80 181,430 
21.00 | 6.31 | 9.29 | 4.33 84.9 18.9 | 3.67 | 5-16] 9.90 201,390 
25.00 7.35 | 0.41 | 4.45 91.9 20.4 | 3.54 5.65 0,88 217,930 
39.00 | 8,823 | 9,57 | 4.61 | zor.9| 22.6 | 3.40.) 6.42| 0.85 241,460 
35.00 10.29 | 0.73 | 4.77 | 111.8| 24.8 | 3.39 | 7.31| 9.84 264,990 


iO 1o oO 00000000 NNS Q1 OY OY Ut 1 At aAA 000 


From Cambria Steel, George E. Thackray, Engineer. 


_* Divide by span jn feet to determine total allowable dead load in pounds, including 
weight of beam, uniformly distributed over length of beam. Table is based upon à 
stress of 16,000 Ib. per sq. in. For allowable live and dead load reduce load as deter 
mined from table by amount of impact. Compression flange should be supported latet 
ally at intervals not greater than 20 times its width. If this cannot be done reduce 
coefficients to one-half of above value where unsupported length divided by width = 7% 
and proportionally for intermediate values between 20 and 70. 


Weight per foot 


i 


Ecce 
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TABLE V. — STANDARD I-BEAMS — (Continued) 


Area of section 


—— — s | —— | — | ———Á—M | —————À |—— | ———— PM 


Thickness of web 


Width of flange 


ia 


Moment of inertia 
axis I-I 


Section modulus 
axis I-I 


— — | ———— | —— | L———— | L————— | .———— | ———————— |——— ee 


—— |———M— | —Á—— | —M——— | —— — |.—M— | —— | ene dt cM 


Pp] 
© 
| g 
aly 
` A 
E 
F : 
A; È 
d 
In Lb. 
| 
IO | 25.00 
Io | 30.00 
Io | 35.00 
IO | 40.00 
I2 | 31.50 
I2 | 35.00 
I2 | 40.00 
IS | 42.00 
I5 | 45.00 
I5 | 50.00 
I$ | 55.00 
IS | 60.00 
18 | 55.0 
18 | 60.0 
18 | 65.0 
18 | 70.0 
65.0 
20 | 70.0 
20 | 75.0 
24 | 80.0 
24 | 85.0 
24 | 90.0 
24 | 95.0 
24 |100.0 


27.94 
29.41 


=| g a 
E t S 
Sulial Ea 
Bl A} RA 
Set Ww o Wai 
A Ri aR z H E * 
a le |e | 23 
& |S |& & 5 
3 a 
r r 
In. 
4.07 260,470 
3.90 286,250 
3.77 312,390 
3.67 338,530 
4.83 383,670 
4.7% 405,800 
4.57 437,170 
5.95 628,270 
5.87 648,310 
5.73 687,530 
5.62 726,740 
5.52 765,960 
7.07 942,880 
6.91 997,680 
6.79 1,044,740 
6.69 1,091,800 
7.83 1,247,490 
7.70 1,301,110 
7.58 1,353,400 
9.46 I,855,310 
9.31 1,926,950 
9.20 1,989,700 
9.09 2,052,440 
8.99 2,115,190 


From Cambria Steel, George E. Thackray, Engineer. 


* Divide by span in feet to determine total allowable dead load in pounds, including 
weight of beam, uniformly distributed over length of beam. Table is based upon a fiber 
stress of 16,000 Íb. per sq. in. For allowable live and dead load reduce load as deter- 
mined from table by amount of impact. Compression flange should be supported later- 


ally at intervals not greater than 20 times its width. 


If this cannot be done reduce 


coefficients to one-half of above value where unsupported length divided by width = 70, 
and proportionally for intermediate values between 20 and 70. 
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OWAN 
SE 
zi d ap 
zr 
determi 
Zi tne 
"may 
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ated b 
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Hs 
Bd o 
——À— | —-| —_} —_| a a a aa a 9e 
d A t b I S r I S' r x Bei 
i i | | pet 
SQ 
ee PUT MD EE 7 
6.50 | 1.95 | 0.19 | 1.755 | 7.4} 3.0| 1.95 | 0.48 | 0.38 | 0.50 | O49 | | itf 
9.00 | 2.65 | 0.33 | 1.89 | 89| 3.5| 1.83 | 0.64 | 0.45 | 0.49 | 0-48 | iis 
11.50 | 3.38 | 0.48 | 2.04 | 10.4 | 4.2 | 1.75 | 0.82 | 0.54 | 9-49 | OST |.— "nt 
8.00 | 2.38 | 0.20 | 1.92 | 13:0 | 4.3 | 2.34 | 0.70 | 0.50 | 0.54 | 0.52 MD 
10.50 | 3.09 | 0.32 | 2.04 | 15.1 | 5.0| 2.21 | 0.88 | 0.57 | 9.53 | 9-50 “fy 
13.00 | 3.82 | 0.44 | 2.16 | 17.3 | 5.8 | 2.13 | 1.07 | 0.65 | 9.53 | 0.32 JA, 


TABLE VI.— STANDARD CHANNELS 
l 1 


i 


axis a-a 
axis 2-2 
axis 2—2 


axis I—I 
axis I-I 
axis I—I 


Depth of Channel 
Weight per foot 
Area of section 

Thickness of web 
Width of flange 

Moment of inertia 

Section modulus 

Radius of gyration 

Moment of inertia 

Section modulus 

Radius of gyration 

Ot gravity from 
outside of web 


y 
> 
o 
B 
B 
p 
3 
E 
B 
B 
E 
B 
B 


14.75 | 4.34 | 0.42 | 2.30 | 27.2 | 7.8 | 2.50 | 1.40 | 0.79 | 9-57 | 0-53 Ite 


a 
13.75 | 4.04 | 0.31 | 2.35 | 36.0 | 9.0 | 2.98 | r.ss | 0.87-| 0.62 | 9-56 Hes 
16.25 | 4.78 | 0.40 | 2.44 | 39.9 | 10.0 | 2.89 | 1.78 | 0.95 | 0.01 | 056| D 
18.75 | 5.51 | 0.49 | 2.53 | 43.8 | 11.0 | 2.82 | 2.04 | 1.02 0.60 | 0.57 at 
21.25 | 6.25 | 0.58 | 2.62 | 47.8 | 11.9 | 2.76 | 2.25 | 1.12 | 0.60 | 0.59 Uu 
13.25 | 3.89 | 0.23 | 2.43 | 47.3 | 10.5 | 3-49 | 1.77 | 0.97 | 0-67 0.61 Ted 
15.00 | 4.41 | 0.29 | 2.49 | 50.9 | 11.3 | 3-40 | 1.95 | 1.03 o.66 | 0.59 Hin 
20.00 | 5.88 | 0.45 | 2.65 | 60.8 | 13.5 | 3.21 | 2.45 | 1.19 | 0-65 | 0-58 
25.00 | 7.35 | 0.61 | 2.81 | 70.7 | 15.7 | 3-10 | 2.98 | 1.36 0.64 | 0.62 . 
10 | 15.00 | 4.46 | 0.24 | 2.60 | 66.9 | 13.4 | 3-87 | 2.30 | 1-17 | 0-72 | 994 | 
IO | 20.00 | 5.88 | 0.38 | 2.74 | 78.7 | 15.7 | 3.66 | 2.85 | 1.34 | 0.79 0.61 
IO | 25.00 | 7.35 | 0.53 | 2.89 | 91.0 | 18.2 | 3.52 | 3.40 | 1.59 0.68 | 0.62 
10 | 30.00 | 8.82 | 0.68 | 3.04 |103.2 | 20.6 | 3.42 | 3.99 | 1-67 0.67 | 0-65 ih 
I2 | 20.50 | 6.03 | 0.28 | 2.94 |x28.1 | zr.4 | 4.62 | 3.91 | r.75 | 0-81 | 0-7 Xd 
I2 | 25.00 | 7.35 | 0.39 | 3.05 144.0 | 24.0 | 4.43 | 4.53 | x-91 | 0-78 o.68 ay 
I2 | 30.00 | 8.82 | 0.51 | 3.17 |161.6 | 26.9 | 4.28 | 5.21 | 2.09 | 0.77 0.68 m 
I2 | 40.00 |11.76 | 0.76 | 3.42 |196.9 | 32.8 | 4.09 | 6.63 | 2.46 | o5 | P7 | x 
IS | 33.00 | 9.90 | 0.40 | 3.40 [312.6 | 41.7 | 5.62 |8.23 | 3.16 | 0.91: | 079 | tu, 
IS | 35.00 (10.29 | 0.43 | 3.43 |319.9 | 42.7 | 5.57 | 8.48 | 3.22] 09: | 9 | ss 
I5 | 40.00 |11.76 | 0.52 | 3.52 347.5 | 46.3 | 5.44 | 9.39 | 3.43 | 0-89 0.78 ta 
I5 | 45.00 |13.24 | 0.62 | 3.62 375.1 | 50.0 | 5.32 |10.29 | 3.63 | 0-88 0.79 Sy 
IS | 50.00 [14.71 | 0.72 | 3.72 |402.7 | 53.7 | 5.23 [11.22 | 3.85 | 0-87 |08] 3x 


From Cambria Steel, Geotge E. Thackray, Engineer. 
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ALLOWANCES FOR IMPACT. — The force applied to a structure by a 
| moving load such as a locomotive or electric car is a function of its weight and 
method of application. The value of the former can usually be determined 
with a reasonable degree of accuracy; the effect of the latter cannot in general 
| be so determined since it depends upon such uncertain factors as rapidity of ap- 
plication, irregularity of track, improper counterbalancing of locomotive driving 
wheels, swaying action of crowds of people and similar causes. The allowance 
" for impact (so-called) ranges from o to zoo per cent of the live load and is 
4: determined by empirical rules as indicated in the formulas below. An excep- 
5: tion to this rule is made in the case of timber structures where the effect of 
impact is commonly allowed for by using a low unit stress. (See Timber.) 


i Impact on Buildings. — No allowance is generally made for impact on 
—- buildings except with special loadings such as moving machinery, swinging 

ry: Cranes, etc., for which the designer should use his judgment. The building laws 
of the larger cities fix arbitrary loads and unit stresses by which the designer 
must be governed; see article on Buildings, Allowable Unit Stresses in. 


Impact on Highway Bridges Carrying Electric Railways. — The follow- 
ing extract from the Specifications for Bridges Carrying Electric Railways adopted 
by the Massachusetts Railroad Commission may be safely used for such cases. 
T “The total maximum stress in any piece shall be computed by adding together 
..« the dead and live stresses, the live loads being placed in the most unfavorable 
"| position, together with a percentage of the live stress to allow for impact and 
vibration. This added percentage shall be as follows: 


TE For floor beams and stringers 25 per cent 

d For floor beam hangers 40 per cent 

» For all counters 40 per cent 
For other members in trusses, and for main girders: 

When the “‘Joaded length" is 20 feet or less 25 per cent 

When the “loaded length" is 200 feet or more IO per cent 


and proportionally for intermediate lengths.” 

Impact on Steam Railroad Bridges. — The following rule of the American 
Railway Engineering and Maintenance of Way Association is commonly used 
in the United States: 

. "The dynamic increment of the live load shall be added to the maximum com- 
| L $00 
L+ 300 
where J = impact or dynamic increment to be added to live-load strains, 

S = computed maximum live-load strain, 
L = loaded length of track in feet producing the maximum strain 
in the member. 


puted live-load strains* and shall be determined by the formula 7 z S 


For bridges carrying more than one track, the aggregate length of all tracks 
producing the strain shall be used. Impact shall not be added to strains pro- 
duced by longitudinal, centrifugal and lateral or wind forces.” 


CALCULATION OF REACTIONS. — The reactions upon a truss, girder 
or beam lying in a plane and acted upon by forces lying in the same plane may 
be determined by the application of the equations of equilibrium (see preceding 
section) provided there are but two reactions which together have three unknown 
components; such a structure is said to be statically determined. If more than 
three unknown reaction components exist the reactions cannot be computed by 
Statics, and the structure, although stable, is statically undetermined; if less than 


* Strains as here used means stresses in the more modern meaning of the words. 
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three exist the structure is unstable. If the structure is supported at more than 
two points it cannot be made statically determined except by the insertion 
in the structure of special devices, such 
as hinged joints. The tower shown m eil ee 
in Fig. 3 is statically determined with < 

respect to the outer forces since the P4 NI 
points of application of the reactions 

at a and b are fixed in position, and the 

reaction at 5 is also fixed in direction. 

If neither of the reactions were fixed in 

direction the structure would be inde- 
terminate; if both of the reactions ` 
were fixed in direction the tower would 

be unstable, e.g., if both ends were on 

rollers and neither end bolted to the 
masonry. 4 

Such towers when used for transmis- dct 

sion lines are seldom built with rollers this end d 
or even planed plates, and frequently 
the bottoms of the columns areimbedded 
in a concrete base, the latter condi- 
fion making it impossible to accurately 


Fig. 3. 


compute the reactions. Similar towers for railroad and highway bridges ate 


usually made determinate. 


Method of Computation. — The following example illustrates the analytical 
method of computing reactionson statically determinate structures. 'fhe method 
may be applied equally well to uniformly distributed loads provided the re- 
sultants of such loads are used i in place of 
concentrated loads. 20000 lb; eee 

To Compute the Reactions on Truss Shown eS i 
in Fig. 4. — Let Vz = left reaction, and Vz 
and Hr= the components of the right re- 
action, the direction of which is unknown. 
Vz will be vertical since it is supported on 
rollers bearing on a horizontal surface. Vz 
and Vz may be assumed to act in either 
direction. A negative sign in the final re- 
sult indicates that the force acts in the opposite direction to that assumed. 
The determination of the reactions by the application of the equations of equi- 
librium (see above) may be carried out as follows: 

ist. Apply ZM =o about right end.. This gives roo Vet 12,000 X I5 
20,000X 752 0. Hence VZ = 13,200 lb. 

2nd. Apply ZH — o. This gives Reap dod o. Hence Hr = + 12,000 bb. 

n Apply ZV —- o. This gives Vg -- 13,200 — 20,000 = o. Hence Vr=+ 
6800 Ib. 


In these results a positive sign shows that the reaction acts as indicated in 
Fig. 4. 


Reactions on Continuous Girders. — See sections which follow on Coniinu- 
ous Girders, Beams, Slabs and Trusses. 


CALCULATION OF SHEAR. — The momen ARN used in the discussion 
of shear is as follows: 


V = the total external shear on any section in pounds, 
Pa ^ magnitude of a single concentrated load in pounds, 


Ve * Š Ve 
Fig. 4. 


no 


, Of shear is a line the: ordinate to 


. Shear on the given body at the " 


` simple end-supported beam, girder 
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w= a uniform load in pounds per foot, 

L = span of beam in feet (distance center to center of supports), 

p= length of a panel in feet, 

æ = distance in feet from a given section to one of the points of support, 

fi = total number of equal panels into which a girder is divided, 

z = number of panels between a given panel and the more remote abut- 
ment. 


Method of Computation. — The magnitude of the shear at any section of 
3 body due to a set of coplanar forces may be readily computed in the following 
manner: Resolve each force into 
two components, parallel and per- 
pendicular respectively to the 
given section; the algebraic sum 
of the components parallel to the 
section of all the forces on either 
side of the section equals the 
shear. The shear is generally 
considered positive when the re- 
sultant force is upward on the left 
of the section. 


Curve of Shear.—A curve 


Wt, of beam! 
0 lb. pr linea] 
t. " i 


concentrated loads. 
180|froin dead weight- 
-7-7 ! 
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which at any point equals the 


pa N 
c ‘ 
Poca ie 


section where the ordinate is 4. 
Measured. Fig. 5 shows typical 
curves of this sort. 

Maximum Shear with Single 
Load or Uniform Load. — In a 


' 
Gai aeaa aa a 


or truss a concentrated load causes 
maximum shear at a given section 
when placed an infinitesimal] dis- 
tance from the section on the side 
toward the more distant paint of 
support; the magnitude of this 
shear equals that of the nearer 
reaction. A concentrated load 
causes a maximum shear on the A e. fisse M 
beam when placed an infinitesimal E 
distance to one side of either point 
of support; this shear equals the 
magnitude of the load itself. A 
uniformly distributed live load 
causes maximum shear at a given 
section when placed over the entire 
distance from the section to the Fig. 5. Curves of Shear. Positive results. are 
more distant point of support; its ^ shown above the axis. Curve shown by full 
value equals that of the nearer re- Jine | 
action and is given by the equation 
V=wx?/2L. Its maximum value equals wZ/2 at either end of the beam when 


i 
! Wt. of beam 
only. 


wee unea maree — q— ——— — ml 


and wt. of beam ) e=1350 ” 
combined. 


‘the latter is fully loaded. 


End-supported Girders or Trusses with Loads Applied by Floor- 
Beams. — A concentrated load causes maximum shear in any panel when 
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placed at the end of the panel nearer the more remote reaction. The value for 
equal panels is given by the equation V = Pz/ n. The maximum shear occurs 
in the end panel and its value for equal panels is V = P (n — 1)/ n. 

Maximum positive shear in any panel due to uniform load occurs when all 
panel points to the right are assumed to be loaded with full panel loads, and all 
panel points to the left are unloaded; its value equals the left reaction. This 
method is approximate but is on the safe side and is commonly used. 

The maximum positive shear occurs in the left panel and for girders with 
equal panels is given by the formula: 


Var Gas 
2 


The same rules are applicable for the maximum negative shear by interchang- 
ing left and right in the discussion. 


Computation of Maximum Shear for System of Concentrated 
Loads. — The shear at any section of a beam, girder or truss, due to a system 
of concentrated loads such as wheel loads of a moving crane, electric car or 
electric locomotive, equals the algebraic sum of either reaction and the loads 
lying between that reaction and the given section. In case the girder is divided 
into panels and the shear in a given panel is to be computed, only that portion of 
the load acting in the panel under consideration which is carried by the floor-beam 
at the end of the panel nearer the selected reaction should be deducted from the 
reaction. To determine the position in which a system of concentrated loads 
should lie to give maximum shear it is often necessary to proceed by trial. The 
use of the following simple rules may be helpful. 

(a) The maximum shear at a given section of a simple beam always occurs 
with one of the loads at an infinitesimal distance to one side of the section. 
This load should usually, but not always, be one of the heavier loads of the 
system; e.g. one of the driving wheels of a locomotive. The proper load may 
be determined by starting with the first load just to the left of the section and 


moving the loads to the left until > 2: = P’. In this expression P = any 


load which may be on the span during the process of moving the loads, and 6 
is the distance which it is moved. P’ =the load which passes to the left of 
the section as the loads are moved from one position to another. 

(6) The maximum shear in a given panel of a girder always occurs with one 
of the loads directly over one of the adjoining floor-beams. This load should 
usually, but not always, be one of the heavier loads. 

(c) The position of the loads for maximum positive shear in an intermediate 
panel may be determined as follows. Place the first load of the system at the 


right end of the panel and move the system to the left until 3 = Y- : 


Apply the same criterion to the second load and following loads until the posi- 
tion giving maximum shear is reached. In the above expression, P and a are 
as before, Pı = any load which may be at any time in the panel under consid- 
eration during the process of moving the loads, and a = the distance which Pi 
may move in the panel. 

If no load comes on or goes off the span and if no load passes out of the pand, 
a = a and we may write | ; 


> P. Y Pi 

L P 

It follows that for this case the first load should lie at the panel point unless the 

average load per foot on the entire span is greater than the first load divided by 

a panel length, in which case the second load should be tried at the panel point 
nd so on until the position for maximum shear is determined. 
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(d) The maximum shear in the end panel of a girder equals the maximum 
moment at the first panel point divided by the length of the panel. (See section 


TER on Bending Moment, below.) 
CALCULATION OF BENDING MOMENT. — The nomenclature used 
in the discussion of bending moment is as follows: 


"ul. M = external bending moment at any section in foot pounds, 
uoo P = magnitude of a single concentrated load in pounds, 
gg w = a uniform load in pounds per foot, 


L = span of beam in feet (distance center to center of support), 


p= length of a panel in feet, 
x = distance in feet from a given section to one of the supports, 


n = total number of equal panels into which a given girder is divided. 


E 
T 
be 


To determine the magni- " 2 
' tude of the bending moment 
at a given section it is neces- 
sary to obtain the algebraic 
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sum of the products of every ! 7 bol: Ser lineal | 
force by its distance from the MEZ ft. i ; 
; é I ! i i 
neutral axis of the section. A | m ki ! M MUS 

pus mistake commonly made is the 1i 1020 f i TBO from dead weight. inc 
NE failure to consider all the forces, ti um i fein | 
ys particularly horizontal forces. | MEM i i 
mi Themomentisconsidered posi- —.... 1| 1 1 ve 


U^ tive if it is clockwise on the left 

of the section; it follows that — , 
the moment is also positive if 

it is counter-clockwise on the  - 
right of the section. 


Curve of Moments. — A: 
curve of moments is a line 
whose ordinate at any point 
equals the moment on the 
given body at the section 
where the ordinate is meas- 
ured. Fig. 6 shows a typical 
set of moment curves. 


Maximum Moment with 
Single Load or Uniform , i 
Load. — For simple end-sup-  ^fY- . Ib. em & Ib 
ported beams, girders and (-)felbhif © | ji v.i. i 
trusses a single concentrated 
load causes maximum moment 
at a given section when placed 
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loads only 


T 
c 


ELT 


———— MÀ —— ——— ———— e 


S 


mew 2 meen c opm 


I 
wech ama we 


Parabola 


ld 


t 
, ' 
p 6:4—2 [ H 


t 
diris 


LJ 
eS oe cee G0 d o omo wem 


P 
=p aman dip ~~ 


All these curves 


at the section. The following are parabolas. 
formula gives its value: Concentrated loads and 
P ( T oz x) ` wt. of beam combined, 
fe Fig. 6. Curves of Moments 
The maximum possible moment occurs when v= L/2 and has the value 
M = PL/4. 


For simple end-supported structures a uniform load causes maximum moment 
at any section when it covers the entire beam. Its value at any section is 


M = (L-8). 
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The maximum possible moment occurs at the center of the span and equals 
wL?/8. : 

End-supported Girders or Trusses with Loads Applied by Floor- 
Beams. — Moments at panel points are exactly the same as moments at cor- 
responding points on simple girders. It is seldom necessary to consider moments 
between panel points for concentrated loads. For a uniform load the moment 
between floor-beams varies uniformly; i.e., the moment due to that portion of 
the load applied through the floor-beams. 

The maximum moment due to a concentrated load occurs at the panel point 
nearest the center with the load at that point. Its value is given by the follow- 
ing equations: 


P 
For even number of equal panels, M = via 


For odd number of equal panels, M = =! (n? —1). 


The maximum moment due to a uniform load occurs at the panel point nearest 
the center with load over entire span. Its value is: ` 


For even number of equal panels, M = wL*/8. 
For odd number of equal panels, M = A | vc € - 23 , 


n? 

Computation of Moment for System of Concentrated Loads. — The 
moment at any section due to a system of concentrated loads, such as wheel 
loads of a moving crane, electric car or electric locomotive equals the algebraic 
sum of the moments of either reaction and the loads lying between it and the 
given section, the lever arm for each load being its distance from the section. 
In case the girder is divided into panels and the section under consideration 
is at some intermediate point in a panel only that portion of the load applied 
in this panel which is transmitted to the girder by the floor-beams between it 
and the reaction used should be considered. 


Determination of Maximum Moment at a Given Section. — The 
maximum moment at any section of a simple beam or at any panel point of a 
girder Joaded through floor-beams always occurs with some load at the section 
(usually one of the heavier loads). This load should be one which when located 
just to the right of the section makes the average load per foot of all the loads 
on the span to the right of the section greater than the corresponding average 
load per foot on the left of the section, and which reverses this condition when 
placed just to the left of the section. Such loads may be selected by trial; if 
more than one satisfies this criterion the largest moment must be determined 
by actual computation. . 

Determination of Position of Maximum Moment on a Beam. — 
Previous articles deal with maximum moment at a given section. The maxi 
mum moment on a beam caused by a system of concentrated loads usually 
occurs near the center but, not at it. The following method may be used to 
determine the location of the section at which the maximum moment occum: 

(a) Select, by inspection, one of the heavier loads which would probably be 
located at the center to give the maximum moment at the center. i l 

(b) Determine by inspection the loads which would be on the span when this 
load is near the center and compute the position of their resultant. 

(c) Place the loads on the beam in a position such that the center of the span 
lies half way between this resultant and the assumed load. If the loads on the 
span in this position correspond to those assumed under 4, the moment at the 
load should be computed; otherwise, another trial may be made. If more 


i 
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"than one set of loads corresponds to this condition the moment at the load 
zt, Should be computed for both sets of loads. 

isa : (d) Apply the same method to any other load which would possibly give 

‘+ maximum moment at the center. 

aie Since the maximum moment at any section always occurs with some load at 

"us the section this method if applied to enough loads will give the absolute maximum 

r= moment. It is often unnecessary to try more than one load, and seldom more 
than two. It should be noted that with two equal loads such a distance apart 
that with one at the center the other will not be on the span, but that with the 
center of the span midway between the resultant and one of the loads both will 

. beon the span, the maximum moment may possibly occur with either condition, 
both of which should be investigated. 


BEAMS; FORMULAS AND COSTS. — The effect of the external forces 
upon any cross-section of a simple beam is to cause bending moment and 
shear, the former usually being the predominant factor in determining the size 

, of the beam. If the beam is subjected tq axial forces as well as transverse 
forces, it becomes a combination of beam and column, or beam and tie, and 
can no longer be considered as a simple beam. If a beam has an end which 
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det projects beyond its adjoining point of support, it is called a cantilever beam, 
au the over-hanging end forming the cantilever portion. A beam supported at 
P , More than two points of support is a continuous beam. A beam having one or 
vit both ends rigidly fixed either by being built into a wall, or by being fastened to 
p another member is called a fixed ended beam. | Fig. 7 represents all of these types. 


sie] Beam Formulas for Ordinary Cases. — Asa preliminary step in the design 
0 beams, it is necessary to determine the maximum value of the external bend- 

I Dg Moments, shears and reactions on the beam by the methods given in the 

m ections above which deal with these subjects inclusive. With these items de- 

ys termined, the following formulas of mechanics (see Mechanics of Materials, 

La ; Merriman, roth Edition, Arts. 41 and 108) may be employed for the design of 

"m ams of symmetrical section and homogeneous material loaded with transverse loads 

i d ed in the plane of one of the principal axes. For the treatment of beams 

js r of unhomogeneous material (reinforced concrete) see article on Concrete. 

bp! Lt M = maximum external bending moment on beam in inch-pounds, 

i I = moment of inertia in (inches)! about the neutral axis lying per- 

E pendicular to the plane of the external loads. (This axis in a 
symmetrical beam lies at mid-height.) 

c= distance in inches from neutral axis to extreme fiber, equals 
one-half the depth for symmetrical beams, 

s = allowable value of fiber stress (working value), 

Q= statical moment about the neutral axis of that portion of the 
cross-section lying above the neutral axis, 

? - allowable intensity of longitudinal shear in Ib. per sq. inch, 

V = maximum external shear on beam in pounds, 

b = thickness of beam at neutral axis. 
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Steel Beams. — Such beams are made in the shape of the letter T in order to 
obtain maximum strength for a given amount of material. They are rolled to 
desired shape and size while hot. For dimensions, allowable loads and properties 
of the standard sizes made in the United States see Table V above. Inad- 
dition to the I-beams listed in the table of standard I-beams which are manu- 
factured by all the leading structural steel makers, the Bethlehem Steel Co. 
manufacture certain special beams of the same general shape but either of 
greater depth or with wider flange, and the Carnegie Steel Co. also manufac- 


ture certain special types of beams. These beams may often be used to great 
advantage. 


Cost of Steel Beams. — The cost of steel beams in place depends upon 
the cost of transportation, punching, riveting and other necessary shop work 
and the cost of erection and painting. The base price at the mills is quoted 
each week in the Iron Age; the figures which follow came from the issue of 
June 19, 1913, and are more representative of average prices than those at the 
date (August, 1914) of publication of this book. 

I-beams under r5 in., 1.45€ to 1.50€ per lb. 

I-beams over 15 in., 1.55€ to 1.60¢ per Ib. 

H-beams over 18 in., 1.55£ to 1.60¢ per Ib. 

For cutting to length, under 3 ft. to 2 ft. inclusive, o.25£ per Ib. 

For cutting to length, under 2 ft. to x ft. inclusive, o.5of per lb. 

For cutting to length, under z ft., 1.55¢ per Ib: 

No charge for cutting to lengths 3 ft. and over. 


For total cost in place an estimate of 3 cents per pound is ordinarily safe. 


PLATE GIRDERS; FORMULAS AND COSTS. — A typical plate girder 
with the various parts is shown in Fig. 8. Plate girders are used for openings 
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where either the load to be carried is too heavy or the clear span too great to 
be spanned with safety by rolled beams. The maximum length and depth are 
limited by the possibility of transportation. Probably the largest girder yet 
made was designed for the Boston & Albany Railroad for use at Worcester, 
Mass. It is 122 feet 6 inches long, 10 feet 124% inches deep, and weighs 170 
tons. The ordinary and economical depth of plate girders is from % to 142 the 


span; % the span is a common value. The maximum depth is usually re 
stricted to 10 feet 6 inches or less. 
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Essential Points in Plate-Girder Design are as follows: ; 

a. The determination of area of web required to carry the maximum external 
shear. 

b. The determination of area of flange required to resist the maximum external 
bending moment. 

c. The determination of the flange rivet spacing necessary to transmit the 
flange stress from web to flange. 

d. The determination of spacing and size of stiffeners required to prevent the 
web plate from buckling sidewise, and of size of stiffeners at all points of appli- 
cation of concentrated loads togcther with number of rivets required therein. 

e. The determination of length of flange cover plates. 

f. The design of splices for web, anzles and cover plates. 

£. The design of bearing plates to transmit end rcactions into masonry. 


It is impossible to give in the limited space available here the necessary 
formulas and data for the design of plate girders. For further information see 
Spofford's Theory of Structures, N. Y., 1911. 


Design of Box Girders. — Box girders resemble plate girders, but have two 
or more webs as indicated in Fig. 9. They are used where conditions require 
a shallow girder of great strength. The rules 
applicable to plate girders apply in general 
to box girders, but owing to their shallow 
depth it is usually advisable to determine 
their strength against bending by the general 


beam formula M = s, the moment of inertia 
being computed with due allowance for ee 

rivet holes (see Spofford’s Theory of Structures, N. Y., 1911, Art. 62 and 63). 
The shear in a two-web girder may be considered as equally divided between the 
two webs, and in a three-web girder as carried half by the center web and half 
by the two side webs combined. The flange rivets, stiffeners, etc., should be 
computed on the same basis. 


Cost of Girders. — The cost of girders is usually computed on a cent-per- 
pound basis. Price of girders erected in place and painted usually ranges in 
the Eastern states from 2% to 4 cents per pound, depending upon the state of 
the market, location, amount and complexity of the work, rigidity of specifica- 
tions and inspection, cost of maintaining traffic (in railroad work), etc. The 
price of 312 cents per pound may be considered a fair average allowance for ap- 
proximate estimates. In the West this figure should be materially increased 
to cover the additional freight rate from Pittsburgh or Chicago. 

For basic prices of material see below under Price of Structural Material. 
a freight rates to various points from Pittsburgh, see below under Freight 

ates. 


COLUMNS; FORMULAS AND COSTS. — Steel columns may be made 
of single rolled sections such as I-beams or channels, or of compound sec- 
tions consisting of single sections riveted together. A typical steel column 
is shown in Fig. 10. Single sections of steel columns should be limited in 
length for convenience in erection and economy in shipment to 60 feet over all 
or even less. Lengths up to 120 feet may, however, be shipped in one piece if 
necessary. 

Cast-iron columns are made by pouring liquid iron into molds. They may be 
of various shapes, but are always of comparatively short lengths seldom ex- 
ceeding 15 or 20 feet. Common shapes are shown in Fig. 11. To obtain free- 


-dom from initial stresses due to unequal rates of cooling and from stresses due to 


ihe. 3 
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eccentricity with centrally applied loads, the shells of hollow cast-iron columns 
should be of uniform thickness throughout. This result may best be secured by 
pouring the column in an upright position; if cast in a horizontal 
position the core must be carefully restrained against flotation. 

Timber columns should consist of single sticks and may be either 
circular or rectangular in cross-section. Two lengths are sometimes 
connected by means of cast-iron caps which also furnish seats for 
beams. - i 

Concrete columns are made by pouring concrete into wooden or 
metal molds; they may be made of any desired shape or length. 
Such columns are generally reinforced by longitudinal steel rods ex- 
tending from end to end of the column and held in place at intervals 
by transverse steel rings. The transverse reinforcement may be made 
to add materially to the strength of the column by placing the rings 
at frequent intervals or by making it in the form of a spiral extending 
from end to end of the column, the column then being called a hooped 
column. The strengthening effect of the transverse reinforcement 
is due to its influence in preventing the bursting tendency of the 
concrete when subjected to compression. 


Splices. — Steel columns are commonly spliced by bringing the 
abutting ends into close contact aíter first planing them at right 
angles to the axis. Splice plates are used on webs and flanges to hold 
the sections inline. If the column carries no bending moment the size 
of splice plates and number of rivets may be determined by the de- 
signer's judgment; if the column carries flexure as well as direct stress 
the splice must be sufficient to transmit the flexure. 

Changes of cross-sections in steel columns may be accomplished by t 
changing the thickness of the material or by adding additional material. | 
An advantageous location of a splice is at a section where the cross- [et 
section area is to be changed. If the column carries only direct com- pi, 10. 
pression and is loaded at intervals throughout its length such a section | 
should be near the point of application of one of the loads and on that side of 
it in which the smaller stress occurs, e.g., in a high building column the section 
should be changed just above one of the floors. For columns carrying flexure as 
well as direct stress the splices should be located where the bending moment 
is small, as for example at a point of contraflexure. Cast-iron columns should 
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Fig. 11. Cross Sections of Typical Cast-iron Columns 


not be used for positions where a considerable amount of flexure may occur of 
where they may be subjected to severe shock or vibration. Their use in con- 
struction is practically confined to buildings of moderate height. They may be 
spliced by bolting the flanges. In interior building columns the load is some- 
times transferred from one section to another by means of a pintle extending 
between the beams which are supported on the cap of the lower column. Such 
a joint depends for its lateral rigidity upon the friction between the beams 
and column cap and can evidently transmit no bending moment. 


Ratio of Unsupported Length of Column to Radius of Gyration. — The 


- controlling factor in column formulas is the value of the ratio between the unsup- 


ported length of the column and the radius of gyration of its cross-section. 


the column is of constant cross-section and restrained against lateral deflection at 
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n=l bothends only, then / equals the total length of the column and 7 its least radius 


i of gyration, If the column is held against lateral deflection in every direction 


Ee. -f 
ux) e 

k 
it 


y Ü 
at one or several intermediate points, the value of - equals the largest value 
r 


^" resting between any two adjoining lateral supports. If the column is held at 
e . . . . Ü * * 
an intermediate point in one direction only, the valuc of : equals the maximum 


, obtainable by using for Z the length of cither section, or the total length of the 

, column, and for r in each case the corresponding Icast radius of gyration re- 

* ferred to any axis about which the column is free to bend. ` If the column is of 

» variable cross-section the designer must use his judgment in determining the 

* value of r to be used, but generally the value should be that at the middle of 
the unsupported length of the particular portion of the column that is under 
consideration. 


wc! Condition of Enda, — It was formerly assumed that the strength of columns 
~» | used in practice depended very largely upon the condition of the ends. At 
the present time, however, no difference is made between round-ended, pin- 
ended and square-ended columns as used in ordinary practice. For columns of 
length such that Euler's formula should be applicd, a distinction should be made 
between round-ended and squarc-ended columns (see following section). Col- 
- umns with one free end should receive special consideration. 


Recommended Formulas for Steel Columns,— 


L For Columns of Ordinary Length: 
trai e 
" P i 
Ihe Pis 16,000 — 70 25 (1) 
üt | 
2 l/r not to exceed 120 for principal members, 


I. 


4 
——— -— 


l/r not to exceed 150 for secondary members, 
P/A not to exceed 14,000 lbs. 


MEE E E 
voY$ o fe 


ct For meaning of symbols, see list following equation (4). 

ts = For Long Columns having values of //r greater than allowed in formula 
i (1), the column may fail by collapsing rather than crushing; in this case the fol- 
d f lowing formulas should be used: 


~~ 
DA m x 
= — : 
M i EE REESE 


| : P ^ 4m?E[TM 
J | Fixed Ends yi 9x : B , (2) 
| 
i P 2E 2 
Round Ends 1 = z (7) , (3) 
ye | P mc?E[rM: 
B One Free End 4 = prd (;) , | (4) 


where P~ total allowable centrally applied load on column in pounds includ- 
ing proper allowance for impact, 
A = minimum area of cross-section in square inches, 


i : ; : 
," maximum ratio of length to radius of gyration for any laterally 


unsupported section of column, 
€*» suitable factor of safety, usually 5 to 6, 
E™ modulus of elasticity in pounds per square inch, 


P 
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Recommended Formulas for Cast-iron Columns, — kalo 
P i lins 
— = 6100— 32?» = not to exceed 4o Rid 
A 34g d ee | em 
where P= total allowable centrally applied load on column in pounds in- :/i5 
cluding proper allowance for impact, sally 
A = minimum area of cross-section in square inches, Tanti 
d = diameter of circular column or shorter side of rectangular column it 
in inches. “saat f 
Recommended Formulas for Timber Columns. — dh 
° P z 
For longleaf yellow pine, — = 1300| 1— ae , (6) suem 
A 6o d deo 
2 j ail 
For shortleaf pine and spruce, — = xzoo| 1- — |. (2) ` 
A 6od 
where P= total allowable centrally applied load on column in pounds (dis- 
regarding impact), f 
A = area of cross-section in square inches, ?4 
l M. A 
Fir unsupported length divided by least radius of gyration. i 

The values in (6) and (6a) are for railroad bridges. For highway bridges in- A= 
crease these values by 25 per cent. For buildings protected from the weather E 
and reasonably free from impact, increase these values by so per cent. For |: 
other timbers, multiply value for longleaf yellow pine by ratio between working È 
contpressive stress of timber in question and of longleaf yellow pine. (See also =}: 
section on Unit Stresses in article on Timber.) 

Steel Column Details. — Columns composed of separate parts should be — 
so constructed that the various parts will resist buckling as a unit; otherwise, iu 
the strength of the column will be no greater than that of the individual pieces : Tk 
combined. As an illustration of this, the column shown in Fig. 10 may becon- — 
sidered. If the two channels are not connected, the strength of this column — 3 
will be only double that of the two separate channels, and the radius of gyration i 
will have the low value corresponding to a single channel. Similarly a wooden — x 
column composed of thin planks bolted loosely together has little if any greater +t 
strength than the same number of separate planks standing alone. To fasten tki 
together the ribs of a steel column, plates or diaphragms may be used through- 


out its length, the plates forming a part of the 
main or stress bearing cross-section, or plates 
and lattice bars may be used as shown in 
Fig. 10. The width of the lattice bars is usu- 
ally taken as the minimum value allowable 


Size of Lattice bar 
channel, in. | section, in. 


for the rivets used. For columns consisting of 8 and 9 2% by 540 
two channels, the minimum sizes of lattice bars I9 2⁄4 by He 
given in the accompanying table may be used. 12 dh by iis 
In no case should single lattice bars have a IS 242 by Sie 


thickness less than !4o the distance between : 
rivet connecting them to the channels; but for double lattice bars riveted at theit 
intersection the thickness may be Y%po of the distance. 

For columns of unusual size, the lattice bars should be carefully designed. 
(See Spofford's Theory of Structures, N. Y., 1911, Art. 145.) 

Rivet Pitch in Built Steel Columns. — For columns carrying direct 
stress only, the rivets should not be farther apart than 6 inches or 16 times the 
thinnest plate connected and at each end or at each point of application of 
concentrated loads they should not be farther apart than four diameters of the 
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rivet. See also sections below on Design of Tension Members and Design of 
Riveted Joints. 
Eccentrically Loaded Columns. — If the resultant force acting at any cross- 


. section of a column is not applied at its center of gravity the column is said to 
| beeccentrically loaded. The effect of an eccentric load is to subject the column 


to a combination of direct stress and flexure, and thereby to increase the maxi- 


. mum fiber stress over what it would otherwise be. A similar condition arises if 


the resultant force on the cross-section is the resultant of an axial force acting 
at the center of gravity of the section and a couple causing flexure at the section. 


, The maximum fiber stress at such a section may be determined by the following 
— dosely approximate formula for the usual case where the resultant force acts 


eat 


vet 


in the plane of one of the principal axes and the neutral axis for flexure coin- 
cides with the other principal axis. 


P 
s=5 + (7) 


where s= maximum fiber stress at any section in pounds per square inch, 
P = resultant axial force on section in pounds, 
l= unsupported length of column in inches, 
A = area of cross-section in square inches, 
M = bending moment on section in inch-pounds, 
I = moment of inertia of cross-section about neutral axis in (inches)4, 
-E = modulus of elasticity in pounds = 29,000,000 for steel, 
y = distance in inches from neutral axis to most remote fiber. (Neu- 
tral axis as used in this formula is the neutral axis for flexure.) 


Flexure in a Building Column Carrying an Eccentric Load. — The 
case of a building column supporting a track for a traveling crane is a common 
one. The curve of moments for such a case is shown by 
the dashed line in Fig. 12 in which P is the applied load 
acting on the track at a distance x from the center of the 
column. The maximum bending moment always occurs 
at the load and depends upon the height of application of 
the latter. Its maximum value is Px and occurs when 
the load is at the top of the column. 


Proportions of Columns. — The following specifications 
should be closely followed: | re aa 
In compression members the metal shall be concentrated ig 
as much as possible in webs and flanges. The thickness Fig. 12 
of each web shall be not less than one-thirtieth of the ms 
distance between its connections to the flanges. Cover plates shall have a 
thickness not less than one-fortieth of the distance between rivet lines. 

The open sides of compression members shall be provided with lattice bars 
and shall have tie plates as near each end as practicable. Tie plates shall be 
provided at intermediate points where the lattice is interrupted. In main 
members the end tie plates shall have a length not less than the distance be- 
tween the lines of rivets connecting them to the flanges, and intermediate ones 
not less than one-half this distance. "Their thickness shall not be less than one- 
fiftieth of the same distance. 

Abutting joints in compression members when faced for bearing shall be 
spliced on four sides sufficiently to hold the connecting members accurately in 
place. All other joints in riveted work, whether in tension or compression, shall 
be fully spliced. 

Where splice plates are not in direct contact with the parts which they con- 
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nect, rivets shall be used on each side of the joint in excess of the number theoreti- 
cally required to the extent of one-third of the number for each intervening plate. 


Column Caps, Bases and Brackets. — The proper application of the ap- 
plied loads to the column, and the distribution of the column load over the foot- 
ing, is a matter of great importance. The three following rules should be applied 
in designing column caps: 

a. Provide sufficient bearing area so that the crushing strength of the column, 
or of the loading beam, girder or column will not be exceeded. 

b. Arrange connections to eliminate eccentric application of the load, or if 
this is impossible to reduce the eccentricity to the smallest possible amount. 

c. Arrange connections so that the stress-bearing portions of the column 
shall be directly under the stress-transmitting portion of the loading member, 
e.g., if a column receives load from a girder, the outstanding legs of the end- 
stiffeners on the girder should be located directly over the webs of the columns. 


Typical column bases are shown in Fig. 13. The same general rules should 
be observed in the design of column bases as in the design of column caps. The 
advantage of a separate base is 
that it can be set upon the founda- 
tion and leveled to receive the col- 
umn with less difficulty than would 
be the case with the finished col- 
umn. Such bases should always 
be planed on top and the base of 
the column should also be planed. 
Steel columns to which cap and 
base plates are shop riveted should 
be planed at each end before these 
plates are riveted on, and the cap 
and base plates are also generally 
planed on top and bottom respec- 
tively. 

It is important that brackets 
for connections of girders to col- 
umns should always be designed 
so as to throw the resultant beam reaction as near the center of the column as 
possible in order to reduce the eccentricity of loading which would otherwise 
occur. This is particularly important for cast-iron columns, and for these 
the brackets should be slightly beveled downward so that the loading beam 
or girder cannot be supported at or near the edge of the bracket. 


I-Beam Column Footings. — On poor soils it is often necessary to distribute 
heavy column loads over an area so large as to require a special footing which 
may be economically constructed of steel beams, in concrete. The beams should 
not be closer together than 3 inches to permit concrete to be easily placed 
between and around them. The method of design of an I-beam footing for 
the ordinary case, that of a column carrying direct load only, is as follows: 
(1) Determine the number of square feet required in the footing; (2) assume 
the number of tiers of I-beams; (3) assume the entire load above any given 
layer of beams (weight of over-lying footing courses and column load) to be 
distributed equally over all the beams in that layer and assume that each beam 
is uniformly loaded; (4) determine the maximum moment on the beam, which 
will occur at the center and equal approximately i 


Fig.13. Typical Column Bases 


E 
M = l-h) 9 0 


"3, 
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where W = load on layer of beams under consideration, n = number of beams, 
l = portion of beam loaded from above, in feet, and / = length of beam loaded 
from below, in feet; (5) determine in the usual manner the size of beam 
required to carry this bending moment; (6) test the web thicknesses of the 
beams selected to see if they are sufficient to transmit the applied load without 
buckling, applying formula (1). 

Pile Footings. —If the ground is soft, piles may be necessary to provide 
sufücient bearing area. For the allowable bearing value for these see Baker's A 
Treatise on Masonry Construction, N. Y., 1909. 


Cost of Columns and Footings. — Steel columns cost about the same as 
steel girders, values for which are given in the section on Cost of Girders, above. 
In determining the weight of columns it should be remembered that the details 
will add materially to the weight of the stress-bearing section, especially in the 
case of latticed columns, where the excess may amount to as much as 50 per 
cent. For the cost of footings, the I-beams may be computed on a pound price 
basis from the weekly quotations given in The Iron Age with a reasonable allow- 
ance for transportation and delivery, or more accurate figures can be obtained 
from a local dealer. For cost of cast-iron columns see section on Cost in article 
on Iron, Pig and Cast. For the cost of concrete and excavation, see articles on 
these respective subjects. 


Tables for Steel Columns. — The allowable load for a number of simple 
steel columns and the important properties of the columns are given in Tables 
VII toX. To determine the allowable load for built-up columns not given in 
the table the radius of gyration may be interpolated for columns having the 
same general dimensions and the unit stress computed by substitution in the 
column formula. The areas and other properties of the simple structural 


Shapes, such as beams, angle irons, and channels, are given in Tables II to VI 


above. 
These tables are all based on the formula 


Li = 16,000 — 70— 
A i p 


with a maximum value of 14,000 and are calculated for Cambria Steel Co.’s 
sections. The load is assumed to be applied at the center of inn of the 


. column and to act parallel to its axis. 


Simple 
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TRUSSES, DESIGN OF. — All trusses may be divided into two general 
classes based upon the methods necessary to determine the bar stresses; if these 
stresses can be determined by the application of the three equations of equilib- 
rium (see paragraph on Equations of Equilibrium, above), they are statically de- 
termined; otherwise they are statically undetermined. It should be noted that 
a truss may be statically undetermined with respect to the outer forces, i.e., the 
reactions cannot be determined by statics; or it may be statically undetermined 
with respect to the inner forces, i.e., the bar stresses cannot be determined by 
statics. 

Trusses that are statically indeterminate through having superfluous bars or 
reactions are frequently constructed because of their supposed rigidity and 
economy, but it is doubtful if such trusses are desirable. 

Statically determined trusses may be distinguished from statically undeter- 
mined trusses by comparing the number of unknown reaction components plus 
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the number of bars with the number of joints. In general it may be stated 
that any planar truss supported at two points will be statically determined 
provided the number of bars equals (25—3), 
where » is the number of joints. If the number 
of unknown bars and reaction components com- 
bined exceed twice the number of joints the 
truss is statically indeterminate but may usually ™ 
be computed by methods based upon its disc. Pratt Truss Type 
ity. If the number of unknowns is less than 
twice the number of joints the truss is unstable 
and may collapse; such structures should never 
be constructed. 
The preceding test should not be used alone Eink Truss Type 
to determine whether a truss is or is not stable. 
The framework should also be so put together as 
to make it consist of a series of triangles. 
Common Types. — All the trusses shown 
in Figs. 14 and 15, ees the double-system 
Warren truss and the roof truss with monitor, Fink Truss Type | 
are statically determined; the former may , with Monitos 
be made statically determined by omitting one Fig. 15. Roof Trusses 
of the bars, say a diagonal; the latter by omitting one properly “chosen bar. 
Theory of Trusses. — The common theory of trusses is based upon the fol- 
lowing assumption: 
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That the members are connected at the intersections of their center of 
gravity lines by frictionless pins, and that in consequence the stresses in the 
various members are all direct stresses. The assumption of frictionless pins is 
approximate particularly in the case of riveted trusses; however, the results 
obtained by this method are sufficiently accurate for trusses of ordinary 
proportions and are in common use. Great care should be used in design 
to insure that center of gravity lines meet at the joints, otherwise the connec- 
tion will be eccentric and the truss exposed to bending as well as direct 
Stress. 

The methods of computing stresses in ordinary trusses involve only the 
correct application of the three equations of statics (see section on Equations of 
Equilibrium, above). Three methods are in common use: viz., method of joints, 
method of moments, and method of shear. All of these are methods of sections 
and are applied by passing a section through the bar under consideration, cutting 
the truss apart and applying the equations of equilibrium to the outer forces on 
one of these sections and the stress in the bar under consideration. "The first 
two of these methods are described below. 


Method of Joints. — The method of joints is the most general of the three 
methods of computing the stresses in trusses; it may be applied either analyt- 
ically or graphically. . 


Analytical Method. — The mode of procedure for this method is as 
follows: (1) Computation of reactions. (2) Selection of a joint at which only 
two bars meet. (3) Application of the two equations of equilibrium, ZH =O 
and ZV = O, to the outer forces and unknown bar stresses acting at this point. 
The bar stresses should be assumed as tension, that is, as acting away from the 
Joint; a negative result in any case would indicate compression. (4) Con- 
sideration of any other joint at which only two unknown bars meet and deter- 
mination of the stresses in these bars in the same manner, treating known bar 
stresses as outer forces. 


Graphical Method. — This method consists of drawing polygons 
of forces for each joint in succession. 
It may be employed readily by drafts- 
men and others who are not familiar 
with truss theories. It is also self- 
checking and reasonably rapid. It is 
less accurate than the analytical method, 
but if the diagrams are carefully con- 
structed it is accurate enough for ordinary , 
Structures, 

The mode of procedure is: (1) A 
sketch of the structure is drawn to any 
Suitable scale and on it are shown all 
the outer forces including reactions. (2) 
All the forces and bars are designated 
by letters so located that each force and 
each bar will lie between two letters and Stress Diagram for 
only two, as illustrated by Fig. 16. (3) Timeseliownen s 
À polygon of outer forces is drawn. This Fig. 16. f 
should be drawn to a scale of sufficient i 2 
size to give the desired accuracy. The forces should be plotted in the order in 
Which they are reached by going around the figure in a clockwise direction, and 
should be lettered at the ends by the letters in the order obtained by this clock- 
Wise rotation. This polygon should close if the reactions have been determined 
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correctly. (4) A triangle of forces for each joint is drawn, beginning at any 
joint where an outer force and two bars only meet, and proceeding thence, 
joint by joint, selecting the joints in such an order that at no joint will there 
be more than two undetermined forces to consider. The sides of these triangls 
representing the outer forces are the sides of the force polygon. The sides 
representing bar stresses should be lettered at the ends by the letters obtained 
by going around the joints in a clockwise direction. The diagram thus drawn 
should form a closed figure. (5) The magnitude and character of the bar 
stresses are determined from the diagram. ‘The magnitude of the stress in any 
member equals the length of the line of the diagram parallel to the bar in question 
measured to the scale of the force polygon; its character is determined by the 
order in which the letters are reached in going about any joint in a clockwise 
direction. For example, to determine the character of the stress in bar CZ of Fig. 
16, note that cz in the stress diagram acts downward to the left, as determined 
by the order in which the letters are reached in going around joint 2; hence 
the stress in CI also acts downward to the left, or toward the joint, since the bar 
is above the joint, and is therefore compression. A similar result is obtained 
by considering joint 4. For this joint clockwise reading gives the designation 
of the bar as IC, and £c in the stress diagram acts upward to the right, that is 
toward joint 4, since the bar is below this joint. 


Solutions by Graphical Method. — Fig. 16 shows a small truss drawn 
to scale and with all the outer forces represented in direction and point of ap- 
plication. The force polygon is abcdefga; this is a straight line, since all the 
forces are vertical. In it ab = Pi, bc = Ps, etc. The reactions Rz and Rp are 
represented by ga and fg. The triangle of forces for joint 1 is gabhg (gb is the 
resultant of Rz and Pi) Reading around joint r in a clockwise direction 
shows that the magnitude and direction of the stress in bar BH is determined 
by the length and direction of b+ in the force polygon; as this acts downward to 
the left, it acts toward joint 1 and hence is compression. In the same manner 
the stress in HG is found to be tension. The stresses in the other bars may be 
determined similarly. 

Fig. 17 shows a simple tower with wind forces acting on one side only. Ordi- 
narily the wind forces on a tower would be equally divided between the two sides 
but they are all taken on one side here in order to more clearly illustrate the 
method. The only difference in the result would occur in the stresses in the bori- 
zontal members. In this case the diagonals in all panels are assumed to be 
tension members, only one of which in any one panel is in action under the forces 
shown. Inspection shows that in each case the bar shown dotted should be 
considered as out of action. The stress diagram and the scaled values of stresses 
in the bars are also shown in the figure. 


Method of Moments. — This method of finding truss stresses is based upon 
the application of the equation 2M =o. It is very useful for determining stresses 
in individual bars of many trusses, but is not so general as the method of joints 
and is frequently inapplicable to some bars even in the simplest trusses. Like 
the method of joints, it is also a method of sections, the truss being considered 
as divided into two portions and the equilibrium of one of these portions under 
the influence of the outer forces and the stress in the cut bar being considered. 
The method can be used to determine the stress in a given bar when all the 
other bars cut by the section, or their prolongations, meet at a point not on the 
line of action of the given bar. This point should be selected as the origin of 
moments. 

Design of Tension Members. — The design of tension members involves 
little more than the selection of bars with sufficient net area to carry the 
total stress without exceeding the allowable unit stress. Steel or iron tension 
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members may be divided into two general types: viz., solid bars rectangular or 
drcular in cross-section, and built-up members composed of structural shapes 
riveted together. Solid bars are used generally in pin trusses for diagonals 
and bottom chord members, and in Howe trusses for verticals. Built-up mem- 
bers are generally employed for tension members in riveted trusses and for the 
end hangers in pin-trusses. 

Solid Tension Pieces. — The eye bar shown in Fig. 18 is commonly 
used for the solid bar type of tension members. Such bars are made by most 
of the large steel manufacturers and are fully described in their handbooks. 
The heads of these bars are designed so that the bar if tested to destruction 
will fail in the body rather than in the head, and the engineer should specify 
that full-sized tests should give this result and not attempt to proportion the 
heads. A good rule to observe in selecting bars is to keep the thickness between 
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Fig. 18. l Fig. 19. 


one-sixth and one-third the width. Eye-bars are generally used in pairs, since 
an odd number of bars would give a poor arrangement on the pin. For counters 
adjustable eye-bars, such as those shown in Fig. 19, may be used, the two parts 
being connected by a turnbuckle or sleeve nut; iron rods with loops formed by 
welding may be used if the ‘stresses are small. In proportioning adjustable 
members allowance must be made for the decrease in section due to the screw 
threads. It is usually advisable to upset the screw end, so as to give sufficient. 
area at the root of the thread to make the bar as strong there as elsewhere. 
For short roda, however, the labor cost involved in this process may be greater. 
than the saving of material would warrant. 
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. Riveted Tension Bars may be made of various sections such as chan- 
nels, plates and angles, etc. Although these members do not need latticing or tie- 
plates to keep the separate parts from buckling, as in the case of columns, some 
connection between them should be used to make the different parts act together. 
The design of these details must be left to the judgment of the engineer. 


Design of Riveted Joints.— A riveted connection may fail in one of the fol- 
lowing ways: (a) by the shearing of the rivets, (b) by the crushing of the rivets 
or of one of the pieces upon which they bear, (c) by the tearing of the rivets 
through one of the connected pieces. | 


Shearing Strength of Rivet. — Under (a) it should be noted that the 
allowable shearing value of the rivet may be found by multiplying its cross-section 
area by the allowable shearing stress per square inch, and that the area of a 
75-inch rivet is 0.60 square inch, and of a 34-inch rivet 0.44 square inch. In de- 
signing rivets to resist shear the plane upon which the maximum shear occurs 
must always be determined. If the maximum shear be equally distributed over 
two planes the rivet is said to be in double shear. 


Bearing Strength of Rivet. — The permissible bearing, or crushing 
strength of a rivet against a given plate is determined by multiplying the 
allowable bearing strength per square inch by the diameter of the rivet and the 
thickness of the plate in question. 


Distance of Rivet from Edge of Member. — To prevent the failure 
noted under (c) the following empirical rule may be used: rivets may not be 
spaced closer than three times the diameter, and the distance of a rivet from 
the edge or end of a piece may not be less than 1% inches for a 74-inch rivet if 
the edge in question be rolled or planed, or 114 inches if it be sheared, though 
where possible this distance should be at least twice the diameter of the rivet. 
For other sizes of rivets proportional allowances should be made. These values 
refer to the center of the rivet in each case. 


Riveted Joints Carrying Torsion. — For cases where torsion as well 
as direct stress has to be transferred by rivets, as is sometimes the case where 
brackets carrying cranes are riveted to ; 
the sides of columns or where girders are 
riveted to columns, the conditions shown 
by Figs. 20 and 21 may occur. For the 
case shown in Fig. 20 the rivets carry tor- 
sion only, and each rivet may be assumed.to P : 
offer a resistance to torsion proportional to Fig. 20. Fig. 21. 
its distance from the center of gravity of the group. The resistance to torsion 
of such a group is 


ao. 


where r= the allowable working value of the most stressed rivet in pounds, 
I = summation of the squares of the distances in inches from the center 
of gravity of the group of rivets to each rivet, 
d = distance in inches from center of gravity of group of rivets to the 
' most stressed rivet, 
R = resistance to torsion of the group of rivets in pounds. 


In applying the formula to the case shown in Fig. 20 d = ac and the stress in 
the rivets at a isr. For the case shown in Fig. 21 this method must be modified 
to allow for the effect. of the vertical load. To make this correction it is only 
necessary to determine the allowable resistance to torsion consistent with the 
rivet also carrying its share of the vertical load. 
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CONTINUOUS GIRDERS, BEAMS, SLABS AND TRUSSES. — 


These are structures which are continuous over several points of support. 
They are statically indeterminate (see section on Trusses, above) with respect 
to the outer forces and hence the moments and shears should be determined 
by the “three moment equation” (see above). Continuous girders are com- 
monly used in reinforced concrete construction, in which case the continuity 
is allowed for by the following simple rules recommended by the Joint Com- 
mittee on Concrete and Reinforced Concrete. (See article on Concrete.) 

(a) “ That for floor slabs the bending moments at center and at support be 


n? ; ; 
taken as = for both dead and live loads, where w represents the load per linear 


foot and } the span length. 
(b) “ That for beams the bending moment at center and at supports for in- 


! vl? wl2 a 
terior spans be taken as aa and for end spans as oe at center and at adjoining 
2 


support, for both dead and live loads. 
(c) “In the case of beams and slabs continuous for two spans only, the bend- 


; wl? ; 
ing moment at the central support should be taken as E and near the middle of 


2 
the span ues 
Io 


(d) “At the ends of continuous beams the amount of negative moment which 
will be developed will depend on the condition of restraint or fixedness, and this 
will depend on the form of construction used. There will usually be some re- 
straint, and there’ is likely to be considerable. Provision should be made for 
the negative bending moment, but, as its amount will depend on the form of 
construction, the coefficient cannot be specified here, and must be left to the 
judgment of the designer." 


BIBLIOGRAPHY. — Spofford, Theory of Structures, N. Y. 1911; Merriman 
and Jacoby, Bridges, Roofs and Similar Structures, N. Y.; Johnson, Bryan and 


- Turneaure, Modern Framed Structures, N.Y., 1910; Mass. R. R. Com., Specifica- 


lions for Bridges Carrying Electric Railways, 1908; Am. Ry. Eng. Assn. General 
Specifications for Street Railway Bridges, 1910; Schneider, General Specifications 
for Structural Work on Buildings, N. Y., 1910; Am. Bridge Co., Specifications 
for Steel Structures, N. Y., 1912; Merriman, Mechanics of Materials, N. Y., 1905; 
Rexford, Tables and Diagrams for Obtaining the Bending Moments of Eccentric 
Riveted Loads, N. Y., 1909; Catalogues of manufacturers of structural steel 


shapes. 
[C. M. Spofford.] 
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SUBSTATIONS, LIGHTING. — (See also Batteries, Storage, Applications 
of; Bus-bars and Bus-bar Structures; Circuit Breakers; Converters, Synchronous; 
Distribution Lines; Distribution Systems; Lighting Plants; Molor-Generalors; 
Regulators; Relays; Substations, Railway; Switchboards; Switchgear Equipment 
for Power Stations; Transformers.) Three types of substations are employed in 
lighting systems viz.: 

Substations for Voltage Conversion and Regulation on A-C. Systems.— 
These substations receive power from high-tension transmission lines or primary 
feeders designed for economical cross section of conductor rather than for small 
voltage drop. The standard equipment of such substations includes bus-bars 
and oil circuit breakers for high-tension lines, step-down transformers, bus- 
bars, oil switches and voltage regulators for delivery lines, and often in addition 
constant-current transformers serving local series street-lighting circuits. The 
. construction of bus-bar and switch structures is similar to that in power stations 
for the control of circuits of equal power. Transformers are often of the air- 
blast type, and are usually grouped in banks of three single-phase units. The 
constant-current transformers supplying d-c. arc circuits are associated with 
mercury-arc rectifiers. The equipment is usually arranged to make the current 
path through the substation as short and direct as possible. Each outgoing 
line has its individual equipment of voltage regulators in the best practice. 


Substations for the Conversion of Frequency. — Such substations are 
usually combined with the conversion of voltage. These substations receive 
power from 3-phase, 25-cycle primary feeders, convert it to 60 cycles and trans- 
form its voltage for the supply of local Go-cycle lighting feeders. The type of 
frequency-changer most used is a pair of synchronous machines of the proper 
frequency ratio running on a common shaft. When space is restricted the verti- 
cal-shaft type is generally used. By proper regulation of the field excitation of 
the motor element it is possible to control the power factor and terminal voltage 
of the primary feeders to the most advantageous values. - 


Substations for the Conversion of Alternating Current to Direct Cur- 
rent. — The alternating current is received from high-tension, 3-phase, primary 
feeders, and is converted to low-voltage direct current for the supply of local 
d-c. lighting circuits. Substations of this type are largely used in connection 
with the 3-wire lighting networks in large cities. The standard equipment com- 
prises bus-bars and oil switches for incoming lines, either (1) synchronous con- 
verters associated with lowering transformers and voltage regulating accessories, 
or (2) motor-generators, and direct-current switchboard equipment. In very 
many cases the above equipment is supplemented by a large floating storage 
battery to insure the continuity of service in case of breakdowns. A converter 
must be associated with step-down transformers while the motor element of the 
motor-generator may be wound for voltages up to 20,000. The converter equip- 
ment is somewhat more efficient and in most cases slightly less expensive. The 
motor-generator equipment affords the greater range of power-factor compen- 
sation. 

For methods of voltage control see Converters, Synchronous. 

In converter substations the step-down transformers are usually in banks of 
three single-phase units. Transformer banks supply converters individually 
and are not connected in parallel on the low-tension side. Converters of 300 kw. 
and higher are usually wound 6-phase. The neutral point of a well balanced 
3-wire system may be derived from the neutral of the transformer bank. For 
storage battery arrangements see Batteries, Storage, A pplications of. 


BIBLIOGRAPHY. — See articles on Power Stations. 
[W. E. WickENDEN] 
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SUBSTATIONS, RAILWAY. — (See also Converters, Synchronous; Rail- 
ways, Energy Requirements for; Switchboards; Switchgear Equipment; Trans- 
formers.) Substations are used for electric railways when the length of the road 
is so great that the whole road cannot be supplied with one power station at 
the voltage required by the motors without either an excessive drop in voltage 
ora prohibitive amount of copper or both. Practically all electric railways 
have developed to such an extent that substations are required for successful 
operation. 


ECONOMIC CONSIDERATIONS. — The location, capacity and num- 
ber of substations is a matter for careful study and calculation, involving not 
only the cost of the copper required for distribution and the cost of the sub- 
stations, but also the distribution of traffic and special local conditions. The 
fundamental economics of the subject are expressed by the general theorem 
that the cost of operating the substations plus the cost of interest and fixed 
charges on investment in substations and line copper shall be a minimum. 
This is explained by the fact that if to any given arrangement an additional 
substation be added with the proper rearrangement of the spacing, the amount 
of copper used in the distributing system may be considerably decreased on 
account of the lesser distance betwecn substations. If the saving in interest 
on the value of the copper is greater than the cost of operation of this new 


substation plus the interest and fixed charges on the first cost of the substation, 


the change is warranted. 

Allowable Voltage Drop. — The distance between substations depends 
directly upon the allowable loss in voltage, thé amount of copper in the trolley 
and inversely as the load. The allowable loss in voltage is a matter of the 
special conditions of each road. However, roads may be divided into two 
classes and the allowable drop in voltage for average and maximum load con- 
ditions specified, as in the accompanying table. 


Average | Maximum 
load load 


Per cent Per cent 
s m STREE ess: 8 I5 
Interurban I2 . 30 


The two conditions which determine the allowable drop in voltage are the 
effect on the lights and the effect on the control circuit of the car, each of which 
factors requires a lesser drop in voltage than the actual operating character- 
istics of the motors. 


Distance between Substations. — For the service usually found in prac- 
tice the following tabulation shows the average or customary distance be- 
tween substations. 

Where the length of track receives its power from only one direction the 
allowable distance for a given drop in voltage is one-quarter the distance allow- 
able between substations. 


Capacity Required. — The capacity of the substation depends upon the 
traffic and the size of the cars, since if there are many cars operating it is prob- 
able that only a few will be starting simultaneously and it is during starting 
that the cars demand the maximum amount of power. It is, therefore, neces- 
Sary to determine the number of cars which will be located on the section of 
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Miles between substations 


Single-track | Double- 
road track road 


Direct-current, Trolley 
Direct-current, 3d Rail 
Single-phase, Trolley 
Direct-current, Trolley 
Direct-current, 3d Rail 
Single-phase, Trolley 
Single-phase, Trolley 


track supplied by one substation and the frequency of starting. In inter- 
urban service the number of cars on a given section is given by the formula: 


2 X (length of section) X (number of cars per hour) 


m schedule speed in miles per hour 


The average load on the substation is equal to the average power demand of 
each car times the number of cars on the section divided by the efficiency of 
the distribution system. In a complex system the local conditions must be 
studied to determine how many of these cars are liable to be starting at once. 
In other than city roads a load factor of from o.3 to o.5 may be used to de- 
termine the maximum load on a substation, and in single-track interurban 
roads it is customary to assume one car starting and one car running. See 
article on Railways, Energy Requirements for. 


TYPES OF SUBSTATIONS. — In practice there are two types of sub- 
stations: 1. for transforming from alternating to direct current, and 2. for 
transforming from high-voltage alternating current to low-voltage alternating 
current. 

In standard direct-current railways it is customary to generate power in 
the power stations at about 2200-volt three-phase alternating current, step 
up by means of transformers to 33,000 volts 3-phase, transmit over any distance 
to the substations at this voltage, transform from: 33,000 volts to approxi- 
mately 400 volts 3 phase and then to convert to direct current at 600 volts 
in which form the power is used by the motors of the cars. ‘This is the stand- 
ard a-c.-d-c. substation. In certain single-phase a-c. railways it is found neces- 
sary to transmit the power over long distances at a higher voltage than can be 
collected from the trolley, in which case the a-c.-a-c. transformer substations 
are installed to convert the alternating current at the high transmission volt- 
age to alternating current at a voltage convenient for the trolley and collector 
devices. 


SUBSTATIONS FOR TRANSFORMING FROM ALTERNATING 
TO DIRECT CURRENT. — In these stations it is almost universally the 
custom to employ synchronous converters to convert from a-c. to d-c., rather 
than motor-generator sets, as the converters have a higher efficiency and may 
be compounded to give the desired regulation. Thus the converter makes 
possible a saving in first cost, space and energy as compared to the motor- 
generator set. A standard a-c.-d-c. railway substation usually contains the 
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following pieces of apparatus: converters, transformers, reactances, blowers, 
cables, switchboard. 


Arrangement of Apparatus. — (See also article on Switchgear Equipment.) Yt 
is customary to arrange the apparatus in a substation so that the current 
travels in as nearly as possible a straight line across the station, Thus, with 
the incoming line on one side there are in the order mentioned: the lightning 
arresters, oil switches, transformers, a-c. switchboard, reactance coils, con- 
verters, d-c. line panel. A typical arrangement for a small station is shown in 
Fig. 1; see also Fig. 16 in article on Switchgear Equipment. l : 


Floor Space Required. — For substations with all apparatus on one level 
the floor space required is about 0.20 square feet per kilowatt. In cities where 
real estate is expensive, it may be desirable to put the oil switches and light- 
ning arresters in a gallery on the upper level and the transformers on a floor 
above, but this involves more expense for attendance. 


Standard Voltages and Frequencies. — The following three-phase voltages 
have been standardized for railway work: 11,000 volts with transformers delta 
connected on the high-tension side; 33,000 volts with transformers Y con- 
nected; 66,000 volts with transformers Y connected. A frequency of 25 cycles 
per second is employed in almost all railway installations, as converters are 
more reliable at this frequency. Certain stations which are obliged to take 
power from previously existing power stations use a frequency of 60 cycles. 


Converters. — (See article, on Converters, Synchronous,'for data regarding 
converters.) Compound-wound converters are used where the load is variable 
in order to maintain a constant voltage at the direct-current terminals of the 
converter irrespective of load, The converter by means of its series winding 
is made to take a leading current which, in passing through the reactance of 
the line, the transformers or through an additional reactance introduced for 
the purpose, tends to neutralize the line drop. (See Transmission Lines. In 
city service where a large number of-cars are operating on one section, the load 
is fairly constant and shunt-wound converters are generally used, 

Both 3-phase and 6-phase converters are universally used, the 3-phase for 
the smaller capacities and the 6-phase. converters for the larger capacities, In 
a 3-phase converter for a direct e.m.f. voltage of 600 at no load, the trans- 
formers should supply the converter with 370 volts between rings or between 
lines. In the 6-phase converter it is customary to use the diametrical con- 
nection, in which each transformer secondary supplies 430 volts to the con- 
verter, giving 600 volts at the commutator. Each converter for railway work 
is customarily supplied with a “speed-limiting’’ device on one end of the shaft 
and an “‘end-play” device on the other end. (See Converters, Synchronous.) 

Methods of Starting Converters. — (See also below under Operation.) 
There are several methods of starting rotary converters, as is explained under 
Converters, Synchronous. Starting from the alternating-current end as an 
induction motor is most desirable for railway work, as it avoids the necessity 


of synchronizing and requires Jess time. The ability to start a machine quickly 


and get it on the line in the shortest, possible time is very important in rail- 
way work, and is an advantage inherent in this method of starting. Three- 
phase converters are started, by means of suitable starting switches, from one- 
half voltage taps on the transformer secondaries and take approximately full- 
load current from the line. Six-phase converters are started from 14 voltage 
taps and take 34 full-load line current. Since 60-cycle converters usually take a 
greater starting current than 25-cycle converters and are usually operated on 
a system supplying power for other purposes, where voltage disturbances are 
objectionable, special means of starting 6o-cycle converters are frequently 
employed, 
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Transformers. — (See article on Transformers.) The transformers used in 
railway substations may be either of the oil-cooled, air-blast or water-cooled 
typ. The oil-cooled type is used where the units are small in capacity, i.e., 
less than 400 kilowatts, and where the expense of the complications for air 
blast or water cooling are not warranted.  Air-blast transformers are used in 
all except the smallest sizes, and for voltages up to and including 33,000; the 
objections to their use are the necessity of providing a pit, air ducts and 
blower to supply the ventilation. Water-cooled transformers (which are oil- 
insulated transformers with water circulating in a special coil submerged in 
the oil) are built in sizes from soo kilowatts upwards and for all voltages. 
Their use depends upon the availability of water for cooling purposes. The 
usual aggregate capacity of transformers for the various sizes of synchronous 
converters is about the same as the converter capacity. 


Transformer Connections. — The transformers may be either of the 
single-phase or three-phase type. For small or moderate installations the 
single-phase type is preferable on account of the economy of maintaining only 
one single-phase transformer as a spare for a whole station. In railway work 
it is customary to connect the secondary of the transformers in delta for three- 
phase, because of the possibility of operating at reduced output on open delta 
in case of failure of one transformer. The primary windings of the trans- 
former are usually connected Y with grounded neutral. It is common practice 
to provide transformers for railway work with four 214 per cent taps on the 
high-potential winding, in order to use similar transformers in all substations 
and yet make allowances for the difference in the line drop between the power 
station and the various substations. Either !4- or 14-voltage taps are provided 
on the low-potential side for starting the converters. 


Blowers for Air-blast Transformers (see Blowers and Compressors) 
are usually driven by 25-cycle 3-phase induction motors receiving power from 
the low-tension side of the transformers. The amount of air required per 
minute per kilowatt rating of each transformer ranges from 3 cubic feet in the 
large sizes to 5 cubic feet in the small sizes. This air is supplied at a pressure 
of from 36 to 1 ounce per square inch. The blowers must be capable of supply- 
ing this amount of air with an allowance of about 10 per cent for leakage in the 
air-blast chamber. It is customary to provide two blower sets each capable of 
supplying air for all the transformers in the station and maintaining one as a 
reserve unit. In a very large station 3 blower sets are sometimes provided, 
two of which are together capable of supplying the service and the third is a 
reserve. A rough idea of the size of the motor necessary to drive a blower for 
a given purpose may be obtained from the following formula: 


(cu. ft. air per minute) X (pressure in ounces) 


Horse-power = 
po 1200 


Air Duct for Air-blast Transformers. — The pit or trench over which 
air-blast transformers are placed must be made water-tight and well drained, 
as any moisture accumulating is liable to be carried into the transformers where 
it will injure the insulation. 


Voltage Regulation. — Use of Reactances. — The voltage at the d-c. bus- 
bars is kept constant irrespective of load by means of line compounding, which 
consists in adjusting the shunt-field excitation of each converter so that the 
Converter takes lagging current at no load, operates at unity power factor at 
about 34 load and takes leading current at all loads greater than 94 load. To 
accomplish this compounding, it is necessary that there should be a certain 
amount of reactance between the power-station bus-bars and the converters, 
(See Converters, Synchronous.) There is seldom enough reactance in the trang- 
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mission line for this purpose, so that additional reactance is inserted either by 
the use of special transformers having considerable leakage reactance, or by 
means of reactance coils. The usual reactance coil has a capacity in kv-a. 
equal to 15 per cent of the kilowatt rating of the converter, i.e. with full-load 
current passing through the reactance the voltage measured across its termi- 
nals would be 15 per cent of the voltage to neutral on the a-c. side of the con- 
verter. d 

Reactance coils are either oil cooled or air blast depending upon the trans- 
formers used and are usually built with the three circuits in one unit, with the 
starting switches for the converters mounted upon the frame. For 6-phase 
converters a 3-phase reactance coil is used, but since the current per wire is 
one-half that of the current of a 3-phase converter of the same rating, the re- 
actance per line must be twice as great for the 6-phase converter. 


Switchboards. — (See also article on Switchboards.) The following sections 
of switchboards are standard for converter substations. 


1. Incoming a-c. line panel. 

2. Outgoing a-c. line panel. 

3. High-tension a-c. converter panel. 

4. D-c. converter panel. 

5. D-c. feeder panel. 

6. Equalizer and negative panel (on the converter). 


Where a substation is tapped off a transmission line at an intermediate point 
it is good practice to bring the transmission line into the substation, interpose 
control switches, and then carry the circuit out of the substation on to the 
next substation. For this reason, in all but terminal substations, it is custom- 
ary to provide both an incoming and an outgoing a-c. line panel. In con- 
nection with the a-c. panel of the switchboard there are a line switch, lightning 
arrester, choke coil, current transformers and main oil switch, by means of 
which potential may be removed from all transformers. Between the trans- 
formers and the converter are the starting switches, reactance coil and possibly 
measuring devices. 


Direct-current Panels. — Single-pole switchboard panels are used, the 
positive main bus-bar being the only one on the board. The negative terminals 
of the converters are connected with switches to the negative or ground re- 
turn bus-bar, which is frequently located beneath the converter. The series 
field is connected on the negative side, and tbe equalizer, series-field-shunt and 
field break-up switches are frequently placed on the machine itself. The 
equipment of a standard d-c. converter panel comprises one of each of the 
following: | 

Carbon break circuit breaker with overload and low-voltage release, the 
latter interconnected to the speed-limit device. 

Illuminated dial ammeter with shunt. 

Field rheostat. 

Two-point receptacle. 

Single-pole main switch. 

Single-pole double-throw station lighting switch. 

Watt-hour meter. 


Storage Battery. — In certain installations, where reliability of service is of 
utmost importance, a storage battery is installed, operating in parallel with 
the converters, and preferably regulated by a series booster. Such a storage 
battery will not only take care of the load for a considerable period of time in 
case either the transmission line or converters are out of action, but it will also 
improve the load factor of the system and thereby the line regulation. In 
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4:4 other cases, where the service does not warrant the outlay for such a storage- 
-| battery system, a small storage battery is sometimes installed to take care of 
| the lighting of the substation in case the converters should shut down acci- 
.:| dentally. See articles on Batteries, Storage. 


ui Ventilation. — As the transformers, reactance coils and converters all dissipate 
.izj a considerable amount of energy in the form of heat, a substation must be well 

ventilated in order that the temperature of the air surrounding the apparatus 
gtz is not so great as to cause an injurious temperature in the apparatus itself. 
zr; This is particularly important where oil-cooled transformers are used. 


LiT Crane. — Where ground space is limited it is good economy to provide a 
crane in order that the various pieces of apparatus may be lifted over each 
other when they are taken apart for repairs, as otherwise considerable space 
must be left to move them about to and from the entrance. See article on 
Cranes. 


Operation of Converter Substations. — The only apparatus in a converter 
substation that requires any great amount of attention are the synchronous 
converters. As noted above these are usually started from the a-c. supply. 


Instructions for Starting a Synchronous Converter from A-C. 
Supply. — 

I. Open all switches except main negative (on machine). 

2. Close a-c. line switch feeding busses. 

3. Close H.T. transformer switch. 

4. Close starting switch on low-voltage taps. 

5. When converter reaches synchronism as shown by low frequency of swings | 
of d-c. voltmeter, close equalizer switch. 

6. Close switch between series field and the shunt to series field. 

7. Correct polarity if necessary by throwing shunt-field break-up switch to 
reverse position, leaving’ it closed only momentarily, then throw to running 
position. 

8. Connect a-c. terminals of converter to full voltage of transformers by 
throwing starting switch to running position. 

9. Close d-c. circuit breaker. 

10. Adjust field rheostat. | 

11. Close main d-c. switch. | 

I2. Adjust for correct division of load, power factor and voltage. 


Load Factor and Efficiency. — The load factor (q.v.) of a converter 
substation is usually low, from 30 per cent to 5o per cent, i.e., the load on the 
station Is relatively light except during the morning and afternoon rush- 
hours, 7 to 9 A.M., and 5 to 7 P.M respectively (see Train Dynamics). The all- | 
day efficiency of the station itself, or the ratio of the kilowatt-hours output to 
the kilowatt-hours input, is less than the efficiency at maximum or rated load; 
but the over-all efficiency between the a-c. generators in the power house and | 
the cars is about constant throughout the day, since the efficiency of a trans- | 
mission line increases with decrease of load, thus offsetting the low light-load : 
efficiencies of the transformers and converters. In general practice in inter- 
urban 60o-volt railways the maximum and all-day efficiencies of the various 
apparatus are approximately as given in the following table: 

i 


Full-load | All-day, 
Apparatus eff., per eff., per 
cent cent 


Step-up transformers 
High-tension line 
Step-down transformers 
Converters 


First Cost of Converter Substations. — Synchronous converters for rail- 
way purposes cost from $9 to $11 per kw., the transformers from $5 to $10 per 
kw., and the switchgear equipment from $3 to $11 per kw. of substation rating. 
The total first cost of substations is subdivided approximately as given in the 
accompanying table. 


Item 


Electrical apparatus 
Building and fixtures 
Wiring and erection 
Miscellaneous 


In an approximate way the cost of substations including building, erection 
and installation, for 33,000-volt transmission, 25-cycle converters, 600 volts on 
trolley is as follows: 


Capacity of | Approximate 
each con- cost of 
verter, kw. station — 


No. Con- 
verters . 


300 
3oo 
400 
500 


Cost of Operation of Converter Substations. — Labor or wages of the 
‘attendants is the principal item in the cost of operation of a substation. 
Supplies and maintenance form a very small percentage of the cost. In general 
only one man per shift is necessary, as the principal duties are to start up the 
machines in the morning and occasionally during the day if they drop out of 
step due to a short-circuit. Frequently the duties of the attendant can be 
combined with that of ticket seller or express agent. Where the duty is only 
attending to the substation, $1800 to $2000 per year may be taken as the cost 
of operation of a substation, allowing for the two shifts a day. 


PORTABLE SUBSTATIONS. — Circumstances frequently occur under 
which the traffic on a certain branch of a railway is very heavy for only a few 
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weeks in the year, and possibly for only two or three days in the year. More- 
over traffic may be exceptionally heavy on one branch for one short period 
and on another branch at another period. In such cases as these it would be 
very expensive to provide on each branch substations having a capacity to 
meet the heavy demand. To meet such conditions “portable” substations 
are used. These consist of what are practically large steel furniture cars, in 
which are installed one synchronous converter and the necessary transformers 
and control devices. Side tracks are provided at points on the branch lines 
and when needed this portable substation is hauled to the place desired and its 
high-tension terminals are connected to the high-tension transmission line, pro- 
vision for which must be made in building the line, and its direct-current ter- 
minals are connected to the trolley and the rail respectively. Such a substation 
may be of great convenience and value for interurban roads where summer 
parks, circuses and athletic games occasionally render traffic conditions diffi- 
cult. The car is limited in its size by the standard clearance outlines of the 
roads over which it must pass. It usually weighs, with all its equipment, 
about 75 tons, Apparatus having a capacity of soo kw. may be installed in 
such a car and the primary voltage may be as high as 33,000 volts (see article 


on Switchgear Equipment). 


HIGH-VOLTAGE DIRECT-CURRENT SUBSTATIONS. — Several 
electrical railways at present are operated at 1200, 1800 and even 2400 volts 
d-c. between trolley and ground. For this purpose power is transformed from 
alternating current by means of either motor-generator sets or synchronous 
converters. At first the motor-generator set was considered more fitted to the 
purpose as the design of the commutator is not as restricted in a generator as 
in a converter and the interpole made it possible to operate at a high potential 
between brushes. Subsequently, synchronous converters with interpoles and 
operating at 25 cycles were developed, and are now in successful operation. 
At first two 600-volt machines were connected in series to give 1200 volts. 
Later, machines were developed which would give 1200 volts on each machine 


and these became available for 2400 volts by connecting two in series. A num- 


ber of installations of this type are in successful operation at present. . 


ALTERNATING-CURRENT SINGLE-PHASE SUBSTATIONS. — 
For a single-phase railway operating at a high voltage on the trolley (11,000 
usually) it is not necessary to place substations as near together as In the case 
of d-c. systems. However, even with 11,000 volts on the trolley, there comes a 
limit to the length of road which may be supplied from one feeding point. In 
this case it becomes necessary to step up the voltage at the power station to 
33,000 or some higher voltage and step down again to the trolley voltage at 
distant substations. A substation for this purpose need contain only trans- 
formers and control devices. It is much simpler and less expensive than the 
converter substation. It has even been a matter of discussion as to whether 
such a substation would require continual attendance to maintain proper oper- 
ation. This is, however, a matter which must be decided by local conditions. 


- If oil-cooled transformers are used there is no moving apparatus in the station, 


and the only need of an attendant is in case of accident or to reset a circuit 
breaker in cage it goes out ag & result of an overload. - 


BIBLIOGRAPHY. — Burch, E. P., Electric Traction for Ry. Trains, N, Y. 
1910; Dawson, P., Electric Traction on Rys., N. Y., 1999; Harding, C. F. 
Electric Ry. Engineering, N. Y., 1911; Hobart, H, M. Electric Trains, N. Y. 
1910; Parshal & Hobart, Electric Ry. Engineering, London, I910; Werner, G. B, 
Economic Location of Substations, Trans, A.LE.E., Vol. 27, p. 1201. 
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SWITCHBOARDS. — (See also Bus-Bars; Circuit Breakers; Meters; 
Switches; Switchgear Equipment for Power Stations.) The term switchboard 
formerly comprised all apparatus in that portion of an installation devoted to 
collecting, measuring and distributing the electric energy. In small plants all 
of the switchgear is mounted on a single structure which is then called the switch- 
board. In large modern plants the control and measuring pieces of apparatus 
are frequently mounted on one structure, and the busbars and switches on 
another. In such cases the term switchboard is confined to the structure, 
whether panel, pedestal, or desk type, which supports the meters, controlling 
handles and similar devices. The following article discusses the arrangements 
of apparatus on representative switchboards selected to illustrate the general 
trend of switchboard design. For a description of the respective structural 
arrangements required by direct control and distant control, see the article on 
Switchgear Equipment in Power Stations. 


CONSTRUCTION OF PANEL SWITCHBOARDS. — The earliest so- 
called “panel” boards were made of wooden panels. The various switches, 
instruments, etc., each on its own base, were attached to the wooden panel, 
with the wiring on either the front or the rear. The next step in advance was 
the elimination of the wooden panel and framework. Each piece of apparatus 
was mounted on a marble slab, which was arranged for placing in an angle-iron 
framework, and switchboards were made by combining the necessary ammeter, 
voltmeter, switch and rheostat slabs to make the panels for the different gene- 
rators, feeders, etc. This form of construction was entirely fireproof but various 
disadvantages ultimately lead to its being superseded by the modern design of 
panel switchboards with the apparatus grouped on panels made of one or more 
comparatively large pieces of marble, or slate. 

The design of modern panel switchboards has undergone the standardizing 
process that has been applied to all electrical apparatus. By careful study of 
requirements the vast majority of plants of moderate size can be equipped with 
control switchboards that are made up by assembling standard panels. 


Framework of Panel Boards. — In general the framework of the standard 
switchboard may be divided into two types. The cheaper and smaller boards 
are mounted on a framework of gas pipe, and usually comprise panels about 
4 feet high with a space between them and the floor. The larger and more 
expensive boards have a total height of about 7 feet 6 inches, extend down to 
the floor, and are provided with an angle iron or pipe frame. 


Gas-pipe Frames. — Although the gas-pipe construction is consider- 
ably lighter than the angle-iron construction it has been found amply secure for 
these smaller switchboards and in fact some manufacturers use gas-pipe con- 
struction for most of their larger switchboard installations. Where the number 
of panels does not exceed four or five the complete board can sometimes be 
shipped with the panels attached to the framework and most of the small wiring, 
etc., undisturbed, but if the boards are large ones the panels and frame are 
shipped separately. 


Angle-iron Frames. — For larger and more expensive panels a frame- 
work of angle-iron construction is frequently used. Each panel of a total 
height of 90 inches is provided with 2 by 3 by 14 inch or some similar section 
angle irons with the narrow web bolted to the panel. These angle irons extend 
from the bottom of the panel to within 12 inch of the top. The vertical angles 
on adjacent panels are bolted together through the 3-inch web. They are 
provided with corner angles for bolting at the bottom to a 6 by 2-inch channel 
iron forming the base of the frame and at the top to two 14 by 13¢-in. iron strips. 
The channel iron and the top irons are made continuous the entire length of the 
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board, if this is not over 16 feet. Each panel is shipped bolted to the two angle 
irons that form its individual frame, which obviates any necessity of disconnect- 
ing the wiring between the various slabs making up the panel. This practice of 
shipping the framework with the panels reduces to a large extent the breakage 
due to rough handling and facilitates the erection of the board at its destination. 


Switchboard Panels. — After trying various materials practically all switche 
board builders have adopted either slate or marble, although in a few instances 
soapstone, brick or steel has been used. The marble used in switchboards is 
usually of the grade known as “Blue Vermont," although occasionally “White 
Italian,” or “Pink Tennessee" is used. 


Comparison of Slate and Marble. — Where switchboard panels are 
to be given a black finish the choice of slate or marble is largely a question of 
cost and insulation. Slate is considerably cheaper and somewhat stronger than 
marble and where the voltage of live metal parts mounted on the panels does not 
exceed 750 volts it answers just as well. This makes it suitable for all boards 
except those having ground-detector receptacles, fuse blocks or similar appara- 
tus mounted on the material of the panel and connected to a circuit of 1100 volts 
or more. 


Finish Used on Panels. — The marble is sometimes polished on the 


front face and bevels, and occasionally on the edges and back. The present - 


standard finish for marble is a dull black marine finish applied to honed panels. 


Ordinary slate, owing to its irregular color and marking, is usually given an : 


enamel or marine finish and natural black slate is given an oil finish. 


Dimensions of Two-piece Panels. — The total height of standard 
switchboard panels is 9o inches from the channel iron. The division resulting 
in a 25-inch lower slab as furnished by one company is due to the fact that these 
particular dimensions were best adapted to the line of switches, circuit breakers, 
meters, etc., which were in use at the time the standard railway switchboard 
panels were first brought out. The lower 25-inch slab was used for rheostat face 
plates having the contacts and contact mechanism on the front of the panel. 
In order to correspond with the old d-c. panels the a-c. panels were brought out 


having a lower slab 25 inches high and a main slab 65 inches high. The similar 


design of another company provides panels with slabs 62 inches and 28 inches 
high which dimensions were suited to their apparatus at the time of standard- 
ization. | 

Dimensions of Three-piece Panels. — When the present standard 
brush-type, carbon-break circuit breaker was designed it was found advisable 
to mount this breaker at the top of the panel in order to take advantage of the 
tendency of an arc to rise. As all these standard breakers up to 3000 amperes 
capacity required a vertical space of less than 20 inches, it was soon decided to 
divide the main upper 65-inch panel into two slabs, one portion being 20 inches 
high to contain the circuit breaker and the other portion 45 inches high to con- 
tain the meters, switches, etc. For this reason the standard d-c. panels of one 
maker, both for railway and for light and power work, are divided into three slabs, 
the upper 20 inches high, the middle 45 inches and the lower 25 inches. Nearly 
all switchboard builders are now following this practice of putting heavy circuit 
breakers on separate slabs. 


TYPICAL DIRECT-CURRENT SWITCHBOARDS. — A few standard 
equipments are described in the following paragraphs. 

Small Isolated Plant Switchboards (Fig. 1). — Where there is only a single 
d-c. generator of small capacity with one or two feeder circuits and there is little 
likelihood of additional equipment being needed, a board such as shown in Fig. 1 
can be used. This panel, 36 inches high by 16 inches wide, is provided with a 
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polarized ammeter and voltmeter 5 inches in diameter, single-pole’ carbon 
breaker, 2-pole main switch, field rheostat in the generator circuit, and switches 
with fuses in the feeder circuits. This type of board is limited to 1o kw. at 12$ 
volts and 20 kw at 250 volts. 

2-Wire Switchboards (Fig. 2). — For the control of small capacity; d«. 
generators operating in parallel on a 2-wire, d-c. circuit the connections are made 


Eroder 
All feeders 
like this 


Fig. 1. Direct Current Iso- Fig. 2.. Connections of 2-wire Switchboard. 
lated Plant Switchboard 


as indicated in Fig. 2, Each generator is provided with a 3-pole, single-throw 
switch, a single-pole circuit breaker, an ammeter, and rheostat and a 4-point 
voltmeter receptacle used for connecting the voltmeter to any machine. Each 
feeder is provided with a 2-pole switch with inclosed fuses, and a lamp ground 
detector is connected across the bus-bars. 


3-Wire Switchboards. — Fig. 3 shows the diagram of connections for a typi- 
cal d-c., 3-wire installation and indicates the method of deriving the neutral 
connection from the middle point of auto-transformers; the use of series fields 
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Fig. 3. Connections of 3-wire Switchboard 


in the positive and negative circuits; the placing of the ammeter shunts on the 
terminal boards of the machines so as to be connected inside the series fields; 
and the 4-pole circuit breakers or the equivalent two single-pole breakers with 
equalizer contacts to open the positive, positive equalizer, negative and nega- 
tive equalizer circuits. 
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Double-bus Railway Switchboards. — For direct-current railway or 
tramway work at about 600 volts it was for a long time the standard practice 
to bring both the positive and the negative leads from the generator to the 
switchboard and to locate both the positive and negative busbars on the switch- 
boards, such boards being called “‘double-bus” boards. With these boards it 
was customary to use compound-wound d-c. generators with the series fields in 
the armature circuit which connected to the overhead trolley. The equalizer 
connection was usually made through a switch at the machine and the equalizer 
connection ran from one machine to the other without going to the panel board. 

* Single-bus ” Railway Switchboards (Fig. 4). — Modifications in this 
dass of switchboards came from placing the series fields in the grounded circuit 
instead of in the trolley circuit 
and running only one polarity, ALYY) Waremetee 
usually the positive, to the 
switchboard. The equalizer 
switch and the negative switch, 
if the latter is used, are mounted 
at the machine. Fig. 4 is a 


Shunt Fld. 


switchboard with only one po- 
larity on the board. The ad- E 
vantages of this single-bus ow 


RN : piii pari. Fig. 4. Connections of Railway Switchboard 
consequent reduction in length of switchboard, reduction in amount of cable 
required, and the use of bare copper strap or cables between machines for the 
negative and equalizer busses. 

Rotary-converter Switchboards. — For rotary converters or motor-gen- 
erator sets the panel switchboard, if such is used, takes care of both the d.c. 
and a-c. circuits, which usually are controlled by separate panels. The d.c. 
panels are practically the same as those used for d-c. generators. The a-c. 
panels usually correspond with a-c. feeder panels and control the high-tension 
side of the step-down transformers used with the rotary, where the rotary. is: 
made self-starting from the a-c. end. With such machines, in addition to the 
panels for the high-tension side of the transformers, it is customary to furnish a 
small slab mounted near the step-down transformers which is used for connect- 
ing the rotary to low-voltage taps for starting and then to the full-voltage taps 
for running. In many rotary-converter installations a combination of direct 
control for the d-c. circuits and distant control for the a-c. circuits works out to 
advantage. | 

Mercury Rectifier Switchboards. — Another combination of a-c. and d.c. 
equipment met with in switchboard practice is that furnished for. mercury 
rectifiers used in conjunction with constant-current d-c. arc lights fed from a 
constant-potential a-c. system. The apparatus supplied usually comprises 


a two-pole oil switch with fuses for the primary circuit of the regulator, plug ' 
switches in the secondary circuit, a mechanism for tilting the bulb of the mercury - 


rectifier, and a high-voltage d-c. ammeter placed under a glass cover. The 
switchboards furnished with low-tensiom rectifiers are of similar arrangement, 
except that they are fitted with low-tension meters and switches, and have à 
single-pole starting switch which automatically applies a rheostat load for 
starting. 

Other Arc-light Switchboards. — For use with d-c. series arc generators, 
switchboards are frequently supplied with a multiplicity of plug switches to 
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permit any generator or feeder circuit to be connected in series with any other 
circuit or circuits. (See Switches.) 


Exciter Panels, although d-c., are almost invariably combined with and 
form part of a-c. switchboards. The d-c. sections of the board are naturally 
considered with the a-c. sections and made to correspond with them in general 
design. Exciter panels are either single or double, depending on whether they 
control one or two machines. Usually no fuse equipment or other automatic 
protection is provided with exciter panels, as the sudden opening of the field 
circuit due to the blowing of an exciter fuse or the tripping of an exciter breaker 
is apt to injure the insulation of the generator and cause far greater damage to 
the plant than the overloading or short circuiting of an exciter. Where there 
are several large exciters operating in parallel with each other or a large storage 
battery, it is occasionally considered good practice to furnish reverse-current 
circuit breakers in the exciter circuits. 


TYPICAL ALTERNATING-CURRENT SWITCHBOARDS. — Some 
standard equipments are described and illustrated in the following paragraphs. 


Small Low-voltage A-C. Boards (Fig. 5), made for circuits of not over 
600 amperes capacity at 500 volts, are usually built of panels 48 inches high on 
pipe frames. Each a-c. 
generator may have its FR ODIUM OER 
own exciter as shown in gm 
Fig. 5, or the exciters may £s 
be operated in parallel and = 
controlled from exciter gp, $T? 87itoh 
panels. As shown on this 
diagram the d-c. circuits 
are taken care of by an 
exciter rheostat, a gener- 
ator rheostat and a 2-pole 
field switch with discharge 
resistance. Each a-c. gen- 
erator is provided with a Y 
3-pole single-throw knife 
switch, three ammeters, 
an 8-point voltmeter re- 
ceptacle, and a synchro- 
. nizing receptacle and plug. 
Each feeder has a 3-pole Switchboard. 
switch and an ammeter. 

A lamp ground detector and a voltmeter are connected in such a manner that 
the voltage can be read across any phase of any machine. In this diagram 
lamps are used for synchronizing. 


Small High-voltage A-C. Boards. — A similar arrangement of panels may 
be used for small-capacity high-voltage switchboards, using oil switches in place 
of knife switches in the generator and feeder circuits, and operating the volt- 
meter and lamp ground detector from potential transformers. 


Large Low-voltage A-C. Boards. — Fig. 6 shows some typical panels for 
low-voltage a-c, circuits where the cost of equipment is kept to a minimum by 
simplifying the equipment of instruments, omitting the sub-panels (the lowet 
sections of slabs), and using ornamental cast-iron legs to cover the portion of 
the framework which projects below the main panel The panels shown are 
selected as representative of this type of construction, not as an actual switch- 
board. The bracket instruments comprise the synchroscope and two volt- 
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meters, one for the bus and one for the machines. The first panel at the 
left-hand end is a 1000-ampere 2-phase generator panel with double-throw 
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Fig. 6. Low-voltage Alternating-current Switchboard Panels 


main switches for connecting to either of two sets of busbars. The panel is 
also provided with illuminating lamp, two ammeters, 6-point voltmeter re- 
ceptacles, synchronizing lamp receptacles, plug ground detector receptacle, 
lamp, push-button rheostat mounting, and field switch. The second panel is a 
corresponding single-throw generator panel, and the two remaining panels are 
double-throw and single-throw feeder panels. The side view shows the arrange- 
ment of the bus-bar supports, switch studs and connections. 

For more important installations sub-panels are furnished. The generator 
equipment then includes field ammeters and indicating wattmeters, and a syn- 
chroscope is provided for paralleling the generators. 


Large High-voltage A-C. Boards (Fig. 7) are almost invariably provided 
with oil switches (or oil circuit breakers), mounted either on the switchboard or 
apart from it. All a-c. instruments are operated from current and potential 
transformers. Fig. 7 gives the diagram of a typical switchboard consisting of 
one exciter panel, two generator panels, and one feeder panel. The connections 
are shown as though viewed from the back of the board and the leads from the 
current and potential transformers are bunched into cables. 


Station Voltmeter and Synchronizer. — On this ‘switchboard there 
are 2 voltmeters and x synchroscope mounted on swinging brackets at the end. 
The inner voltmeter is operated through cable 4B from potential transformers 
connected to the bus. These transformers are used also for the potential cir- 
cuits of the generator wattmeters and for synchronizing. The other voltmeter 
is connected through suitable receptacles to the potential transformers of any 
machine. The synchroscope and synchronizing lamps are operated by inserting 
the suitable plug in the synchronizing receptacle. When the plug is so inserted. 
it connects the three inner segments by means of one ring. At the same time 
the bus transformer is connected to the bottom terminals of the synchroscope 
and the generator transformer to the top terminals. A lamp at the synchro- 
scope and one on the particular generator panel are connected in parallel with 
the synchroscope and flash up and down in step with it. 
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Fig. 7. Connections of High-voltage Alternating-current Switchboard 


Exciter Panél:— The first panel (on the tight looking at the fal) 
conttols 2 exciters and is provided with 2 2-pole main switches, x single-pole 
equalizer switch, 2 amraeters operated from shunts, 2 rheostats, ard x exclter 
voltmeter connecting to either exciter by means of a 6-poitit receptacle and 
à 4-point plug. 

Generator Panels are each equipped with a 3-pole non-automatic oil 
circuit breaker with disconnecting switches, 2 current transformers, 1 potential 
tratisformet, 1 2-pole field switch with discharge resistance, i field ammeter 
operated froti à shunt, 1 polyphase indicating wattmeter, 1 a-c. ammeter with 
three receptacles fof teading the current in any phase, x 8-point voltmeter 
receptacle, 1 6-point sy nchronizing téceptacle, and i synchronizing lamp. 


Feeder Panel. — This is equipped with x 3-pole automatic oil circuit 
breaker, 3 disconnecting switches, 3 current transformers, 1 pair of single-phase 
over-load relays, and 3 ammetérs. This system is a simple one with 1 set of 
exciter bus-bars and 1 set of a-c. bars with a moderate number of instruments, 
but even this gives some idea of the complexity met with in the detail diagram 
of a large aad complicated a-c. switchboard. | 


Large Distant-control A-C. Switchbonrds. — Where the amount of 
power to be controlled is large ot the voltage is above 4300, it is custohidty to 
mount the oil citcuit breakers apart from the board and to operate them either 
mechanically of electrically. On these boards the usual equipitent of instrü- 
merits is mounted at the top of the panel, the switch-control handles are in the 
middle and the time-limit relays at the bottom.. Targets atid signal lánips to 
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indicate the condition of the feeder are furnished with electrically operated 
boards. 

SWITCHBOARDS OF PEDESTAL AND POST TYPE. — Where the 
number of generators is comparatively small in comparison with the number of 
feeder circuits, it is frequently of advantage to use control pedestals and instru- 
ment posts for the generator circuits and to take care of the feedet circuits by 
means of a panel switchboard. The instrument posts and control pedestals can 
readily be added with additional machines, without disturbing the symmetry 
of the arrangement. 


Control Room of Ontario Power Co. — An example of this general 
arrangement is the control room of the distributing station of the Ontario Power 
Company at Niagara Falls, Ontario (ZZ. Rev. & W. El., 1911, Vol. 59, p. 1036), 
for the control of seven 8770-kv-a., 12,000-volt, 3-phase generatots, with banks 
of three 3000-kv-a. transformers stepping up to 60,000 volts. In this room there 
are the following switchboards: x panel board to control the 60,000-volt feeder 


' circuits running to Rochester, Syracuse, etc., 1 control pedestal and t instrument 


post for each of the 12,000-volt generators; and 2 smaller pedestals for the 
control of the exciter circuits. 

Each of the seven control pedestals is equipped with push-button control for 
the generator field rheostats and is provided with a white signal lamp which 
lights up when the field circuit is closed. There are 2 electrically operated oil 
circuit breakers in each main generator circuit, one being placed in the power 
house and the other in the distributing station.. The circuits from the generator, 
after passing through these two breakers, are connected by à breaker to one 
12,000-volt bus-bar in the distributing station, or can pass through another 
breaker to a common connection, where it branches and passes either through 
a breaker to a second 12,000-volt bus-bar or through a breaker to the low-tension 
side of the step-up transformers. Each circuit breaker is controlled from the 
generator pedestal. Suitable synchronizing lamps and receptacles are also 
placed on these pedestals. The pedestals are 5 feet high and each occupies a 
floor space of approximately 24 inches by 14 inches. Each post is provided with 
a single-phase synchroscope, a frequency meter, a three-phase power factor 
indicator, and transformer and generator ammeters: The total height of this 
post is 9 feet and the width occupied by the meters is 2 feet 736 inches. 


CONTROL DESKS (Figs. 8 and 9).— Where it is desired to have & very 
compact arrangement and to control the generators and feeders from the same 
switchboatd, the control desk has many advantages; particularly wheré a group 
system of circuits is used and it is desirable to have a miniature bus-bar to show 
the general scheme of connections and the arrangement of circuits in use. The 
desk has mounted on it the field switches, field rheostat handles, and small 
switches for operating electrically the various controllers, circuit breakers, etc. 
The field switches and rheostats may also be operated electrically. 


Location of Instruménts with Control Desks. — The instruments can be 
mounted either on panels forming the back of the control desk (Fig. 8), ot on 
an instrument frame back of and usually higher than the top of the control 
desk (Fig. 0), or on instrument posts. The grouping of the instruments is 
made so far as possible to correspond with the grouping of the control devices. 
As it is possible for the station operator to become confused in determining the 
instruments belonging to a certain generator or feeder, whose controlling devices 
are on the desk, card holders or name plates are placed both on the desk and on 
the panels. Where instrument panels form the back of the control desk, the - 
instruments as a rule are artanged to cotrespond in location with the controlling 
devices for the same circuits. When an independent instrument frame is used, 
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this is usually arranged at such a height that the station operator standing at 
the control desk can look over the top of the desk and under the bottom of the 


instrument frame, out into the station, and readily observe the operation of the 
machine which he expects to control. 


Control Desk with Instrument Panels. — Fig. 8 shows the plan view, 
front elevation, and end view of a control desk having instrument panels which 


2.40000 V. Lines 
& 3-75: R v-a. 


een 


: 


Fig. 8. Control Desk with Instrument Panels 


come down to the top of the horizontal section of the desk, "This desk when 
fully equipped will take care of two 300-kw., 250-volt, waterwheel-driven ex- 
citers; four 6000-kv-a., 4000-volt, 3-phase generators; four banks each of three 
17 50-kv-a., single-phase transformers stepping up to 100,000 volts; three 1750 
kv-a., 3-phase transformers stepping up to 40,000 volts; four 100,000-volt trans- 
mission lines and two 40,000-volt transmission lines. The miniature bus on the 
face of the desk shows the various connections made by the breakers. In this 
plant the exciter circuits and the field circuits of the generators are controlled 
by electrically operated switches, as are also the main circuits of the generators, 
transformers and transmission lines. 


Control Desk with Separate Instrument Frame. — Fig. 9 sho 
the plan view, elevation and side view of a control desk provided with 7-inch 
diameter round pattern meters located on an instrument frame back of and above 
the desk. The height of the instrument frame is 7 feet 8 inches, which corre- 
sponds to the height of standard go-inch switchboard panels mounted on the 
usual2-inch channel iron base. "This control desk with a total length of 12 
feet, when fully equipped, is to take care of six 10,000-kv-a., 3-phase, 6600-volt 
generators, six banks each of three 3333 kv-a. step-up transformers, and four 
110,000-volt transmission lines. 

As shown by the miniature bus system placed on the top of the control desk, 
each of the six sections intended for a generator and its bank of transformers 5 
provided with a generator ammeter, transformer ammeter, generator indicating 
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wattmeter, power-factor meter, voltmeter, and field ammeter, as well as four 
circuit-breaker controllers. Each generator, with the low-tension side of its 
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| Fig. 9. Control Desk with Separate Frame for Instruments 
| bank of step-up transformers, is provided with three breakers, one in the main 
generator circuit connecting the generator to a generator bus, one for connecting 
| this generator bus to a main bus, and the third for connecting the generator bus 
. _ to the low-tension side of the step-up transformers. With this arrangement 
uu under normal conditions each generator will supply current to its own bank of 
step-up transformers, but in emergency any generator or any transformer can 
be connected to the low-tension bus, which is sectionalized in the middle by means 
"T of an electrically operated breaker. On the high-tension side each bank of 
j transformers connects through a single breaker to a high-tension bus that is 
sectionalized in the middle by means of an electrically operated breaker. Two 
m: high-tension lines are fed from each half of this sectioned bar. 


yit Dimensions of Panels. — The smaller panels intended for use with 
ssi’ gas-pipe framework are made in single slabs and as a rule have a height of 
5. . 48inches and a width of either 22 inches or 32 inches, although some of the 
pU panels are smaller. As few of the smaller d-c. panels have to be made wider 
gu than 22 inches or 24 inches and as 11⁄4 inches is ample thickness for a 24 by 48-inch 

slab, the thickness of 114 inches has been adopted as a standard for most of the 
üt Small d-c. panels. In order to secure sufficient mechanical strength the 32-inch 
iu panels are made 11 inches thick. As these wide panels are usually required for — 
git alternating-current generator panels this thickness of 112 inches has been usually 
y. adopted as standard for a-c. panels. For heavier panels 2-inch marble and slate 
"m have been adopted as standards for mechanical reasons. This thickness is re- 
' quired for the heavy switches, circuit breakers, etc., often furnished on these 
" switchboards. When a board has both a-c. and d-c. panels the thickness of all 
j'  panelsis made the same. 


l Beveled Edges. — The edges of all panels are usually beveled to improve 
m?! their appearance and to insure against chipping, as it is almost impossible to 
pÉ handle square-edged marble or slate slabs without injury. The front edges are 
W| ordinarily beveled with a 45-degree bevel of either 3% inch or 44 inch, measured 
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i the plane of the panel. It has also been found advisable to use à small bevel 
Yis inch or 14 inch on the back edges to prevent chipping. 


SPECIFICATIONS AND TESTS. — See article on Switchgear Equipment 
for Power Stations. . i 


COSTS. — The cost of any particular type of switchboard is arrived at by 
summing up the costs of the various instruments, switches, etc., and adding to 
this the cost of the framework, slabs and wiring. The following figures are 
approximate only. 


Gas pipe for framework................0.. $0.07 per linear foot 

2 by 3 by 14-inch angleiron............... 9.11 per linear foot 

6 by a-inch channel iron.................. o. 20 per linear foot 

V by 13g-inch strips..............00ceee . 0.10 per linear foot 
Slabs only, without drilling Marble — Slate 

48 by 24 by x4-inch panel...................... .. $5.12 $3.42 

48 hy 32 by 1Y2-inch panel............... cee eee 8.99 415 

go by 24 by a-inch panel......,....... een nn nn 15.00 7500 


total cost of the board erected complete. See also article on Switchgear Equip- 
ment for Power Stations. 


BIBLIOGRAPHY. — Peck, H. W., Elec. Jour., Vol. 1 and 2 (severa] refer- 
ences); Rowe, B. P., Elec. Jour., Vol. 4; Sanderson, C. H., Elec. Jour, Vol. 16; 
Hayes, S. Q., Elec. Age, Sept., 1908, Jan., 1910, May, 1910; N.E.L.A. Proc. 
1910, 1912; Elec. Rev. and W. Elec., 1911, 1912 (several references); American 
Switchboard Practice, Elec. World, Aug. and Oct., 1910; Switchboards for Alter- 
nating-current Power Stations, Elec. Jour., Jan., 1913; Switchboard Installations 
and Operation, G. E. Rev., Dec., 1908; Bern, E., Some Notes on Switchboard 
Design, G. E. Rev., Oct., 1913; Bern, E., Switchboard Signal Equipment for 
Power Stations, G. E. Rev., June 1914; Publications of the various manu- 
facturers of Switchboards. 

(S, Q Hayes) 
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| SWITCHES. — (See also Circuit Breakers; Swilchboards; Switchgear Equip- 
aun ment for Power Stations; Wiring of Buildings.) A switch is a device for 
~~" mechanically opening an electric circuit. Various types of knife, drum, plug 
and oil switches are used; some representative types are described below. 
" mnt Fundamental Requirements are (1) a switch must, when closed, carry the 
ae rated current without excessive drop, usually from 5 to 15 millivolts, or excessive 
"337. heating, usually 28° C. temperature rise; (2) it must take care of overloads met 


in practice; (3) it must be designed to prevent or render harmless any arcs that 
“seat he are formed when being opened; (4) it must, when open, insulate all live parta 
sc for the maximum potential of the circuit. 

xo KNIFE SWITCHES.— The rules of the National Board of Fire Under- 


pid 


writers relative to knife switches advise for pure copper blades a current density 

x at contact surfaces of not over 75 amperes per square inch. The recommended 
pdu minimum spacings between points of opposite polarity for various currents and 
TEE voltages are given in the accompanying table. 
p p 
RI ut | Inches between points of opposite polarity 
id Full-load 

| current, 
ie amperes 125 Y. dec. 250 v. d-c, 500 v. a-c. 600 v. d-t. 
J, n ; 
ELL 
ji du: . 4 214 
ei E i. 214 2l 
d m 5j i 294 294, 
1 In E : 3 3 
Nd 
n m 


Throw and Poles of Switches. — A switch closing a circuit only when 
thrown in one position is called a single-throw switch; a switch closing a circuit - 
T when thrown in either of two positions (e.g., up or down) is called a double- 
throw switch. A switch closing only one side of a circuit (one blade) is called a 
single pole switch; one closing both sides (two blades) is called a double-pole 
switch. Evident abbreviations are used, such as S.P.S.T. for single-pole single- 
throw; D.P.D.T. for double-pole double-throw. 


Single- and Multi-blade Knife Switches. — Up to 1000 
amperes in capacity knife switches are usually made with 
single blades. For larger capacity two or more blades per 
pole are supplied in order to secure sufficient contact surface 
without making the blades and jaws of abnormal width. 

Field Switches (Fig. 1). — A modification of the standard 
knife switch (q.v.) as shown in Fig. 2 is furnished for use in 
connection with field circuits. These field switches, whether 
single-pole or double-pole, single-throw or double-throw, are 
provided with an auxiliary contact and extra jaw which are 
used for connecting a resistance across the field terminals 
‘before the field is disconnected from the source of supply. Fi Pt 
: The field discharges through this resistance without any in- T PIE ro 
“ductive kick such as will occur on the sudden opening of à Switches 
highly indüctive circuit without such a device. 


Auxiliary Breaks and Quick-break Attachments are furnished with 
knife switches in many cases so as to make it impossible to draw a dangerous aec 
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by opening the switch slowly. Fig. 2 shows a typical quick-break knife switch. 
The main-switch blade here carries auxiliary blades, which are attached to the 
main blades by a hinge and spring. When the 
switch is opened, the auxiliary blades are held 
in the jaws by friction until they are suddenly 
jerked out by the spring tension. A similar at- 
tachment is used on the field switch shown in 
Fig. 1. 

Starting Switches. — A modification of the 
standard knife switch is the multi-point starting 
switch used occasionally for starting d-c. motors, 
or rotaries or motor-generator sets from the d-c. 
end. These multi-point starting switches consist 
usually of single-pole, single-throw switches with 
several break jaws connected to various steps of 
the starting resistance. 


Disconnecting Switches. — In all high-ten- 
sion circuits it is customary to install knife-type 
disconnecting switches for isolating feeders, oil 
circuit breakers, etc., or for making various connections that do not have to be 
opened under load. In American practice the knife switches for 3300 volts or 
Jess are usually mounted directly on a base of soapstone, marble or similar 
material; for higher voltages insulators of various kinds are used to support the 
switch jaws. Up to 33,000 volts these disconnecting switches are made for 
either front connection, rear connection, or both, but for higher voltages they 
are almost invariably made for front connection only. 


Disconnecting Switches Mounted on Pillar-type Insulators. — 
Fig. 3 shows a disconnecting switch designed for 13,000 volts. A similar con- 
_struction is used for voltages up to 110,000. The insula- 
tors are of the pillar type and are given a dry test of three 
times normal voltage. On the larger sizes of this type 
of switch a trussed blade is furnished to secure rigid con- 
struction, and safety catches are supplied to prevent the — 
switches jarring open. The caps holding the jaw blades Fig. 3. 13 ,000-Vvolt 
are clamped to a wall or other flat structure after they Disconnecting Switch 
are removed from the wooden templates on which they are shipped. On the 
110,000-volt switch of one make the center line of the blade is 3614 inches from 
the base and the jaws are 4446 inches on centers. 


Disconnecting Switches Mounted on Suspension Insulators. — 
For voltages above 110,000 a type of disconnecting switch using the suspension 
type of insulators is often found more satisfactory. The main feature of 
this type of switch consists of a series of suspension-link insulators with a funnel- 
shaped contact at the lower end. This funnel-shaped contact can be dropped 
over a pin contact attached to the terminal of an oil circuit breaker or trans- 
former. A flexible lead connects from the funnel-shaped movable contact to 
the busbars or other source of power. 


BRUSH SWITCHES have laminated copper brushes which press against 
solid copper blocks when closed. They are occasionally employed instead of 
the usual knife switches (q.v.) to handle large currents at low voltage, since large 
knife switches with their large rubbing contact surfaces are sometimes difficult 
to manipulate. By using a toggle or similar device to increase the pressure 
between the laminated brush and the solid contact blocks such excellent contact 
is obtained that 202 or 300 amperes per square inch of contact can be used and 
a small potential drop and a low temperature rise still be obtained. 


pole, Double-throw Switch 


Fig. 2. Quick - break, Single- 
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that Electrically-operated Brush Switches. — brush contact switches are 

W» — particularly well adapted for electrical operation. As brush switches are nor- 
mally held closed by a toggle, latch or similar device and as they tend to come 
open on the release of the toggle or latch, when electrically operated they are 
practically non-automatic circuit breakers (q.v.). Electrically-operated brush 
switches are frequently used in field circuits and in the equalizer connections 
of large machines where it is desired to locate the equalizer switches at the 
generators and to control the switches from the switchboard. 


DRUM SWITCHES are often used with electrically-operated devices such as 

rheostats, field switches and circuit breakers. In the type shown in Fig. 4 the 

. operating handle and direction dial are mounted on the front of the switchboard, 

'' while the contacts are back of the board and are made part of a drum-type con- 

troller. This construction removes even the d-c. operating voltage from the front 
of the board and readily adapts itself for use on 550-volt control circuits. This ä 
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Fig. 4. Drum-type Control Switch 


w particular control is intended for use with oil circuit breakers. The handle is so 

së designed that after turning to the trip position it can be lifted to stand at right 
angles to the plane of the dial plate when the circuit is to be put out of service 

" for any length of time. In this position all the indicator lamps are discon- 

4 nected. For use with this controller an electromechanical indicator or lamp 

? indicator with colored prisms is supplied. 

a 

» 


PLUG SWITCHES are commonly used for interrupting small currents at 
& low voltages. They are particularly applicable for such uses as reading the 
voltage across various phases or circuits. By placing suitable receptacles on 
generator and feeder panels and using only one voltmeter plug switch, one 
instrument in a suitable location can be used for reading the voltage across any 
phase of any circuit without the possibility of trouble from an attempt to con- 
$ nect two or more circuits to the voltmeter at the same time. Other types of 


5, receptacles and plugs are used in connection with current transformers for con- 
Hi necting instruments into any phase of any circuit. By using suitable current 
z and potential receptacles it is feasible to connect in testing meters for calibrat- 
X: ing the switchboard instruments without removing them from the board. 


Synchronizer Plug Switches may be fitted with auxiliary contacts so that 
it is impossible to close an electrically-operated breaker in a generator or 
| similar circuit without putting the synchronizing plug in the receptacle used for 
e synchronizing that particular circuit. The tripping circuit, however, is kept 
independent of the synchronizing receptacle so that the breaker may be tripped 
out independently of the position of the plug. 


Plug Switches for Arc Service are built in capacities of ro amperes or more 
| suitable for use on circuits up to 10,000 volts. Each switch comprises a tube 
T of fiber or similar material, with socket contacts at each end, and a plug con- 
sisting of a metallic rod or tube with an insulating handle. The fiber tubes are 
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usually mounted on the rear of the switchboard. The plug when inserted ma 
through the hole in the panel connects the contacts at each end of the tube. — 
' Poll- or Push-Button Switches of twin type are supplied for the je 
operation of oil circuit breakers. The switch operated by one button closes xis M 
the breaker, and the switch operated by the other button opens it. All the — 
contacts and wiring are mounted on the back of the panel, so that the operator lil 
cannot touch a live circuit. By using pull buttons in pface of push buttons there af 
is little likelihood of the attendant operating the device unintentionally when live 
cleaning or working about the switchboard. Red and green indicating lamps — .;. 
with prismatic lenses are used for signals. A little red and green target located 2 
between the button shows the last movement that bas been made so that il — ^ 
the target shows one color and the indicating lamps another it is known that 
the breaker has been tripped automatically. , . m t 
Push-Button Switches with Signal Devices are sometimes used jor trans — uds 
former-type ground detectors, engine-room signals and similar equipment. iy} 
These are frequently arranged as the equivalent of double-throw switches nor- tayy 
mally maintained in one position by a spring to make one set of connections, Ema 
and making other connections when pushed in by hand or some mechanism. T4 
Button and Snap Switches of various designs are used for interiorlighting — x 
circuits (see Wiring of Buildings). ba 
OIL SWITCH. — (See Circuit Breakers.) There is usually no distinction | 
drawn between the terms “oil switch" and “oil circuit breaker,” although in | 
some cases the term “oil switch" is applied to a device with jaw or similar be 
contacts that tend to remain closed, and the term “oil circuit breaker” is applied $t 
to a device with butt, brush, oone wedge or similar contacts that tend to come ] 
open and must be held closed by a toggle, latch or similar mechanism. ' f 
END-CELL SWITCHES. — (See Batteries, Storage.) k 
COSTS. — Switches vary so much in design that it fs impossible to give a | 
comprehensive table of costs in a limited space. The following table gives the n. 
approximate range of prices of a few typical switches. iss 
^ 
mE IRR 
Type l Voltage | ` Amperes hi 
Tw 
skj 
S.P. S T... eO] ILO ¢0 600 ^| 100to 3000 tq 
vecesee| IIo fo 600 100 to 3000 UI 
IIO to 600 100 to 3000 Ru 
IIO to 600 Sy 
S. P.D, T. quick break. 1x0 to 600 UU 
Disconnecting...... eer n I ÓHÓ] 13,0009 LT 
Disconnecting —€— 30,000 3d 
Disconnecting....... Iisszadaies vy ded 60,000 xat 
Disconnecting II0,009 i, 
Brush switches | ZIO to 600 Yi 
Simple plug switch............... TE IIO tp 
Simple snap switch, ..... eese IIO IS 
! EON HH Xy 
BIBLIOGRAPHY. — W. O. Milton, Elec. Jour., Vol. 4, p. 699; Vo. 5 X? 
p. 47; Publications of the various Manufacturers, D 
i [S. Q. Haves.) - ui 
m 
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SWITCHGEAR. EQUIPMENT FOR POWER STATIONS. — (See 
aso Bus-bars; Circuit Breakers; Fuses; Lightning Protectors; Power Stations; 
Substations, Switches; Switchboards.) This article is a summary of modern 
practice in regard to the arrangement of the control and switching apparatus 
in generating stations, transforming stations and converting stations. The 
special building. arrangements to suit the switching, apparatus are also dis- 
cussed. 

In the eatliest plants:the switchgear, which then comprised only knife switches, 
plugs, fuses and lamps, was. scattered around the station. in. æ more or less. hap- 
hazard way, or possibly assembled on one of the walls, so. that. practically no 
space was allotted toit that could possibly be used for any other purpose. The 
next step with increasing amount of auxiliary apparatus. involved the placing 
of the switchgear on a panel switchboard near the wall where. very little room 
was taken up by it. As stations grew still larger, proportionately more space 
had to be allotted to. the switchgear, until in. the modern high-voltage, lurge- 
eapacity plant, one portion of the building, or in some cases a special. building, 
is. assigned to the switchgear and designed especially for its proper housing. 

As regards switchgear equipment power stations may be classified as 
follows:. 

Generating stations: distributing: at Wie basil 
With: direct-control panel switchboard. . Vh eae a eae Do FAB 
With distaat-control switchgear... 2.0... ee ate 1487 
Generating stations: distributing through step-up: transformers... I494P 


Step-dbwn: transformer stations: 


Outdoors... iade ced his ———————— A ee I49y! 
Converting: stations: 

In buildings.................... ete Redes Lx id cio pito 1460: 

In: movable caus. .......... uei peste sua ESSE dag neve. TOO 


The switching requirements of the several sede are + treated’ i im the seetibns 
following. 

DIRECT-CONTROL SWITCHGEAR IN GENERATING STATIONS: 
— Direet-control panel! switchboards are usually installed’ for a-c. or" dic. Rgtit= 
ing, power and: railway service of low: voltage and' moderate'size. "Phe switch- 
boards-for such: plants are‘of the pane! type and‘ may Be'located' on’ tite station 
floor, on æ platform. or ina gallery. All the switching appliances are‘ mounted’ 
directly on: the: panels: of the switchboard. With such equipment it’ is faitly' 
simple: to-locate’ the- switchboard! in such a manner as’ to. redüce' to a’ mítiimunt 
the amounts of connecting cables and’ similar material! that' depend on the retas 
tiye- position of the switchboard’ and!generators:. 

The amount ofi space required!and the amount of: cables; Dussbare and:wiringe 
needed: in-a direct-current: railway: generating station can be reduced! to- a mins. 
imumiby arranging to have only one polarity, usually the positive, omtha switthe 
board, and: to: plaoe: the negative: and: equalizer busses:in: the Basement: or im ai 
les near the! machins;. locating. equalizer’ and negative switches: at-. tire: 
machine, 


DISTANT-CONTROL SWITCHGEAR IN A-C. GENERATING STA. 
TIONS DISTRIBUTING AT. GENERATOR VOLTAGE. — In. stations: 
that distribute current at the generator voltage there are' three usual locations. 
for the bus-bars, oil circuit breakers and control apparatus, depending. princi- 
pally on tHe amount of space needed for. this portion of the installation. These’ 
locations are: r, at the'end'of'tlie building; 2. at tlie side of the building, and? 
3. in a separate switch-house. | 
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Location of Switchgear. — The end of the building is a favorite location for 
the switchgear when the number of feeders is such that this location provides 
sufficient space for the breakers and the bus-bars, making due allowance for 
probable future additions. With this arrangement it is customary in large 
plants to provide a number of galleries for the switching equipment. The 
switchboard is usually placed on one of the upper galleries so that the station 
attendant can readily watch the operation of the machines which he is con- 
trolling. . 

Where the end of the building does not provide sufficient space the switch- 
ing equipment is frequently located along one of the side walls, usually the 
side remote from the boiler room in a steam station, or from the incoming pen- 
stock in a hydraulic station. The switching equipment when arranged in one 
or more galleries along the side of the building can easily be extended, as the 
lengthening of the building provides for the switchgear proportionately with 
the space available for the generating equipment. With this arrangement it is 
usually customary to locate the generator breakers directly opposite the individ- 
ual machines and to run the bus-bars the length of the station; the length of 
the generator leads will then be reduced to a minimum and it is sometimes possible 
to use bare conductors for these leads. The switchboard itself, if electrical 
operation is provided, may be located either on one of the side galleries or at 
the end of the building in such a position that the switchboard attendant can 
readily watch the. operation of the machines which he is controlling. 

An extension of this scheme of utilizing the side walls is to provide a separate 
switch-house and to control all of the apparatus electrically from a switchboard 
in the main building or from a switchboard in the switch-house as preferred. 


Structures for Bus-bars and Circuit Breakers. — The arrangement of 
the supporting structures for bus-bars and circuit. breakers is influenced chiefly 
by the voltage and capacity of the circuits. For circuits of moderate capacity 
and 3000 volts or less, mechanical control is usually employed, though electrical 
control is sometimes used; for circuits of large capacity or of higher voltage 
than 3000, electrical control is practically universal. 


Structures for Mechanical Control. — Fig. 1 shows a typical arrange- 
ment of distant mechanical control applied to circuit breakers mounted on the 
wal or on a metal framework. The view shows a section through a 2300-volt, 
3-phase generator circuit. Each circuit is provided with a 3-pole oil circuit 
breaker which can be connected to the three-phase bus-bars supported on the 
wall brackets. Sprocket-operated face plates with suitable resistors are located 
in the basement to allow for the regulation of the voltage on the generators. 
The current and voltage transformers for the instruments are located back of 
the board on a suitable framework or on the wall. 


Structures for Electrical Control of Moderate Capacity. — Fig. 2 
shows a section and the front and rear elevations of a part of the structure for 
use with the breakers and bus-bars for the control of four 5oo-kw., 2300-volt, 
3-phase generators, nine 3-phase feeders and six single-phase feeders. Though 
the capacity and voltage of these machines would have permitted the use of 


hand-operated oil circuit breakers, other considerations caused the adoption of 


electrical operation for the breakers and of inclosed bus-bars. The relative 
locations of the circuit breakers, disconnecting switches, series transformers, 
shunt transformers, bus-bars, etc., are indicated in the cut. The bus-bars of 
laminated copper strap are supported on petticoat insulators, and porcelain 
floor tubes are used for insulating the leads where they pass through the back 
wall of the structure. The breakers here used are self-contained and all three 
poles are in the same compartment. The disconnecting switches are mounted 
directly on soapstone bases. 
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Fig. 2. Structure for Electrical Control of 2300-volt, 3-phase Circuit. 
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The front, side and rear views of a structure for 3-phase, 6600-volt solenoid- 
operated oil switches of moderate breaking capacity are shown im Fig. 3. The 
fireproof masonry compartments and bus-bars, connections, ete., are separated 
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Fig. 3. Structure, for Electrical Control of 660a-volt; Solenoid-operated 
Oil Circuit Breaker 


by shelves, walls, septums, etc., in such a manner that np two conductors of 
opposite polarity are in the same compartment. 'The bus-bars of laminated 
copper strap are supported: on: the insulators that act as bushings for the leads 
through the walls. 'The disconnecting switches, partly front connected and 
partly rear connected, are mounted on porcelain pillars placed on soapstone 
bases and arranged for completely isolating the breaker. 


Structures for Electrical Control of Large Capacity (Figs. 4 to 6).— 
For larger capacity plants distributing at the generator voltage there are in use 
two principak types: of oi] ciecuit breakers. With motor eperatiom the leads 
are usually brought out at the bottom of the oil tanks, and with solenoid operation 
usually at the top. In the latter case the leads are carried through the back 
wall.so. that the connections may be rum either up: er: dowa: (see also Cireuil 
Breafers). 

Fig. 4 shows. the typical ways of arranging the bottom-connected motor- 
operated! 13,200- volt: oil circuit breaker for connecting to: bus-barsi placed below 
(A), back of (B) or independent of (C) the. structure containing tlie: breakers. 
The general arrangement of the copper tubing forming: the bus-ljars and of, the 
masonry walls. and: shelves forming the structure are clearly shown. 

A section through the switching galleries of a large power house is: given in 
Fig. 5, showing the arrangement. of the oil. circuit breakers, bus-bars, series and 
shunt transformers, etc. The busbars.are here completely- inclosed! except. for 
doors that are placed! opposite each: terminal and insulator, and. in. front of tbe 
disconnecting: switches. As shown in the right-hand portion off the cut the 
generator circuit: breakers;are located on the top gallery and the leads ane brouglit 
in suitable ducts; to this point. The. current transformers. for the. generator 
circuit ara logated under a false floor, and the leads after passing- through these 
transformers go into the oil circuit breakers, and then: drop. down: through tie 
floor to disconnecting: switches and to.the-bus-bars., In addition to the gener- 
ator breakers- on. the: top gallery, group breakers are also installed; and: on. the 
lower:gallery are located the feeder breakers and the lus-tie breakers. 

Fig. € shows a section through the switching galleries of a Heavy capacity 
12,300-volt, two-phase generating station. This station controls the necessary 
switching equipments: for- the- control of eight: 8069 lev«g.. tutlje-generators and 


SS 


Ñ 


Switchgear Equipment for Power Stations 1491 


HHH 
™ 
Yi 


f. 
ARRAS 
LI. V IJ ape | 
mer ga'r- 

A jatte be LL 

3 aam aes | 

A [-1f "TIS SS 

~ L d — Los 

aw oe scary 

ax dena | 

Poy LI] zi: 

» nanan Nahe KS 

ml LIU] =r 

w ca 

bod DIL acl 

w E] ‘omnes ! 

we 

w 

w » 

"X 

N 

w 

Ww 

N 

Do 


E 
N ge dat Fane SS 


ee er 


aa E Ne 


JA 
A 


AA 


HIE 


Numi 


aa oe PE 
x Nana Tr —— i = 
E SS r] aM 
AT N SRE Soe HE 
IN edi A Cay DOS a SEDAS D DeD | Ee E pD 

EREN err EH a ST 
m) jae A LLL r] [] |: mimm 
PIN E] HH obs HL 
ICT Sae, [553-9 = = 
om: | |Ñ ja B: Bm Ree Ld AND — S| aa O 
mm Mm mmu = iana | uaa os | oe = 
-— Me TET tn A ua es PONOR a Oe 
a LIN 
ELS ws [-5 P1 38 Ii EEG 
"T HIE G OOA | D O ee 
hanga] bal H uu = 
ma = "a ( 
=a [a - 
ma = =a 
ae as - 

i m 

= = 

= BR 

-m w 

- as 

an _ 

LI a 


WU RG 


ares B 
Fig. 4. Structure for Bottom-connected 13,200-volt Circuit Breakers 
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forty feeders with a large number of local service circuits. The connections 

are so made that each generator feeds through its own circuit breaker on to a 

generator bus, which can be 5 

connected through a second A 1 A 
mni 


breaker to the main bus or 


eN 


A | ya 
through either of two other H D 
breakers to two sets of group ES A | 
busses, each group bus supply- Lo | jel 
ing current to five feeder cir- | | | f] 1200 Apap., 12,900 
cuits. The generator bus-bars " f H Aa] , Vote £ Polo 
are located directly above the ,, — I LL S Eun eva beue 
breakers in the upper gallery. ‘Breaker || | LEA 
The main bus-bars are the top 1| f m | 
sets on the middle gallery and 2nd Gallery | A ! Floor Ling 
the feeder group bus-bars are pel Ie 
the lower sets on the middle a ER 
gallery. The bus structures are (el d f 
arranged back to back in such a = Main Bus ma pr} Mao 
manner that the main bus-bars feb "rl 
form one continuous ring, sec- ect EN 
tioned by means of knife Imus MI 
switches and circuit breakers, 7 PP ND: Jr Feeder Dus 
while the group bus-bars can ji» ID || Floor Line 
be connected to form a second S — 
ring. y 
The designs shown in Figs. 5 ; y 
and 6 show one of the advan- m B LP 
tages resulting from the use of “Ts A 1E m 
top-connected breakers with the E d KY HOM 
leads brought out through the . 4 fi E Bi EU 
back wall namely the possi- Bead | Ga go 
bility of locating the bus-bars Z | n ; 
. 4 A 12 
between breakers on two differ- Schi eee esr d 
: eee — Mp A 
ent galleries. JLA —Doutio " = 
SWITCHGEAR IN GEN- FY transformers! T 
STEP-UP TRANSFORM- " pease Ü 2 
ERS. — Fig. 7 shows two sec- SSSS WOE 


tional views through the switch- SECTION AT B-B 
gear section of a generating 
station which contains four 1875 
kv-a. banks of single-phase 
transformers stepping up from 2200 to 24,000 volts and four 24,000-volt 
feeder circuits. The generators and exciters with their water wheels occupy 
one side of the station, and the transformers and switching equipment occupy 
the other side. The panel switchboard with the electrically operated 2200-volt 
circuit breaker in the generator circuit and the low-tension side of the step-up 
transformers are placed on the upper gallery. The step-up transformers with 
24,000-volt electrically-operated breakers and the 24,000-volt bus-bars are all 
placed in the lower gallery. At each end of the upper gallery provision has . 
been made for locating the choke coils, disconnecting switches and lightning Jh. 
arresters for the 24,000-volt feeders. f ES 


Fig. 0. Switchgear Arrangement for a 12,300 volt, 
2-phase System 


Switchgear Equipment for Large Hydroelectric Station. — In Fig. 8is 4 
given a sectional view through a generating station with two 500-kw., aso-volt — d 
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Fig. 7. Switchgear Arrangements for a 24,000-volt Station 
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Fig. 8. Switchgear Arrangement for a 60,000-kv-a., 110,000-volt Hydro- 
electric Station 


exciters; six 10,000-kv-a., 6600-volt, 3-phase generators; six banks each of three 
3333-kv-a. single-phase transformers with delta connection on low-tension side 
and stat connection on high-tension side; and four 20,000-kv-a., 110,000-volt, 
3-Phase transmission lines. The diagram of connection for this station is shown 


in Fig. 9. 
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Bus Connections. — Each generator as shown in Fig. 9 is normally 
used with its own bank of step-up transformers. Three circuit breakers, how- 
ever, are provided with each transformer and generator group so that, if desired, 
any generator or any bank of transformers may be connected to the 6600-volt 

Plant Comprises 
2.500 K.W. 250 V. Water Wheel Exciters, each large enough for exciting 6-10,000 K. V. 4, Gens. 
6-10,000 K. V.A. 6600 V:514 R.P.M. 60 Cycle Gens. 13,000 K. V. A, 80% P.F, Continuous Mazimum Rating 


6-Banks each of 3-8333 K.V.A. 6600-110,000 V. 0.1. W.C. 1 Ph. Trans.-delta-low tension, star high tension 
4-90,000 K.V.A. 110,000 3 Ph, Transmission Lines Feeder 
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Fig. 9. Diagram of Connections for Plants 


bus-bars. The low-tension neutral bus is provided with a grounding resistance 
and each generator is furnished with a single-pole, single-throw knife switch for 
connecting it to this grounding bus. In a similar manner the high-tension neu- 
tral bus is provided with a grounding resistance, and each bank of transformers 
is furnished with a single-pole, single-throw knife switch for connecting its neutral 
point to this ground bus. i 
Ventilation of Generators and Field Rheostats. — It should be noted 
that it is intended to locate directly opposite each machine a field-regulating 
panel containing electrically operated field rheostats and field switches, the 
grid resistances used with these electrically operated field rheostats being 
located just outside the building. Each generator will draw in air around the 
shaft and discharge it at the bottom of the stator to a short duct connecting 
with the tail race... With this arrangement of discharging the heated air from 


the generators into the tail race and locating the field rheostat resistors of the 


generators outside the building, the question of securing proper ventilation i5 
greatly simplified. The generator building is separated from the transformer 
and switch house by about 20 feet in order to secure better lighting and better 
ventilation for both buildings. 


Switching Gallery. — The contro] desk, instrument board, and excitet 


switchboard are placed on a gallery in such a manner that the station attendant 
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standing at the desk can readily observe the operation of thé generator which 
he is controling. The switching gallery is on a level with the basement floor 
of the transformer and switch house so that the switchboard attendant can 


readily pass into the basement of the switch house. 


Switch House. — The basement of the switch house contains electri- 


cally operated oi] circuit breakers, bus-bars, disconnecting switches, series and 
potential transformers for the 6600-volt generator and transformer circuits, as 
well as the oil and water piping for the various transformers. 
circuit breakers and bus-bars are inclosed in masonry compartments, but the 
110,000-volt circuit breakers and bus-bars are open, owing to the great difficulty 
and expense of installing masonry compartments for 110,000 circuits and the 
doubtful benefit to be obtained by such a course. On the main floor the trans- 
formers are arranged in one row and are mounted on cast-iron bases provided 
with wheels in such a mannex that any transformer can be rolled out onto a 
low truck and then pulled outside the building, after the various water pipes, 
oil pipes, low-tension and high-tension connections have been opened. 


The 6600-volt 


ARRANGEMENT OF SWITCHGEAR FOR INDOOR STEP-DOWN 
TRANSFORMER STATIONS. — Fig. 10 shows the section of a trans- 
former station for the control of two 44,000-volt, 3-phase incoming lines, 


F " 10. ode eia Transformer Substation 


four banks each of three 625-kv-a. single-phase step-down transfogmers, 
and a number of 6600-volt feeder circuits. The 44,ọpo-volt lightning artesi- 
ers with their horn-gap discoanecting switches are placed out of dooxs, and 
the circuit breakers, transformers, disconnecting switches, and busses are 
located indoors as shown. The incoming leads pass through porcelain bushiggs, 
in the walls to the choke coils and through disconnecting switches to the 44,009-, 
volt breakers. From these breakers the current passes through other. disconnect-. 
ing switches to the 44,000-volt bus-bar that is hung from the ceiling by. means 
of suspension, insulaters. From this bus the current passes through other dis-. 
cannecting switches $0 the circuit breakezs, and thence to, the high-tension, side. 
of the step-down transformers. 

As an ezample of a station designed for still higher voltages, Fig. 11 shows the 
axrangement of a plant for two 149,000-volt, 3-phase incoming knes, three banks 
of step-down trepaformers and the necessary switching equipment. In this 
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station the electrolytic lightning arresters are located on the roof of the station, 
and the disconnecting switches, circuit breakers, transformers, etc., are inside 
the station. 
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Fig. 11. 140,000-volt Step-down Transformer Substation 


` Comparison of Top- and Bottom-connected Breakers and Closed 
and Open Wiring (Fig. 12). — (See also Bus-bars; Circuit Breakers.) ïn order 
to illustrate the difference in the design of the station made necessary by the 
use of bottom-connected breakers and inclosed bus-bars for the high-tension 
circuits, Figs. 12A, 12B and 12C show 
three different designs of switching equip- 
ment for the control of 66,000-volt, 
3-phase step-down transformers (each 


10,000 kv-a.) supplying current to the (meq EE ur 
two sets of 13,200-volt bus-bars. LT rcd E Spite 
Fig. 12A shows the general arrange- H È ME d. Eaei 
ment of the circuit breakers, bus-bars, |: HOH eed Breaker 
connections, etc., using bottom-con- i$ ee 


nected breakers of standard design and 
arranging to locate the 66,000-volt bus- 
bars with their disconnecting switches 
on the lower floor. In order to provide 
sufficient headroom for lifting the coils 
and iron out of a transformer case, it 
is necessary to slide the transformer into 
the passageway and run it along to the 
central portion of the building where the 
floor has been raised under the control 
desk in such a manner as to provide the necessary headroom. With this 
arrangement the total height of the building from the floor line to the roof 
girders is 47 feet 6 inches. 

' Fig. 12B shows the arrangement necessary if it is desired to use top-connected 
breakers and still inclose the 66,o00-volt bus-bars. With this arrangement 
the 66,000-volt bus-bars, as well as the z3,260-volt circuit breakers with their 
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Fig. 12A. Bottom-connected Breakers, 
Inclosed H.T. Bus-bars, 66,000-volt 
Substation 
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bus-bars, and the control desk, are placed on the upper floor, while the 66,000- 
volt breakers themselves with their disconnecting switches are located on the 
main floor near the transformers. With this arrangement any transformer 
can have its coils or iron removed as soon as it is slid into the passageway. The 
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Fig. 12B. Top-connected Breakers, Fig. 12C. Top-connected Breakers, 
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building arranged in this manner requires a height of 37 feet 6 inches from the 
ee line to the roof girders and requires a second floor the same as shown in 
ig. 12A. 

Fig. 12C shows the arrangement of this same station with top-connected 
breakers and open bus-bars and wiring for the 66,0o00-volt circuits. With this 
arrangement there is no necessity of a second floor. The height of the building 
is greatly reduced as the distance from the floor line to the bottom of the roof 
girders is only 30 feet. 


ARRANGEMENT OF SWITCHGEAR FOR OUTDOOR TRANS- 
FORMER STATIONS. — The use of outdoor transformers, switchgear and 
protective devices should be considered when designing high-voltage installations 
where it is essential to keep the first cost of the installation down to a minimum. 
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Fig. 13. Switchgear Arrangement for 110,000-volt, 150-kv-a. Outdoor 
Transformer Station 


1X,000-volt Station. — In Fig. 1? is shown an installation of three 
$0-kv-a., 11,090-volt, single-phase transfor-aczs with outdoor type expulsion fuse 
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switches and non-arcing lightning arresters. These arresters are placed in & 
wooden box with a swinging door. The low-tension switchboard is placed in 
a similar wooden box with a glass door so that the readings of the ammeter, 
voltmeter and watt-hour meter can be taken without opening the switch box. 


33,000-volt Station. — A 33,000-volt installation with three single-phase self- 
cooling transformers is shown in Fig. 14. The layout also includes a three-pole, 
high-capacity, steel-tank, oil cir- l 
cuit breaker, a three-phase elec- 
trolytic lightning arrester and a 
small shed (not shown) containing 
the low-voltage switchboard. 

When installing these breakers 
all joints are painted with a heavy 
gum to safeguard against the en- 
trance of moisture, and the break- 
ers are painted regularly the same 
as any steel work exposed to the 
weather. Samples of oil are taken 
from the bottom and the top of 
the circuit-breaker tanks at regu- 
lar intervals and if any evidence of an excessive amount of carbon in the oil is 
found the oil is immediately changed. 

z10,000-volt Station. — Fig. 15 shows a 110,000-volt installation with 
two incoming lines, two out-going lines, four banks each of three 3333-kv-8. 
oil-insulated, water-cooled transformers stepping down to 11,000 volts, with 


(Sey EY Nescit TT eS 
h a. NEU a S imi i ws 4 


N 


m 
Panli 


provision for two future 110,000-volt lines and additional banks of step-down 
transformers. The high-tension busses and the disconnecting switches are 
mounted on steel structures supported on transmission-line towers. The oil 
circuit breakers and transformers are located on the ground below the discon- 
necting switches. The transformers are mounted on wheels so that they can 
be run on a transfer truck and then hauled along a track until they are in the 
proper position to be pulled into the station for inspection ahd repair. 

Owing to the number and the capacity of the low-tension circuit breakers 
needed for properly distributing the rr,ooo-volt current in an installation of 
this capacity, it is necessary to provide a small building (not shown) te contain 
the low-tension oil circuit breakers and the low-tension bus-bars. For this 
service, the circuit breakers and bus-bars have to be installed in masonry 
compartments owing to the enormous current available on the busses in case of 
short-circuit. The building also contains the small local-service transformers 
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with motor-geherator sets, storage battery for the electrical operation of the 
main circuit bréakers, and the switchboard on which the controlling devices 
for the various circuits are mounted. 


Advantages and Disadvahtdges of Outdoor Stations. — The foregoing 
illustrations of outdoor stations indicate the tendency of design for such installa- 
tions. The advantazes of outdoor apparatus such as described are: (xr) the 
cheapening of the {hstallation due to saving in building, and (2) the reduction 
in life and fire hazard, owing to the fact that in an outdoor installation the 
appátütud tan be well scattered without materially increasing the expense of 
the installation. The disadvantages are: (1) the absence of protection from 
the weather when inspecting, overhauling, or making repairs, and (2) the danger 
of trespassers to thernselves and to the apparatus. The outdoor apparatus is 
somewhat niore expensive than the corresponding indoor apparatus, but the 
difference in cost will be usually more than offset by the saving in building invest» 
nient. 


SWITCHGEAR EQUIPMENT FOR CONVERTING STATIONS IN 
BUILDINGS. — The proper grouping of the apparatus in a rotary-converter 
station depends on the voltage of the a-c. circuit, size of totaries, type of trans- 
formers, and similar features. The building varies accordingly, provided the 
shape and size of the available lot is such as not to hamper the design of the 
station. 

The sectional view of a rotary-converter substation containing 1000-kw., 
6-phase rotaries with air-blast transformers fed from 13,200-volt, underground 
circuits is shown in Fig. 16. The incoming leads from the cable ducts pass 
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Fig. 16. Arrangement of Switchgear Equipment in Rotary Converter Station 


through an oil breaker and disconnecting switches to the bus-bats that are 
located ðn & gallery. Provision is tnade fot an additional set of bus-bar$ and an 
additional set of disconnecting switches to be installed at a later date so that 
any breaker may be connected to either of the two sets of busses. 

The circuits from these bus-bars pass back through other disconnecting 
switches and breakers to the high-tension terminals located at the bottom of 
the air-blast transformers. The low-tension leads from the transformers go 
to a starting panel provided with double-throw switches that permit low volt- 
ages to be impedi on the rotary for the purpose of starting and full voltage 
for running. The rotaries are ptovided with series fields on the negative side, 


4 
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The negative and equalizer switches are placed on a pedestal at the machine, 
and the negative and equalizer busses run on a bracket in the basement. The 
positive leads run to the panel board near the left-hand wall and the positive 
bus is located on the back of this board. The railway feeders are run out through 
underground ducts. All of the high-tension a-c. circuits are provided with 
electrically operated breakers controlled from the main switchboards. It will 
be noted that the entire design of this station hinges on the proper arrangement 
of the switching equipment. 


SWITCHGEAR EQUIPMENT FOR PORTABLE CONVERTING 
STATIONS. — Many interurban electric railways have portable substations 
located in freight cars and arranged for ready transportation to whatever point 
requires their temporary service. A typical installation of this kind consists of 
a rotary converter ; oil-insulated, self-cooling transformers ; and the necessary 
panel switchboard, high-tension oil circuit breaker, and lightning-protective 
devices. The apparatus may be so arranged in the car that the operator is 
convenient to the handle of the high-tension oil breaker, the panel switchboard, 
' and the commutator end of the rotary converter. 


SPECIFICATIONS FOR SWITCHGEAR EQUIPMENT.*— The great 
variety of conditions to be met and the numerous ways of meeting each con- 
dition in switchboard work make it impossible to write specifications in the 
standard form suitable for general use. This specification is therefore in the 
form of a series of memoranda to assist in writing a more specific one. (See also 
general article on Specifications.) The items are arranged in alphabetical order. 

- Barriers. — Purpose. Material. Method of support. Dimensions. | 

Battery for Control. — Number of cells. Discharge rate. Style of rack. 
Protection of exposed copper from acid fumes. Condition of cells when handed 
over by contractor (whether charged or not). 

Benchboard (see Switchboard). 

Bus-bars. — Material. Conductivity. Style of joints. Minimum length 
of section. Position to be supported in. Protection, if required, in case of 
positive or exposed H. T. bus. 

Bus-bar Insulators, H. T. — Type. Material. Style of clamps for bus-bars. 

Bus-bars, Insulators and Supports, L. T. — Type. Materials. 

Bus-bar Compartment, H. T.— Material. If concrete, whether mono- 
lithic or in blocks as described. State quality of concrete. If brick, state 
quality and color. Style of windows, if any. Style of doors, if any. 

Circuit Breakers, D-C. — Style. Voltage. Rating and temperature rise. 
Description of current-break features. Overload reverse-current or low-voltage 
features. Device to sound gong when circuit breakers open. Current which 
may be ruptured without injury to the contacts. 

Conduits in Floors and Walls. — Size. Finish. Shall be laid when con- 
tractor is notified that floor isready. Junction boxes, if any, shall have interiors 
of stated finish and shall be provided with a neat metal cover flush with the 
floor. Style of pipe joint to be such that any single length may be removed 
without disturbing others. 

Crane Service Connection. — Apparatus required and location. Wiring. 
. False Floors. — Material of slabs. Description of slabs. Description of 
piers for supporting slabs. Style of fastening between slabs and piers. 

Gongs. — Type and location. To what apparatus they are to be connected. 
= Ground Connections. — General description. Dimensions. 


* By W. À. Del Mar. 
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T High-potential Tests. — After installation, the apparatus and wiring shall 
a be subjected to the potential tests specified in the following table, the tests 
. being performed in accordance with the Standardization Rules of the American 
Institute of Electrical Engineers. (Give table of test voltages for different 
classes of apparatus and wiring, preferably from Section of the Standardization 
Rules, q.v.) 


Instruments. — Type. Finish. Rating and description of scale. Accu- 
t tracy at various parts of the scale to be within stated limits of accuracy. Lo- 
m cation and style of terminals. Style, rating and temperature rises of shunts. 
^ . Magnetic shielding. 

Insulation (see Insulating Materials). 


4 Lightning Arrester Equipment. — Type and purpose. Accessibility of all 
Ui parts. Removability of all parts which may be injured by a stroke of lightning. 
T Switches for disconnecting arresters from line. Description of ground plates 
x; and ground connections. Choke coils. Barriers. 


ic. Name Plates. — Description. Dimensions. 
Relays. — Style. Location. Function. 
t Rotary-converter Starting Accessories. Method. Description of appara- 


i- tus pertaining thereto. 
Station Shunt. — Style. Location. Whether in positive or negative bus. 
Rating and temperature rise. 


a Switchboards. — Purpose. Material and color. General dimensions. Bench 
or upright. Number of sections per panel. Style of support. Sills, quality 
5 and finish (should not be painted if they are to be set in concrete). Size of 
U^ bevel. Barriers: material, size and finish. Illumination. 


D Switches, H. T., Electrically Operated. — Style. Number of phases. 
' Voltage. Rating and temperature rise. Accessibility of all parts. Descrip- 
tion of concrete or brick compartment. Description of barriers between phases. 
at Style of doors. Structure in base or elsewheré for disconnection switches. 
az; Voltage limits between which control apparatus shall operate successfully. 
Device to indicate positively at the controlling board whether the oil switch is 
open or closed. Device to sound gong when oil switch opens. Amount of oil 
to be supplied. 


Switches, Oil, Hand-operated. — Style. Number of phases. Voltage. 
Rating and temperature rise. Location. 


Switches, Knife or Toggle, Hand-operated. — Style and material. 
Number of poles and throws. Voltage. Rating and temperature rise. Quick 
break features, if required. Current density in metal and at contacts shall not 
* exceed a stated value. With or without base, and style of base, if any. Front 
2*'* Qr rear terminals. Style of terminals. Long-handled hooks for h.t. knife 


switches. 

e Switches and Circuit Breakers, L.T., Electrically Operated. — Circuit 
| "breakers (see also Circuit Breakers, D.C.). Switches (see also Switches, H.T.). 
=| — Device to indicate positively at control board whether switch is open or closed. 
ae Voltage limits between which control apparatus will operate sucessfully. 

Transformers for Instruments. — Style. Ratio. Rating and temperature 
,V| yises. Maximum permissible percentage error in ratio. 
| Wiring, Power Circuits. — Use. Location. Shall be clamped so that 
" wires will not be dislodged should any joint or terminal become loose. Descrip~ 


z tion of protection where cables pass through floors or walls. Tagging with 
number of circuit. Conductivity. Size or carrying capacity. Conductivity 
of clamps or terminals. Style of insulation. 


, 
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È Wiring for Control and Instruments. — Use. Location. Accordance 
d with city ordinances and rules of “National Board of Fire Underwriters.” 
Ts Ends of each conductor shall be tagged with numbered tags of stated material 
and design fastened with brass wire. Wires which it is inadvisable to keep 
together shall be in different pipes as directed by the Engineer. Conductivity. 
Size. Style of insulation. 


uS COSTS. — It is impossible to give reasonably accurate figures upon the cost 
per kv-a. of switch-gear equipment because of the large number of independent 
E factors entering each case, such as type of station, voltages, number of generators, 
'  feeders, transformers and lines, single-throw or double-throw switching arrange- 
on ments, etc. The figures in the preceding table may be used as a basis for approxi- 
' mate preliminary estimates, the prices including all switches, circuit breakers, 
d bus-bars, structures, cables, wiring, lightning arresters, panel boards, control 
desks, instrument transformers and including erection and installation with all 

"| main wiring between apparatus and switching equipment. | 


BIBLIOGRAPHY. — F. O. Blackwell, AJ.E.E. Proc. Vol. 26, p. 857; | 
D. B. Rushmore, AJ.E.E. Proc., 1906; L. B. Chubbuck, Elec. Jour., Vol. 6; | 
H. N. Muller, Elec. Jour., Vol. 7; W. R. Steinmetz, Elec. Jour., Vol. 7; S. Q. 
. . Hayes, A I.E. E. Proc., 1907, Elec. Jour., Vol. 7, N.E.L.A. Proc., 1908, Trans. 
~ Terin Int. Elec. Cong., 1911; Notes on Control and Operation of High Voltage 
. | Transmission Systems; G. E. Rev., June, 1912; Automatic Protection of Electrical 
: Distribution Systems, G. E. Rev., June, 1912; also various articles in Elec. Wid., 
c1! So, Elec., Elec. Rev., Elec. Jour. 
IS. Q. Hayes] | 
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SYNCHRONIZERS AND SYNCHROSCOPES. — (See also Aller. 
nating Currents; Converters, Synchronous; Generators, Alternating-Current; Power 
Stations;. Substations; Switchgear Equipment for Power Stations.) The two 
principal functions of any synchronizing device are to indicate (1) when the two 
circuits to which it is connected are operating at the same frequency, and (2) 
when the voltages of the two circuits are in phase with each other. The volt- 
ages of the two circuits must also be equal in effective value; this is usually de- 
termined by means of voltmeters connected to the two circuits. The process 
of synchronizing is simplified if the synchronizer indicates whether the machine 
to be synchronized is operating at a frequency lower or higher than that of the 
system to which it is to be connected. | 

The name “synchroscope”’ is usually applied to any device which, in addition 
to indicating synchronism, shows whether the machine to be synchronized is fast 
or slow (see Standardization Rules of the A.I.E.E.). The name “synchronizer” 
is used in a broader sense for any kind of synchronizing device. 


Synchronizing Lamps. — The simplest form of synchronizer consists of 
two incandescent lamps shunted around the main switch which connects the 
machine to the bus-bars; see Fig. 9A, p. 648. Equality in frequency, voltage 
and phase between the bus-bars and the machine to be synchronized is then 
indicated by continued darkness of the lamps. For three-phase circuits a similar 
arrangement may be used, if the lamps are connected between corresponding 
phases of the two machines which are to be brought into synchronism with each 
other. If the machines are not in synchronism the frequency of pulsations of 
brightness of the lamps will be proportional to the difference of the frequencies 
of the two machines. The lamps do not show whether the machine is running 
too fast or too slow, nor is the point of exact synchronism very definitely indi- 
cated, as it requires an appreciable potential to cause the lamps to glow. The 
latter difficulty may be avoided in the case of single-phase machines by employing 


the connections shown in Fig. 9B, p. 648; when the lamps are thus connected | 


they indicate synchronism when at maximum brightness. 


Use of Transformers with Synchronizing Lamps. — Transformers are 
frequently used in connection with the lamp. The arrangement with two 
transformers is to have the primary of one connected across the terminals of the 
machine, and the primary of the other connected across the bus. The secondary 
windings are connected in series with the lamp. The secondary connections 
may be arranged so as to have either darkness or maximum brightness at the 
instant of zero phase displacement between the bus-bar voltage and the volt- 
age of the machine. Instead of using two separate transformers a single trans- 
former with two primary windings and one secondary winding may be used; 
such a transformer is called a “synchronizing transformer." The primary 
windings are usually connected to give full voltage across the lamps at syn- 
chronism. 


Siemens and Halske Three-phase Synchronizing Lamps. — Three símilar 
lamps Li, Lz and Ls are connected between the three terminals 4i, As and 41 
of the machine and the bus-bars Bi, B» and Bs. Lamp Zi is connected between 
corresponding phases, that is, between 41 and Bi. Lamp Ja is connected 
between Az and Bs and lamp Zs is connected between As and Bs. Synchronism 
will be reached when Zi remains dark; L and Ls will then be equally bright. 
If the machine falls out of step, the lamps will successively grow bright and 


dark in rotation, no two lamps being in darkness or at maximum brightness at. 


the same time, i.e., the light will appear to travel from one lamp to another at 
a definite speed and in a definite direction. The speed of rotation of the light is 
proportional to the difference of frequency between the voltage of the bus-bars 
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and that of the machine. The direction in which the light appears to travel 
indicates whether the frequency of the machine is greater or less than that of 
the bus-bars. For high-tension circuits, potential transformers are required. 


Dial Synchroscopes. — Dial synchroscopes are similar in construction to 
power-factor indicators (q.v.), but are connected between the two circuits which 
are to be brought into synchronism. They are designed to indicate by a movable 
pointer whether the machine to be synchronized is running too fast or too slow, 
or whether it is in synchronism with the circuit to which it is to be connected. 


Moving Coil Type. — A fixed coil is connected through a resistor across the 
bus; in polyphase circuits across one phase. The movable coil is connected 
through a condenser to the terminals of the machine to be synchronized, and 
is normally held in a position at right angles to the fixed coil by means of a 
spring. There will be no torque acting on the movable coil when the machine 
and bus voltages are either exactly in phase or 180° out of phase with respect 
to each other, because in either case the currents in the fixed and movable coils 
are in quadrature. When the two circuits are not in synchronism, the pointer 


ri, attached to the movable element will swing back and forth over the scale. In 
ae order to distinguish the point of synchronism from that of 180° phase dis- 
ame placement, a translucent glass scale is placed in front of the pointer, the scale 
“i | being illuminated by a lamp connected to the low-tension side of a “synchroniz- 
en ing transformer” which causes the lamp to be lighted when coincidence of phase 
: - ois between machine and bus occurs. Hence the pointer is visible only during 
a every other swing, i.e., it will appear to rotate in one direction; the direction 
mm of rotation indicates whether the machine is fast or slow. 
m This instrument is applicable to single-phase as well as polyphase circuits, 
uus 88 it js usually unnecessary to indicate synchronism of more than one phase 
> ix ; Onany machine. The moving-coil synchroscope is ordinarily used with trans- 
pee formers, stepping the line voltage down to rro volts. 
ids " Rotating Iron-vane Type. — This instrument is similar to the moving-vane 
| _ type of power-factor meter (q.v.). The movable iron vane is magnetized by 
| astationary coil connected across the machine to be synchronized. A rotat- 
ud ing field is produced by passing current from the bus-bars through a split- 
nat ^ phase winding and two fixed coils placed nearly 9o? apart. The pointer indicates 
um A at any instant the phase displacement between the voltages of bus-bars and 
Ir9" machine. The speed and direction of its rotation depends on the difference in 
x wr frequency of the two circuits. When exact synchronism is reached the pointer 
fhe will remain at rest in a vertical position. The instrument is usually connected 
Ux s through potential transformers; on polyphase circuits only one phase is used. 
s Lincoln Synchroscope. — This instrument has a rotating iron core carrying 
m ,, two coils placed nearly 90° apart; one coil is connected through a resistance, and 
ae the other through an inductance, both being supplied from the machine to be 
7 synchronized. A bipolar, laminated iron field is magnetized by means of a 
,| coil connected to the bus-bars. The operation of this instrument is similar to 
_te”, that of the moving-coil type of single-phase power-factor meter. A pointer 
44%) attached to the moving system indicates at every instant the difference of phase 
"i angle, as well as the approximate difference of frequency, between the voltage 
„W| of the bus-bars and that of the machine to be synchronized. The current has 
“q| to be led into the armature coils through slip rings as the armature is free 
"X to revolve. These instruments are furnished for direct connection to circuits of 
x y IIO Or 220 volts; other circuits require transformers. 
1:24 Automatic Synchronizers. — These are designed for the purpose of entirely 
S eliminating the judgment of the switchboard operator as to the selection of the 
(&^| proper instant for closing the switch connecting the incoming machine to the 
ib bus. Automatic synchronizers are particularly desirable when remote-control 
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oil switches with appreciable time elements are used; see Circuit Breakers. Tho 
voltage and speed of the incoming machine must be regulated by the attendant. 
The principal parts of the automatic synchronizer are two solenoids and à mov- 
of the two solenoids. There are two equal windings 41 and Ae on splenoid 4 
and two windings Bı and Bz on solenoid B. The windings 41 and £i are con- 
nected in series, and 4» and Bz are connected in series. The first circuit is 
connected across the bus and the second across the machine through suitable. 
potential transformers. Connections are such that when the two potentials 
are of equal value and have the same frequency and phase, the pull on one 
core will be zero and that on the other will be a maximum. The cores of the 
solenoids are connected at the top through a centrally-pivoted lever to which 
the contact-making sector is connected. S 

At exact synchronism the pull on the core of A is zero and that on the core 
of B is a maximum; at 180° phase displacement the pull on the core of 4 is 
a maximum and that on the core of B is zero; when the voltages are in quad- 
rature the two cores receive equal pulls. The sector will oscillate back and 
forth when there is a difference of frequency, the oscillations being similar 
to the pulsations of the synchronizing lamp. When B is fully drawn in, i.e. 
for equality and zero phase difference of the two voltages, the sector closes the 
contacts which close the energizing circuit of the relay switch. The latter closes 
the circuit for operating the main oil switch. The relay switch is usually neces- 
sary, as the current required to operate the main oil switch is greater than the 
current-carrying capacity of the two synchronizer contacts. Provision is also 
made for introducing a time element such as to prevent coupling the machine to 
the bus when the voltages are only temporarily in phase. Adjustments may be 
performed for varying this time element in accordance with the time element of 
the main oil switch, and for varying the maximum allowable voltage difference 
and frequency difference at the instant of connecting the machine to the bus. 

Complete equipment for automatic synchronizing includes (1) the automatic 
synchronizer; (2) a relay switch, mentioned above; (3) one control switch per 
generator, by which the main switch may be opened but not closed; (4) one po- 
tential transformer per generator; (5) one potential transformer for the bus-bars. 
The potential transformers used in connection with the station meters may be 
used with the automatic synchronizer. It is preferable to have a set of synchro- 
nizing lamps in addition to the above equipment, as the automatic synchronizer 
gives no direct indication of the frequency and phase of the incoming machine. 
Automatic synchronizers can be used only in connection with electrically-oper- 
ated switches or cireuit breakers, the auxiliary circuits being supplied from an 
exciter bus or some other independent source. 


COSTS. — A moving-coil synchroscope costs approximately $55; a g-inch 
moving-vane synchroscope costs approximately $45; a Lincoln synchroscope 
for voltages of from 110 to 220 costs from $45 to $55; transformers and acces- 
Sories are extra in all cases. An automatic synchronizer exclusive of auxiliary 
equipment costs approximately $125; the auxiliary equipment comprising ane 
dar switch, one control switch, and two potential transformers for 66oo-volt 
circuits at 60 cycles per second costs approximately $85, exclusive of the elec- 
trically-operated switch. Only one synchroscope or synchronizer is required in 
à station, although a spare instrument is usually installed. 

BIBLIOGRAPHY. — Edgcumbe, K., Industrial Electrical Measuring Ir 
struments, N. Y., 1908; Jansky, C. M., Electrical Meters, N. Y., 1913; Haraden, 
J. A, The Operation and Eustallation of Switchboard Synchroniste Indicators 
G. E. Review, 1913, Vol, 16, P. 262. 
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TELEGRAPH INSTRUMENTS AND APPARATUS. — (See also 
Telegraph Lines; Telegraph Systems; Wireless Telegraphy.) The more impor- 
tant instruments and apparatus used in the various systems of telegraphy are 
described below. 


KEYS. — A telegraph key is essentially a switch for opening and closing a 
circuit. Various types of keys are in use. 


Standard Morse Key (Fig. 1). — The knob end of the lever is normally 
held raised so as to open the key by an adjustable coiled spring. The auxiliary 
switch arm constitutes the ‘‘circuit closer" by 
which the circuit of the line is kept closed, through 
the key, while the key is not in use. 


Double-acting Key. — While the key of the 
general type illustrated in Fig. 1 is still standard, 
several later forms, having a sidewise rather than 
an up and down motion of the lever, have come 
into some vogue. One type of these, known as the double-acting key, has its 
operating lever arranged to swing in a horizontal arc between two stationary 
contact points. The key lever normally stands clear of both points, leaving the 
circuit open. A movement either to the right or left will close the circuit. 


Vibroplex. — Another type of key is represented by such instruments as 
the Vibroplex, which are more properly semi-automatic transmitters. The 
motion of the key lever in this is similar to that of the double-acting key just 
described, the lever normally standing in the middle or open position. When 
the key is pushed to the left, it closes the circuit in the ordinary way to make 
adash. When pushed to the right, a vibratory reed is set in motion, which opens 
and closes the circuit rapidly to form a succession of dots, the number of dots 
being controlled by the length of time the key is held in this position. By this 
means the operator is relieved of the muscular effort of rapidly vibrating the 
key to form dots. 


Operator's Paralysis.— The objects of the double-acting key and of the 
Vibroplex and other similar transmitters are, in the main, twofold: 'To relieve 
or prevent the malady known as ''operator's paralysis" or “loss of grip,” 
which sometimes follows long continued use of tbe ordinary key; and to 
increase the speed of transmission. 


AUTOMATIC TRANSMITTERS. — (See also Telegraph Systems.) The 
transmitters in automatic systems usually employ a paper tape, perforated in 
accordance with the code to be sent. This tape, so prepared, is caused, by 
means of revolving rollers, to pass rapidly through the transmitter, the perfo- 
rations serving as they pass to permit electrical contacts to be made was 
send the proper impulses to the line. 


SOUNDERS (Fig. 2). — A standard form of 
sounder is shown in Fig. 2. The winding of the 
electromagnet is connected directly between the 
binding posts shown on the base of the instru- 
ments. The armature is attached to a lever, 
mounted on trunnions in à fixed support. The ' 
ee stops provided for the lever permit a 
slight up and down movement of its free end, the : 
downward movement being caused by the pull of BMS: eon cones 
the electromagnet, and the upward one by the force of an adjustable retractile 
spring. The rugged construction of the armature lever and its co-operating 
parts is required to produce the necessary loudness and quality of sound. 


Fig. 1. Standard Morse Key 
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This, with the. heavy retractile spring necessary for the prompt return move- 
ment of the lever, makes the instrument require more energy for its operation 
than can usually be delivered to it directly over the line wire. On this account 
the sounder magnet is usually placed in a local circuit, which is in turn controlled 
by the more sensitive relay, the magnet of which is placed directly in the line. 

When used in local circuits sounders usually have a magnet resistance of 
about 4 ohms, and require about 14 ampere for their proper operation.. Where 
the sounder magnet is placed directly in the line, it is termed a main line sounder, 
and differs in no respect from the local sounder except that its magnet is wound 
to about 20 ohms. l 


RELAYS. — Two kinds of telegraph relays are employed; tlie ordinary or 
Morse relay, and the polarized relay. The armature of a Morse relay always 
moves in the same direction irrespective of the direction of the current impulse, 
while the armature of a polarized relay moves in one direction for a positive 
impulse, and in the opposite direction for a negative impulse. 


Morse Relay (Fig. 3).—The Morse relay has the same essential parts 
as the sounder, with the addition of a pair of contacts closed by the armature 
lever when in its attracted position. The arma- 
ture lever is usually mounted vertically, and is 
made light in construction so as to be capable of 
the necessary rapid to and fro movements witha 
minimum expenditure of energy. The retractile 
spring is light and delicately adjustable. An @ 
extra pair of aera posts is added to form the = — 
terminals of the local circuit, these binding posts ; 
being wired to the armature and the magnet Fico Gone RAN 
frame, respectively, so that the circuit between them will be closed upon the 
attraction of the armature. The back contact of the relay is non-conducting, 
so as to avoid closing the circuit when the armature is released. A typical 
form of relay, known as the “pony relay," is shown in Fig. 3. 


Polarized Relay.— A polarized relay is similar to a Morse relay except 
that the end of the armature which plays between the soft-iron pole pieces is 
permanently magnetized. For example, if this end of the armature is a north 
magnetic pole, then, obviously, the armature will be moved in one direction or 
the other, according as the magnetizing force of the coil tends to set up a south 
pole in one or the other of the poles. The polarity of the poles, of course, changes 
with the direction of the current in the coil. 


RECORDERS OR REGISTERS. — (See also Telegraph Systems.) Re- 
corders or registers are used only where for some reason it is desired automati- 
cally to record a message. Simple forms of comparatively slow speed registers 
are used in connection with district telegraph messenger and fire alarm telegraph 
service. More elaborate high speed recorders are used in connection with auto- 
matic and printing systems. A special form of recorder, known as a siphon 
recorder, is used on submarine lines. B 


Slow Speed Registers. — The paper upon which the message is to be 
recorded is a narrow strip of tape, carried on a reel. A clock-work motor 
is provided for moving the tape at uniform rate under the recording pen of 
stylus. The receiving magnet of the register is placed in a local circuit con- 
trolled by a relay in the line, and this magnet, when attracted, serves either 
to move the pen or stylus against the tape or the tape against the pen of 
stylus, in either case resulting in a mark upon the tape. Some registers record 
by merely embossing the tape; others by marking thereon with a pen or pendl; 
and still others by actually punching holes in the tape. 


————mo—————— | 
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DEI High Speed Recorders. — In very high speed automatic and printing 
vxw systems receiving devices have been developed giving a record in ink on ordi- 
nū: ^ Mary paper, or a record on a sensitized paper, or in ordinary print. For a 
I: description of the more important printing recorders see below under Telegraph 
(ums Systems. 

Chemical Recorders.— For very high speed work with non-printing 
telegraphs the chemical recorder has been generally found the most satisfactory. 
In this the tape is impregnated with a solution of some unstable chemical com- 
pound which will easily be decomposed upon the passage through it of an electric 
current, and which, either by changes within itself or by combination with the 
‘ay: material of the pen through which the current passes, will cause a definite dis- 
mx Coloration of the tape upon the passage of the current. 

z A common sensitizing solution is formed of 5 parts of prussiate of potash, 
aiue 150 parts of ammonic nitrate, and 1o parts of water. Under electric decom- 
position, this solution sets free an acid which attacks the iron of the pen, leaving 
a blue mark on the paper. 


wm Siphon «Recorder. — The high electrostatic capacity of long submarine 
cables makes necessary some modification of the methods ordinarily employed 
AN in overland work. This high capacity results in the variations in the signaling 
-ri current being less sharply defined than on land lines. The receiving apparatus 
>y for long cables must, therefore, be responsive to minute variations in current 
V: to such an extent as to preclude the use of the responsive devices employed 
© : on land lines. 
ae LI L] . 
— The siphon recorder is merely a special form of recording galvanometer. 'The 
galvanometer proper is of the D'Arsonval or swinging coil type. The motion 
of the coil is imparted to a very light glass tube bent to form a siphon and sus- 
pene pended with its long end opposite the receiving tape and its short end dipping 
-. into a small tank of ink. The siphon moves across the width of the tape, the 
sis contact with the tape being agitated so as to be nearly frictionless. Displace- 
ments in this record line to the left of an imaginary zero line represent dots, 
those to the right, dashes. ‘The Continental code is universally employed when 
à siphon recorder is used. 


m E TELEGRAPH REPEATERS. — When, for any reason, it is desired to 

med transmit messages from one line to another line without manual retransmission, 

jaye the telegraph repeater is used. By its use lines of excessive length may be 

wee; avoided, and a consequent increase of speed may be attained. Again, the 

` Tepeater is often useful in automatically transmitting messages from a through 
circuit to a side circuit. 


us Non-Automatic or “ Button ” Repeater (Figs. 4 and 5). — A fundamen- 
arl tal conception of the repeater may be gained from Fig. 4, where a relay magnet 
ume 
d Test WÈ Bast 
tio Qr - 
1 5 HEX 
: = o£ 
su =., = 
ag! * 
qiie Fig. 4. Fig. 5. 
Ja 
ae} Placed in one line causes an armature to act as a key to make and break the 
m other line. This conception may be carried a step farther by considering Fig. 5, 


zas} where a relay magnet in the West line receives impulses from the distant West 
gil Station, and controls a local circuit containing a battery and a second relay 
magnet, which latter causes its armature to act as a key in transmitting signals 
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to the East line. From these two figures itis obvious that such a repeating 
scheme would transmit in one direction only, providing no facilities for trans- 
mitting from East to West. 

The “button repeater” of early telegraph history consisted practically of two 
such sets of relays as are shown in Fig. 5, these sets being arranged for trans- 
mission in opposite directions. Only one set of relays could be kept connected 
to the line, for when both are connected in, the impulses sent out from the re- 
peating station on, say, the West line react on the line relay of that line at the 
repeating station in such way as to act through its local circuit to send impulses 
back on the East line. This difficulty was overcome in the button repeater by 
providing a button switch, operated by an attendant at the repeater station, 
this switch being thrown manually in one directian or the other, according to 
the direction of transmission desired. i 

Automatic Repeaters. — The necessity of an attendant for the purpose of 
working the switch of-a repeater has long since been overcome by the production 
of the so-called automatic repeaters, of which there are many forms. In these, 
the ain is such as to automatically prevent the transmitter of the line 
that is being répeated into from reacting to make and break the line over 
which the signals are initially sent. 

The Milliken Repeater (Fig. 6).— This is one of the most common 
of the automatic repeaters for the simple Morse system. Its action may be 


Extra Local 


Fig. 6. Milliken Repeater 


understood by reference to Fig. 6. If the line East is sending, the relay R will 
respond to the make and break impulses of the key at the distant station on that 
line, this line being closed to ground and battery at the repeater station through 
the contacts b’ on transmitter T’, which is held closed by an action that will be 
described. The operation of the relay R of the line East will, by its local circuit, 
cause the corresponding operation of the transmitter T, and this, by the make 
and break at the tongue b, will open and close the line West in accordance with 
the originally transmitted impulses. The armature of the relay R will be free 
to work, because as long as the magnet of transmitter T’ remains energized it 
will hold the circuit of the extra magnet EM closed at the point a’, and thus 
will hold the armature of that magnet out of the way of the armature of the 
relay R. The extra magnet EM', associated with the relay R' of the line West, 
prevents this relay from breaking the West line in response to the repeated 
signals, for the following reason. When the line West is closed by the trans 
m'**or T, the current through the relay R’ holds its armature attracted. When 
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the lina West is opened, however, by the transmitter 7, the circuit of the extra 
magnet EM’ is also opened by this transmitter, and the retractile spring of the 
extra magnet prevents the armature of the relay R’ from falling back. In this 
Way the lina relay of the West line cannot react on its own transmitter to cause 
makes and breaks in tbe transmitting line, When the operator at the distant 
station on the West line breaks, the relay R’ is then permitted to open and thus 
cause the transmitter T” to open the line East. 


Duplex and Quadruplex Repeaters.— Automatic repeaters are 
more simple for duplex and quadruplex systems than those already described 
for “single” wire working. ‘The reason for this is that in the duplex or quadru- 
plex the transmission from a given sending operator is always to a corresponding 
recelying operator, and — as between these operators — it is never in the reverse 
direction. Hence, a one-way repeater only is required for any one of the several 
simultaneous transmissions. It therefore suffices to place the transmitter at 
the repeating station under the control of the neutral or polar relays of the duplex 
or quadruplex, the repeating operation for each set being in one direction 


only. 


CURRENT SUPPLY. — Either a battery or a dynamo may be used to 
supply the current required for telegraph transmission, 

Gravity Battery. — The gravity battery was once almost universally used 
for supplying current in telegraph systems. It is still largely used on unim- 
portant lines and in small offices where it is not economical to employ machine 


- generators or secondary batteries. 


Storage Battery.—- The storage battery, on account of its extremely low 
internal resistance, is capable of handling any desired number of lines in parallel, 
and this led to the use of the so-called “universal battery system," in which a 
single battery, with one pole TE 
grounded, serves the ling wires | ue 
which are tapped off from the — — Tul (Bw 
other pole. Suitable resistances lth D lu his f 


were included in the lines of 
lower resistance, if desired, to 
compensate for the variation in 
resistance among the lines. One 
battery, thus used, would not 
suffice for an office, however, 
since with the various systems 
re (dui gaan und Fig. ?. Storage Battery for Current Supply 

rents of alternate polarity to line, thus making necessary the use of another 
battery with its opposite pole grounded. Usually also a reserve was provided 
Are is of these batteries, sa that one could be used while another was being 

ged. 

In Fig. 7 ia shown an arrangement of storage battery supply that provides 
for any gradation of voltage of either polarity in an obvious manner, By using 
à e of this arrangement, one set may be charged while the other is being 
used. . : » 


The Dynamo. — The dynamo has generally supplanted both the prima- 
ry and secondary batteries in all offices large enough to warrant its use, 
In Fig. 8 a dynamo arrangement employed by the Western Union Telegraph 
Company is shown. In this five machines constitute a set, their armatures 
being connected in series, taps being made as indicated to give the required 
voltages. All of these machines are separately excited except the fifth, which 
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latter is a shunt machine and furnishes current not only for line supply but 
also for exciting the fields of all the other machines. Each field circuit is 
provided with a separate rheostat R for varying the field strength. Another 
set like this is employed to furnish currents of the opposite polarity, and still 
another set of five machines is employed as a reserve, this being so arranged that 


Ist 2nd | sa | 4th 
10 Volts | 70 Volta | 60 Volte | 60 Volts 


Fig. 8. Western Union Dynamo Arrangement Fig. 9. Postal Dynamo Arrabgement 


it may be made to generate either positive or negative according to which of the 
regular sets it is to replace. The dynamo arrangement employed by the Postal 
Telegraph-Cable Company is shown in Fig. 9. 


TELEGRAPH SWITCHBOARDS (Fig. 10). — Telegraph switchboards 
were the precursors of the vastly more complicated telephone switchboards. 
The telegraph — switchboards 
which have been most com- 
monly used in America are of 
two types— the "strap and 
disc" and the " cross-bar." Air Ga, 

A simple “strap and disc | ps 
switchboard" with its connec- 
tions is shown in Fig. 10. The 
lines terminate in the vertical 
straps and the instrument cir- 


Lines 


cuits, each including key and ; 
relay, terminate in the horizon- 8$ 
tal rows of discs, the discs in $c 


each row being connected to- 
gether, as indicated by the 
dotted line. This figure also 
shows a typical method of line 
and instrument protection. 


COSTS. — The following 
prices were current in 1913: 
standard Morse key, $2.20; 
double-acting key, $10.00; Vi- 
broplex, $12.00; standard Morse 
sounder, $3.00; standard Morse relay, $7.00; polarized relay, $20.00; ink re- 
corder, $35.00; punching recorder, $75.00. See also Batteries, Generators, ett. 


BIBLIOGRAPHY. — See Bibliography in article on Telegraph Systems. 
[S. G. McMzen] — 
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Fig. 10. Strap and Disc Switchboard 
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e 
TELEGRAPH LINES. — (See also Poles and Cross-Arms; Telephone 
Lines; Transmission Lines; Wires and Cables.) The conductor over which 
transmission is effected is commonly referred to as the line. "These conductors 
may exist as open wires, or they may be disposed in aerial, underground and 
submarine cables. 


OPEN-WIRE LINES. — Most of the open-wire telegraph lines are of hard- 
drawn copper or of galvanized iron. Recently a wire known as copper-clad 
steel, consisting of a core of steel wire with an outer shell of copper welded 
thereto, has appeared as a serious competitor, For the properties of these wires 
see Wires and Cables, Bare. 

Hard-drawn copper wire is vastly superior to iron in point of conductivity 
and in its ability to withstand the action of the elements. Galvanized-iron 
wire is advantageous in point of first cost, it has a somewhat greater strength, 
but has a life ranging from 4 to 20 years, according to atmospheric conditions. 
Copper-clad steel has a conductivity superior to that of iron, but inferior to that 
of copper. It is stronger and somewhat cheaper than hard-drawn copper, and 
should possess the same ability as copper to indefinitely withstand the action of 
the elements. 

The mile-ohm values (ie., the weight in pounds of a wire one mile long 


having a resistance of one ohm) of the various grades of wire used for tele- : 


graphic purposes are as follows: E.B.B. iron, 4700 pounds; B.B. iron, 5500 
pounds; steel, 6500 pounds; hard-drawn copper, 895 pounds; copper-clad steel 
(having conductivity 40 per cent of solid copper), 2010 pounds. 
No. 9 B. & S. gauge hard-drawn copper wire, weighing 209 pounds per mile, 
'js more used than any other size of hard-drawn copper wire for telegraphic pur- 
poses; and No. 8 B. W. G. galvanized-iron wire, B.B. grade, weighing 378 pounds 
per mile, is the principal standard in iron wire. 


AERIAL CABLES. — The paper-insulated, lead-covered cable of the type 
employed in telephony (see Telephone Lines) but with single wires instead of 
twisted pairs, is rapidly supplanting the old form of rubber-insulated cable 
formerly used in telegraphy. Sometimes the cores are saturated with insu- 
lating compound, and sometimes they are left “dry,” according to whether the 
consideration for greater safety outweighs the desirability for lower capacity. 
For aerial work such cables are supported from messenger wires, either by means 
of clips or by a wrapping of marline around both the cable and the messenger, 


this form of support being applied by means of the well-known “penne 


Jenny. » 


UNDERGROUND CABLES. — (See also Wires and Cables, Insulated.) 
Underground telegraph cables are of the same type as those used for aerial. 
The practice of placing them in ducts extending from manhole to manhole, so 
as to facilitate their withdrawal, has largely replaced the older practice of 
burying the cable in such manner as to necessitate its being dug up for replace- 
ment or repairs. 


SUBMARINE CABLES. — For comparatively short lengths, in crossing 
rivers or bays where the current is not swift and the bottom is of such a nature 


às to naturally embed the cable, ordinary multiple-conductor, lead-covered 


cables, with either paper or rubber insulation, provided with a heavy braiding, 
are often employed. Where paper insulation is used, it is customary in tele- 
graphic work to thoroughly impregnate the core so as to minimize the bad 
effect of moisture; but this, of course, increases the electrostatic capacity of 
the conductors. 
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Where great tensile stresses or abrasion are likely to oceur, the core, efter bei 
provided with its lead sheath, is ees with a thick oe layer of tarred Ti 
jute, and then with an armor of closely wra ped ga lvanized-steel wires, over — 
which an additional protecting layer of tarred jute is Sometimes placed. g 

Long Submarine Cables. — For long submarine cables; such as those ae 
across the Atlantic Ocean, a single conductor is employed, this being in the Is 


form of strandéd copper, weighing from yò to 64e p8ünds pér nautical mile. " 
This conductor is then encased in severál layers of gutta-percha. The insulated ye 
€ore, so formed, is protected with a thick ldyer df jute; outside of which the wh 
armoring Of galvanized-stetl wifes is placed: After being sheathed; the whole i 
cable is sometimes covered with a thick layer of tarred tape. The shoré ends 
of cabled, whete there is greater liability to mechanical injury, are armored With Du 
a layer of very heavy galvaniZed:steel wires: ` 


LIMITING TRANSMISSION DISTANCE. — The leigth of the lite ri 
ovr which à signal càii bé träáisinitted depends pon thé strength of the cürréit =, ; 
iitipulses &eitt out, the sensitivencss of the receivitig iüstfüfrénts, the resistance 
and capacity of thi iné and upoii the rin 

Open Wire Lines. — The following table, compiled by Mr. F. F. Fols W 
shows the result of his calculations as to the limiting lengths fer through m 

Working (no intermediate stati ons) of simplex, duplex and quadruplex Mone — 7" 


transmission with standard apparatus over open wire lines with ground return bi 
having different resistances per mile, and also the maximum line distances fot > 
way circuits equipped with 35-ohm line relays. fin 
VO & 
Limiting léiikth of lhe fur Lisudug length of Way M 
Resistahice | — Through Working; miles Cir, iles E 
per mile M 
in ohms ur Ef 
| Duplex | Simplex |Quadrupfex| A” tk 
Rar 
. üx. 
658 SIO i 2 
586 aso | | | sun 
485 576 | oe 
445 aat 268 3 : y. 
384 299 
318 - - 248 N 
2e SEES. E is 
250 195 183 Q 


229 179 
foo 136 
180 140 


- & A, tations at ends df lite Only; B; stations Every io milis; C; stations evéry 3 miles. 
CONSTRUCTION OF LINES. — (See Telephone Lines.) 
: BIBLIOGRAPHY: + See Bibliogtaphy iA árticle añ Telegraph Systems: 
iS. G. McMskN] - 
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TELEGRAPH SYSTEMS. — (See also Telegraph. Instruments and Ap- 
paratus; Telegraph Lines.) The following is a brief table of contents of this 


article: 
` Telegraph codes ... ope oa awane nonne pia bet arce pesa eet dn p. 1515 
Simplex GY SUCH ss. os odes daoneo Xa ex E dT estt oA eee pde P VER 1516 
Dunlex Systeme: ERIT ares eet LITT 1518 
Quadrüplex: Systems. ic oc vices day aga CURE era aT hepa a RU 1521 
Multiplex systems... hind edu aser entend Nak Sari decani Kee 1523 
Automatic systems.. eoe tet sour Vibe uta E bct e E ex e peed ene oy a 1524 
Writing telegtaplisc ud ocyus Sia teh. oben e qot etra te t age etos 1525 
Printing telegraphs ........... 00... c cece RRÓÓ sss. 1527 


With stight modification the originat system of electric telegraphy devised 
by Morse is still largely used, the great bulk of telegraph work still being done 
by it. In its simplest form it consists of a circuit, connecting the points 
between which intelligence is to be transmitted, a battery or other generator 
in the circuit for supplying the current, a key at each station for facilitating 
the opening and closing of the circuit by hand, and a sounder for giving response 
to the opening and closing of the circuit by audible clicking. 

TELEGRAPH CODES. — Two different codes. are > used in telegraphy, 
the Morse code and the Continental code. 

Morse Code. — The Morse code is an arbitrary system of interpreting the 
various letters, numeral digits and punctuation marks employed in writing, this 
interpretation being intelligible either audibly or visually. This code is formed 
of dots, dashes and spaces. 'The dot is made by a quick depression of the key 
followed by its immediate release; the dash hy a depression of the key with a 
delayed release; and the space by permitting a short interval to elapse between 
the completion of two dots. Thus, the lctter a is represented by a dot and a 
dash, and it is formed by depressing the kcy, immediately rcleasing it, depress- 
ing the key again and holding it a slight interval before release. Similarly, 
the letter i is represented by two dots, and it is formed by depressing and 


releasing the key twice in rapid succession. The letter o is an example of a so- - 


called space letter, and is represented by dot-space-dot. It differs from the 
letter ¢ only in that an interval of time is allowed to elapse between the two 
dots. The Morse code, as it has been employed practically without modifi- 


cation since the time of Morse, is as follows: 


A B C D E F G 
.H. | J K L M N 
0 P Q R S T U 
03 9 . 0 
€ aD at & ob ag weed Cu Ge (5 emm wu aom ae a v (—€— i —À 
Period Comma Interrogation 
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Continental Code. — The so-called Continental Code differs from the 
Morse code in that it is composed entirely of dots and dashes, employing no 
spaces. It is almost universally used for submarine lines, and for land lines in 


nearly all countries except the United States. This Continental or universal . 


code is as follows: 


DAL oo Bin, L0... D... PI LR. 
Ho dL ona. ash. gobo. MO ON. 
zu. uiua Lo Li ufo. uel. us UR 
BN. wes wet ete sae 
"n m ee ae ass CN» mM es m A PXJEIN 
EM a UEM UNDER RECENTE MUN 
Period Comma Interrogation 


SIMPLEX OR MORSE SYSTEM. — There are two types of circuits 
used, the so-called *open-circuit" system and the “closed-circuit” system. In 
both cases but one line wire is employed, the earth forming the return circuit. 

Closed-circuit System (Fig. 1 and 2). — This system is mainly used in 
the United States. In its simplest form the keys and the sounder magnets 
are placed in series in the line with a source of current, as shown in Fig. 1. A 
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Fig. 1. Simple Telegraph Circuit 


switch or “circuit closer” is provided with each key, the function of which is 
to keep the line circuit closed around the key contacts when the key is not in 
use, Whenan operator begins to send he opens this circuit closer; thus making 
his key effective in controlling the line circuit. When the line is idle, the cir- 
cuit is closed at all stations, and all sounder levers are held down by the mag- 
netizing effects of the current flowing in thé line. 
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In Fig. 1 but two stations are shown, one at each end of the line. Obviously 
intermediate or way stations could be added by merely placing the necessary 
keys and sounders in the line circuit at the desired points. 

+ Amore common practice is to employ a line relay at each station as the device 
directly responsive to the line currents, using this line relay to control a local 
circuit containing a local battery and a sounder. The reason for the choice of 
this slightly more complicated system for commercial practice is that the sounder, 
in order to make the necessary amount of noise, is required to be of a rather 
sturdy nature and is not as readily responsive to the comparatively small line 
currents as is the relay, which, having no other function than to be responsive, 
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Fig. 2. Closed Circuit System with Way Stations 
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is readily made of the required sensitiveness. A line equipped for three such 
stationsjis shown in Fig. 2. While the constant flow of current in the closed- 
„circuit system results in the use of a greater amount of current than would 
kx- otherwise be necessary, it has the advantage of keeping the line under test at all 
rex, times and of not requiring a line battery at each of the stations, as is the case 
ře: with the open-circuit system. 


Open-circuit System (Fig. 3). — This is largely used abroad. A battery 
. is required at each station. Each key has a front and back contact so arranged 


Line 5 Line 
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Fig. 3. Open Circuit System with Way Stations 


as to hold the relay in the line circuit when the key is raised, and to cut the 

: relay out of the line circuit and substitute the battery for it when the key is de- 
pressed. While, therefore, the line circuit is normally closed from one end to 

the other, the relays are not energized, since there is no current in the line. As 

„| aresult, both the line and the local batteries stand in normally open circuits, 

d d and there is no waste of current. Besides requiring a line battery, sufficient 
di" „for the operation of the entire line, at each station, this system does not hold 
bus E the line and its instruments under automatic test conditions, which is auto- 
de, a matically done by the constant flow of current in the closed-circuit system. A 
yb : three-station open-circuit system is shown in Fig. 3. 
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Sound Reading. — In the first use of Morse telegraphy the received char- 
acters were recorded on a moving tape and subsequently translated. It was 
found in practice, however, that the operators soon learned to read what was 
coming over the wire by the clicking of the instruments, and, although this 
method of sound reading was condemned at first as being dangerous, it has 
survived to such an extent that the major portion of the telegraph work of 
the world is to-day received in this way. 


Speed of Handling Messages by Morse System. — The speed of hand- 
ling messages by Morse was limited by the speed of the receiving operator in 
writing down the message, as long as this was done in ordinary handwriting. 
The use of the typewriter for transcribing has, however, considerably increased 
the possible speed, and the limitation where the typewriter is used is that of the 
sending operator to “write”? the Morse code. These speed limitations exist 
where the line conditions permit. A poorly working line may serve to reduce 
the possible speed far below the limitations prescribed by the ability of the 
operators. While speeds of over fifty words a minute have been attained by 
experts during short periods of time, and while operators often do send and re- 


 ceive thirty-five and forty words a minute id actual commercial work, the 


average under working conditions is far below this, and is probably under 


twenty words a niihute. 


DUPLEX SYSTEMS. — Duplex tieza involves the simultane- 
ous sending of two messages in opposite directions over a single line. Two 
different methods are employed for making the receiving apparatus unrespon- 
sive to the home key. These two methods are termed the “differential” and 


-“ bridge” methods, respectively. There are also two different methods of 


sending impulses over the line, one of which depends on variations in current 
strerigth and the other on changes in current direction. 

Differential Method (Fig. 4). — The differential method is readily under- 
stood from a consideration of Fig. 4, which shows a line relay having two 
windings in opposite directions. Current 
from the battery is supplied through one 
of these windings to the line, and through 
the othet of these windings to the artificial 
line represented by a resistance at the left. 
The resistance and other characteristics of 
the artificial line are made approximately 
equal to those of the real line, so that im- 
pulses of current sent by means of the key _ 
from the battery to the line will produce m = 
no eftect on the relay, because an equal FE 4. Principle of Differential 
current passes also through the artificial Method à 
line. Obvioüsly, however, there is no such differential action for incoming 
currents, and, therefore, the relay is re- | 
sponsive to currents from the distant 
station. 

The differential method is ordinarily . K ey i 
employed in land telegraphy. M! 

Bridge Method (Fig. 5), — The = 
bridge method of rendering the homie = 
relay unresponsive to the home key and 

ive td the distant key is illus- 
Visier principle in Fig. B In this Fig. 5. Principle of Bridge ae 
the resistances shown are so proportioned. with respect to the résistance of the 
linc that the line relay will receive no current upon closute of the key, for the 
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same reason that the galvanometer in a Wheatstone bridge does not respond 
when the bridge is balanced. 


The bridge method finds ita chief use in overland and in submarine telegraphy. 


Stearns Duplex for Land Línes (Fig. 6). — The Stearns duplex for land 
lines operates on the increase and decrease in current strength, without chang- 
ing the direction of current flow; and for the reason that it employs the differ- 
ential method of making the home relay unresponsive to the home key, it is 
commonly teferred to as the Stearns differential duplex system. 

A simplied diagram of the Stearns differential duplex is shown in Fig. 6. 
It is to be noted that the batteries at opposite ends of the line have their opposite 
poles grounded, so that whether one or the other, or both, of the batteries are 
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Ti. d. Stearns Differential Duplex 


in the citcuit the current flows in the same direction. The key controls a local 
circuit of an electromagnetic transmitter T or J’. The tongue of each trans- 
mitter formally engages the contact on the under side of the bend in the lever; 
waen the latter is attracted by its magnet upon the closure of the key, the 
tongue makes contact with the adjustable screw on the standard, and this pre- 
vents the tongue from moving farther upward, so that the making of this con- 
tact is immediately followed by the breaking of the normally closed contact of 
the tongue. Because these transmitters make one contact before breaking the 
other, they are called “continuity-preserving transmitters.” When the key is 
open, the corresponding transmitter keeps its end of the line connected to 
ground through the resistance J, but upon the closure of the key the trans- 
mitter causes the substitution of the battery at that end of the line for this re- 
sistance. “This resistance 2 sometimes is called the “spark coil,” since {ts use 
tends to prevent sparking at the transmitter tontacts, and its function is to 
compensate for the internal resistance of the line battery. 

The artificial line shown at each station is composed of resistances and con- 
densers arranged for ready adjustment, so as to balance not only for the re- 


_ Sistance of the fine, but for its capacity also. 


Stearns Duplex for Submatine Cables. — Fig. 7 shows the Stearns 
duplex arrahgemrent of terminal apparatus for cable working. This is a bridge 
method. The hormal position of the keys grounds the cable conductor, thus 
discharging it. Alternately depressing the two keys gives the cable alternate 
negative and positive charges, thus sending dots and dashes. By moving the 
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Fig. 7. Stearns Cable Duplex 
arm of the balancing rheostat, delicate adjustments of balance between the real 
and artificial cables are secured. 
Jacobs’ Duplex for Submarine Cables (Fig. 8). — Short submarine 
cables frequently have two conductors, making the bridge duplex system of 
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Fig. 8. Jacobs’ Cable Duplex 


Fig. 8 available. This is similar to simplex working in combined telephony 
and telegraphy. This method is found prefer- 
able to using each conductor separately for the 
two transmissions, since it avoids inductive in- 
terference between the two wires. . 


Polar Duplex (Fig. 9 and 10). — The polar 


duplex depends for the principal feature of its 
operation on the fact that a polarized relay 


ij 


will move its armature oppositely for opposite tiy 

directions of current. The key used in sending ëh 

operatés to close and open a local circuit which they 

controls a pole-changing transmitter. The ' "ay T mat 
Mut po : .9. rans- 

action of this is made clear in Fig. 9. With the Pw ee e Th 

key closed, as shown in that figure, the nega- | Yia 


tive side of battery will be connected to line and the positive side to ground. a4, 
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With the key open, the reverse will be true. The circuit of the polar duplex 
is shown in Fig. 10. 
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| 7 Fig. 10. Polar Duplex 


| QUADRUPLEX SYSTEMS. — In quadruplex systems four messages, 
two in each direction, may be transmitted simultaneously over a single line 
wire. i 
Edison Quadruplex (Fig. 11 and 12). — The Edison quadruplex depends 
for its principle of operation on a combination of the two duplex systems, 
the Stearns and the polar just described. At each station two relays are pro- 
vided, one, the neutral relay, responsive to currents in either direction, and 
the other, the polar relay, responsive only to currents in one direction. At each 
X 
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Fig. ll. Principle of Edison Quadruplex 


station also two key-controlled transmitters are provided, one of which operates, 
as in the polar duplex, to change the direction of current in the line and the 
other, as in the Stearns duplex, to increase and diminish the strength of cur- 
rent flow. 

The principle of transmitting in one direction by means of the Edison quad- 
ruplex is indicated in Fig. 11, where N is the neutral relay and P the polar relay 
at the East station. K and K' are transmitting keys at the West station, key 
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K operating to alternately weaken and strengthen the line current, and K 
operating as a pole changer to reverse the line current. As shown, the line will 
always have some current flow, the amount being determined by key K and the 
direction by key AK’. As the neutral relay will operate on currents of either 
direétion, if Strong enough, it will be responsive only to key K; and as the polar 
relay will operate on either current strength, if in the right direction, it will be 
responsive orily to key K’: 

The circuits of the Edison quadruplex are shown in Fig. 12. The windings of 
the neutral rélays N and of the polar relays P are in each case made differential, 
for the same reasons as pointed out in connection With the Stearns and polar 
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Fig. 12. Edison Quadraplex 


duplex systems. At each station of the “quad” system one winding of each 
relay is in the line, and the other in the artificial line. As will be seen from Fig. 
12, the two transmitters at éach station modily the main battery curtént, as 
pointed out in connection with Fig. 11, the continuity-preserving transmitter T 
controlling the current strength and the pole-changing transmitter T" coittol- 
ling its direction. | 

Key Systems for Quadruplex Working. — In the quadruplex so far de- 
scribed, the current was supplied by batteries, and the sttength-varying trans- 
mitter operated to accomplish its purpose by alternately cutting a portion of 
the line battery out of and into the circuit. Where dynamos furnish the cut- 
rent, a different scheme is employed. One system, known as the Field key sys- 


Fig. 13. Field Key System 


tem, is illustrated in principle in Fig. 13. Two dynamos ate employed, havibg 
opposite poles groudded. The pole changer merely chooses between the tio 
live poles for securing its reversals in polarity. The continuity-preserving 
£renemittet varies the current &trength in the line by changing the resistance 
relations as shown. Thus, when the key ís closed, the ro6o-ohm resistance 8 
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current under these circumstances flows to line at full strength. When the key 
is opened, the 1200-ohm resistance is introduced in the line and the 9oo-ohm 
leak is made effective. The resistances shown are those for an 1800-ohm line. 


MULTIPLEX SYSTEMS. — The term “multiplex” should include duplex . 


ánd quadruplex systems, but practice has been otherwise, and has resulted 
in applying the term “multiplex” principally to a system wherein two 
synchronously moving switches, one at each end of the line, serve to connect 
the corresponding sets of telegraph instruments momentarily and successively 
in operative relation with the line. While each set of instruments, therefore, is 
connected with the line for only a small fraction of the total time, the successive 
connections recur so rapidly as to afford, to all intents and purposes, a practi- 
cally continuous use of the line. 

Delany Synchronous Multiplex System (Fig. 14). — The principle of tlie 
Delany synchronous multiplex system is shown in diagram in Fig. 14. Six sets 
of instruments, each consisting of a pole-changmg key and a polar relay, are 
shown at each end of the line. The two switch arms of the synchronous rotary 
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Fig. 14. Delany Synchronous Multiplex 


switches $ are made to revolve in unison, so that the correspondingly tiumbered 
Sets of instruments at each end will be simultaneously connected with the line. 
As the switch arms make about 180 revolutions per minute, and as each set of 
instruments is connected with the line twelve times at each revolution, it follows 
that each set of instruments is connected with the line thirty-six times per 
scond. This is a much shorter interval than that required to make the short- 
est dot, and, therefore, any closute of a key which an cperator may make wilt 
necessarily cover a time during which at least one connection will be made with 
the lite. Inthe particular embodiment of the Delany system shown polarized 
relays and pole-changing keys are used, the advantage of this being that the 
relay arthature will remain in the position to which it was last brought by a 
cürretit impulse, ih spite of the rapid interruptions caused by the synchronous 
Switch. A small switch lever, $1, $3, etc., is associated with éach key and 
relay and is moved by the operator to one or the other of its positions, accord- 
ing to whether he is sending or receiving. . 

The synchronizing mechanism for the switch movements is ingenious and 
interesting. The two arms are each driven by step-by-step motors, the driving: 
nupulses bemy regulated by tieans of tuning fotks, as accurately tuned to euch: 
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other as possible. Obviously, complete synchronism could not be obtained by 
this means alone, and, therefore, the two driving devices are each brought into 
association with the line by the rotary switch arms six times during each revolu- 
tion, the arrangement being such that if one switch arm arrives on one of the 
` dead or synchronizing contacts slightly in advance of the other, it will apply a 
corrective measure to its motor device, which will tend to slow it down. This 
corrective measure is in the form of an electromagnet, in the field of which the 
tuning fork vibrates, and the energization of this magnet exerts a retarding in- 
fluence on the rate of vibration, and, therefore, on the rate of rotation of the 
synchronous switch. 

This system has been used to some extent commercially with as high as six 
simultaneous transmissions on comparatively short lines, and four or fewer on 
long lines. Obviously, the time constant of the line enters as a limiting factor 
to a greater extent than in the ordinary systems of Morse telegraphy. 


AUTOMATIC SYSTEMS. — The limitations in speed of transmission 
over an ordinary manually operated telegraph line are mainly those due to 
the ability of the operators to transmit and receive, the electrical characteris- 
tics of the line, and the mechanical and electrical characteristics of the instru- 
ments which it has been possible to devise, permitting very much higher rates. 
On this account, the so-called “automatic systems," wherein the transmitting 
and the receiving of the message are automatically accomplished, have come 
into being. 

Wheatstone Automatic System. — This is one of the most highly de- 
veloped and widely used of the ink recording automatic systems. In Fig. 15 
is shown a piece of the tape and a 
plan of the die for perforating it. 
The perforator has three levers Qr ^ Os o1 
usualy adapted to be struck by Os Oro Os 
mallets in the hands of the oper- 
ator, these levers punching the nec- : 
essary holes to form dots, spaces Fig. 15. Wheatstone Tape 
and dashes, respectively. Striking the left-hand lever punches three holes, z, 
2, 3, directly across the paper, this being the combination required for a dot. 
Striking the center lever punches a single small hole, 4, in the center of the 
tape, thus making a space, while the third or right-hand lever punches four holes, 
arranged as 5, 6, 7 and 8, thus setting up a combination for a dash. The func- 
tion of the small holes along the center line of the tape is to effect the proper 
driving of the tape, these being engaged by the points of a star wheel in con- 
nection with the feeding mechanism. As this tape is driven through the trans- 
mitter, one row of larger holes determines the intervals at which the positive 
pole of the battery shall be put to line, and the other row of large holes the inter- 
vals during which the negative pole is connected. As the two members which 
engage these holes are arranged so that one is slightly in advance of the other, 
it follows that the holes 1 and 3 will cause first a negative impulse, immediately 
followed by a positive impulse, this being the combination for a dot. The two 
holes, 5 and 8, will likewise cause a negative, followed by a positive, impulse, 
but the two will be separated by an interval of time, this being the combination 
for a dash. The Wheatstone is thus a so-called *double-current" system, de- 
pending for its operation on the actual reversal of the line current. 

Wheatstone Receiver. — The receiver of the Wheatstone system is 
in the form of a polarized relay, the armature of which will stay in either of its 
extreme positions even though the current which moved it there ceases. The 
inking is done by a very small ink wheel which is constantly rotated in close 
proximity to the moving paper tape. The shaft on which this ink wheel revolves 
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is so mounted as to be deflected by the movements of the relay armature. The 
ink wheel receives its ink on the back stroke from another wheel which revolves 
in a tank of ink. On the forward stroke the ink wheel is brought close enough 
to the moving paper tape to make a mark, although there is no actual contact 
between the wheel and the tape. 


Chemical Systems. — These systems, once employed in commercial work 
to a considerable extent, have been in large measure superseded either by the 
ink recording systems or by ordinary Morse. They present possibilities for 
future development, however, which give them more than an historic interest. 


Anderson Chemical Automatic System (Fig. 16).— The salient 
points of the Anderson chemical automatic system are shown in Fig. 16. The 
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Fig. 16. Principle of Chemical Automatic System 


, Passage of a hole in the transmitting tape under the contact pen serves to short- 
circuit the transmitting battery and thus cause a cessation of current in the line. 
The condenser at the receiving end, previously charged by the flow of current 
from the battery, then discharges into the line, this being intended: to cause an 
actual reversal of current flow. This is an interesting example of so-called 
"double-current " working with a single battery. At the receiver the chemically 
saturated tape passes under a contact pen, so that the current is compelled to 
ey» flow through the paper. Its flow decomposes the solution and marks the paper, 
iji; as already described. The reverse flow of current from the condenser tends to 
el Prevent the occurrence of “tailings.” 

iat Speed of Anderson System. — This system, like the Wheatstone, 
Ti, records in dots and dashes, and, according to Maver, it has been found capable 
"& of transmitting 600 words per minute over a 1ooo-mile line having a resistance 
dit) of 2500 ohms, under all sorts of weather conditions. On a shorter line, 360 miles 
uit! in length, having a resistance of about 700 ohms, the astonishing rate of 3000 
eg Words per minute has been accomplished. 


WRITING TELEGRAPHS OR AUTOGRAPHIC SYSTEMS. — Writ- 
ing or autographic telegraphs are to be distinguished from printing tele- 
graphs in that they write the received messages in script, while the printing 
a systems actually print them as from type. 

In these systems the message to be transmitted is written down by the sender 
as with a pen or stylus, while at the receiving end a recording pen simultaneously 
executes the same movements and thus writes the message in the same or very 
similar handwriting. Nearly all autographic systems depend on resolving the 
movements of the transmitting pen or stylus into two component straight-line 
$5| movements at right angles to each other, electromagnetically reproducing these 
("| component rectilinear motions at the receiving station, and recombining them . 
& "| thereinto the resultant movement, which, therefore, traces a path closely approx- 
di?f imating that originally made by the sending stylus. 
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Robertson System. — Fig. 17 is a schematic diagram of this system 
and clearly illustrates the principle of autographic systems. Two wires 
are employed, each including a battery and a variable-resistance element 


i = Fig. 17. Principle of Robertson System 


at the transmitting station, and an electromagnet at the receiving station. 
The variable-resistance elements are composed in this case of piles of carbon 
discs arranged at right angles to each other, these being so related to the 
transmitting stylus that its movements in writing will cause, due to variations 
^in pressure on the carbon discs, corresponding variations in resistance in the 
paths through the discs. The receiving pen is actuated by the armature œm- 
mon to the two magnets at the receiving end. As the respective pulls of these 
two magnets are at right angles and vary as the strength of the currents flow- 
ing, the two components of the transmitting stylus are reproduced and these 
are recombined to produce the corresponding movements of the receiving pen. 


-'fefautograph. — This is another autographic system, due largely to 
Elisha Gray. It employs two wires, and like the system just described re- 
solves the complex motion of the transmitting pencil into two rectilinear com- 
ponents at right angles, reproduces these at the distant end, and reeombines 
them to obtain the facsimile writing. The transmitting stylus operates two 
bell-crank arms carrying rollers which operate over rheostat contacts to cause 
the variations in résistance and current strength. At the receiving end the pen 
is attached to the arms of two bell cratiks which are operated on by solenoids, 
which He in uniform magnetic fields and which, under the influence of the vary- 
ing currents passing through them, cause the required movements of the bell 
cranks. 


Pollak-Vitag System. — In this the message is prepared by perforating 
a tape, the passage of which through the transmitter results im currents 
being sent over the two liné wires in proper sequence, direction and strength 
to cause the receiving instrument to record the message in a style very similar 
to lenghand writing. Two circuits are obtained from the two wires; one 
the metallic circuit and the other the two wires. in parallel with earth return. 
At the receiving end two instruments closely resembling telephone receivers are 
affected by the currents received over the two circuits. The diaphragms of 
these receivers control the movements, on horizontal and vertical axes, respec- 
tively, of a small mittor. A ray of light reflected from this mirror is caused to 
move upon a rapidly moving strip of light-sensitized paper, and the co-ordinated 
movements om the two axes of the mirror under the influence of the currents 
received result in writing. The photographic paper is automatically passed 
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throiigh the nécéssary developitig and fixing baths, the tithe réquited ih this 
process béig ohly about twelve seconds. 


PRINTING TELEGRAPHS: — These are systems in which the received 
messages are automatically recorded in print. Most printing telegrdph systerhs 
depénd updn synchronism beihg maintained between the two wheels a£ thé 
transmitting arid receiving stations; although in some systems, such as tlie 
Mutray; for instance, no such requirement exists: 

Ticker Systems. — In the ticker systems, which are widely employed [6 
transmitting stock-mdrket quotations, the type wheels are moved synclifonously 
a step at a timé, either by causing the same set of line impulses to affect each; 
er by causing the wheel at the sending station, in its revolution, to transmit 
impulses which turn the distant wheel. The wheels must not oiily revolve at 
the same fate; But a giver letter on each must come opposite a given fixed point 
simultaneously. By stopping the wheels when the desired letter is brought 
opposite the paper, an impulse of different character is sent which eauses the im- 
print to be made. Some ticker systems operate over one line wire, and the 
impulses which cause the rotation of the type wheel occur so rapidly as not 
io affect the printing magnet, but upon their cessation the printing magnet 
included in the same circuit is brought into play. Many of the ticker systenis 
ópératt over two lihe wires and employ two type wheels; one catryihg letters 
aid thé other figutes. Mearis are provided for shifting either thé wheels or the 
tape, 30 a8 to print ftoiti either as desired. 

The Hughes Systémi. — This is largely employed in Eutope, and is 4 
Syüchronotis type-wheel system in which the type wheels revolve contin- 
tiotisly rather phos ü by step-by-step moveinents. Electric motors furnish thé 
driving power. The wheels are adjusted to revolve at as nearly the sanié ràte$ 
á$ possíblé dtd suitable correctivé mearis are brought into play ovét the line 
Wire to maliitain coitiplete synchronism. The transmitting apparatus resetübleg 
the keyboard of a piano, a key being assigned to each character. In connéttion 
with this keyboard there is a rotating contact device revolving in syn€hrehism 
With the type wheels, and the arrangerhent is such that the depression of any key 
will cadsé a contact to be made at the exact instant when thé lettér cofrespohd- 
ibg to that key is in printing position at both instruments. 


Speed of Hughes Systéi. — The Hughes system fs capable of oper: 
ating with great accuracy at a speed in the neighborhood of from thiity to 
forty Words pét minute: 


Phelps System. — The Phelps system is a modification of the Hughes and 
operates on the same general principles. It has superseded the Hughés : Sys- 
tem in the United States. 


The Buckingham System: — One diffieulty with the ordinary step-by-step 
system is that the great numbet ef impulses required per letter necessarily slows 
down the speed. The Buckingham printing system is designed to operate with 
a maximum of six eurrent impulses per letter, the necessary choice between let: 
ters being effected by various combinations of short and long current impulses 
in either direction; with shórt and Jeng intervening spaces. The Buckingham 
system resembles the Wheatstone, in that the spaces are made by negative cur- 
rents and the dots and dashes by positive. As in the Wheatstone system, 
also, the message is prepared by perforating thé tape in such mannet as auto- 
matically to send the required combinations of dots, dashes and spaces, but 
a different code is uSed, in which each letter and other character is composé 
of three positive impulses, dashes or dots, or both, variously combined with long 
Ur short negative hiipulse, coricsponding to spacés. By a fast ingenious 
itechafisth at the fecdividg tnd these positive and negative cütrents, instead 
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of being received in dots and dashes on a moving tape, are made to effect 
proper selection of the various printed characters, and to print them in desired 
order in page form. The type wheels are four in number, all mounted side by 
side on the same shaft and rotating together. Each type wheel carries eight 
letters or characters, making thirty-two in all. By means of levers, operated 
by electromagnets, the type wheels are, under the action of the code impulses, 
given any desired lateral or rotary motion to bring the required type face into 
printing position. The space between the letters is utilized to give the printing 
impulse. 

Tape-punching Machine for Buckingham System.—The tape- 
punching machine of the Buckingham system employs a standard typewriter 
keyboard, one depression of the key effecting the tape punching for a complete 
character. The maximum speed possible is about 80 words per minute, as 
against 20 to 40 words per minute in the mallet method of punching Wheatstone 
tape. , 

Speed of Buckingham System. — This system has a possible average 
speed of transmission of about 100 words per minute, and is reported to have 
worked on a duplex circuit between New York and Chicago with an average 
speed of 80 words per minute in each direction. 


The Barclay System.— This has been employed extensively by the 
Western Union Telegraph Company, and resembles in many respects the Buck- 
ingham system. It uses the same code alphabet and the same general method 
of transmitting, but the impulses received result in the operation of a group of 
magnets which in turn affect the operating levers of a Blickenderfer typewriter, 
which does the actual printing. The printing is done on ordinary message 
blanks. | 


Speed of Barclay System. — The rate of transmission possible is 
approximately 100 words per minute in each direction when operated as a 
duplex. 


The Rowland System. — This is one of the most highly developed of the 
printing systems, and was for a time used to considerable extent by the Postal 
Telegraph Cable Company between New York and Chicago, and on other cir- 
cuits. Essentially the system is a one-way quadruplex, but as it is capable of 
being worked duplex it becomes i, effect an '"'octoplex," transmitting four 
simultaneous messages in each direction over one line wire. 

The line current employed is alternating, generated by a dynamo at one end, 
which runs a synchronous motor at the other, thus effecting the required syn- 
chronism. The necessary current combinations to effect the selection and 
printing of a given letter are brought about by reversing certain of the half waves 
in each group of line current waves. The simultaneous transmission of four 
messages in one direction is provided for by an adaptation of the multiplex 
system, a distributing switch giving each set of four transmitting and receiving 
instruments successive and simultaneous control of the line. Since each letter 
is represented by a specific combination of positive and negative currents, it is 
possible by means of these combinations to effect the closing of the proper local 
circuits at the receiving end to cause the paper to be pressed against the type 
wheel at the time when the letter required is opposite it. 

Speed of Rowland System. — Each transmitter and receiver has 4 
speed of about 30 words per minute, making a total transmission of 240 words 
per minute when the octoplex method of working is employed. 

The Murray Automatic System. — This is a non-synchronous printing 
system. Messages are first prepared by perforating a paper tape. This tape 
is then fed into the transmitting device and permits currents to flow over the 
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fine in such a manner as to cause the receiving device, which in itself is a tape- 
perforating machine, to perforate another tape there. This receiving tape is 
a replica of the transmitting tape, and when passed through an automatic 
typewriter the perforations are translated into Roman type letters, the message 
being in page form. 

Speed of Murray System. — This system is capable of transmission 
speeds upward of 200 words per minute, but speeds of from 100 to 125 words 
per minute have been found to be the best for practical working. 


BIBLIOGRAPHY. — Pendry, H. W., Elementary Telegraphy, N. Y., 1910; 
Maver, W., American Telegraphy and Encyclopedia of the Telegraph, 1911; 
Young, J. E., Electrical Testing for Telegraph Engineers, N. Y.; Fleming, J. A., 
Propagation of Electric Currents in Telephone and Telegraph Conductors, N. Y., 
1911; Telephone and Telegraph Engineer's Pocketbook, Int. Corr. Sch., 1908; 
Crotch, A., Telegraphic Systems, 1908; Jones, S. W., Treatise on the Law of 
Telegraph and Telephone Companies, 1906. 
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TELEPHONE INSTRUMENTS AND CIRCUITS, — (See ds 
Standardization Rules of the AJ.E.E.; Telephone Lines; Telephone Trafic 
Wireless Telephony.) 

The chief subjects treated in this article are: 


Receivers, 2.6... cece cece n n gam esaeas Po 1530 
'Frangmitters.. 1229 Ag x4 NIIE EERDE See d UE Ee dn Xp a . 1531 
Ripgers or Bells. ...... 20.6... ccc men 1531 
Batteries and Pole Changers.,............ TERRE LC 
Impedance, Induction and Repeating Cols: ius rege sina "Eois 
Telephone Repeaters. ....... csse Ine 1534 
Protective Devices. ........... sees Diowerhiieej due DUM E 1534 
Telephone Bets........ een m MH ess 1835 
Party Line Circujts,....... cece n e n m nnm nnnm e rere 1537 
Central Office Equipment...... cien n n nente 1539 
Private Exchanges............ eee vulg ds isque coemele SIT 
Phantom Circuits. ....... 0... cee cee ee ec ee eee ibd iios se isa ires 2548 
Joint Telephone and Telegraph Circuits...............e sees 1548 
Cleats E e E cob Rad Piensa tals eas ewe aaa eae te 1550 
Bibliography... 26... e cece I hh Hh 1550 


The telephone transmits speech and other sounds by this cycle of action: 
sound waves in air vibrate a diaphragm; this vibration produces fluctuating 
current in a line joining the transmitter to a distant receiver; the fluctuating 
current produces vibration in the diaphragm of the receiver; these vibrations 
produce sound waves in air. 

Bell’s original telephone utilized one device as both transmitter and receiver. 
It survives in its original form as a receiver, but seldom is used as a transmitter, 
more powerful devices having supplanted it. 


RECEIVERS. — The original telephone consisted of a magnet, a coil of fine 
wire and a diaphragm, arranged as in Fig. 1. dis a diaphragm, m is a magnet, 
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Fig. 1. Principle of Perma- 
nent Magnet Receiver 
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m, d 
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Fig. 4. Principle of 
Fig. 2. Principle of Bipolar Fig. 3. Section of Bipolar Direct Current Re 
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anda isa coil. The magnet was first made of soft iron, getting its magnetism 
from direct currents in the line; a permanently magnetized bar of hard st 
with soft iron poles (Figs. 2 and 3) soon was substituted for this soft iron core. 

Bipolar Receiver. — The bipolar receiver is the present standard form, as 
in Fig. 2, in which d, m and c represent, as before, the diaphragm, magnet 
and coil. Both poles of the permanent magnet are presented to the diaphragm, 
being extended by soft iron pole pieces, each carrying a bobbin wound with fine, 
silk-covered or enameled wire. The wires of the two bobbins are connected in 
series. When used to transmit speech, such an arrangement is called a mag 
neto transmitter. 
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The magnet, winding and diaphragm of a receiver are assembled in a case of 
hard rubber or an imitation thereof, adapted at one end to fit the ear and at the 
other to hang on a hook switch. Fig. 3 is a section of a typical assembled re- 
ceiver. m, m are permanent magnets, arranged to produce opposite poles at 
the ends of the soft iron cores carrying the windings w, w; d is the diaphragm. 
In good types of receivers the entire mechanical arrangement of parts is supported 
from the ear end of the shell and not from the other end. This precaution is 
necessary in order to prevent the adjustment of the pole pieces to the diaphragm 
being upset by the difference in expansion of the shell and magnet. 


“Direct-current Receiver (Fig, 4). — For use in lines carrying direct 
current during conversation, as in common-battery systems, the iron-core type 
of receiver recently bas been revived. They are extremely simple and cost little 
to make. It is not yet established that they are as efficient as permanent- 
magnet receivers, but the difference seems to be slight. 

The Monarch Telephone Manufacturing Company uses a receiver which has 
two pairs of windings, as in Fiz. 5. One pair is of 
large impedance, serving to magactize the cores, while 
the other, of smaller impedance, serves to actuate the 
diaphragm. Direct currents pass through both pairs 
of windings, their magnetizing effects being additive, 
but the direct current through the coils farther from 
the diaphragm is the larger. Voice currents pass 
through both pairs of windings and their effects are 
additive, but the voice currents through the windings 
nearer to the diaphragm are the larger. 


Head Receiver.—A head receiver is a compact one carried by a band 
fitting the operator’s head, Jeaving her hands free. The compactness is gained 
by making the magnets small and placing them parallel with the diaphragm, 


TRANSMITTERS (Figs. 6 and 7). — Present standard carbon transmit- 
ters are many times more powerful than the best magneto transmitters. Carbon 
transmitters and their circuits take many forms, but in all 
the function is to produce current fluctuation as a conse- 
quence of diaphragm vibration caused by sound. 

The dements of a transmitter are a diaphragm, two 
polished solid carbon electrodes, and a charge of polished 
carbon granules. Vibration of the diaphragm moves one 
electrode to compress and release the granules between the 
electrodes. Fig. 6 illustrates the elements; d is the dia- 
phragm, m the movable and f the fixed electrode. Fig. 7is _ "T 
à section of a typical granular carbon transmitter. Fig. 6& Principle 

All carbon transmitters operate by varying the resistance  °! Transmitter 
of some material proportionally to movement of the diaphragm. Receivers, on 
the other hand, are caused to operate by a varying magnetic flux. The reason 
for the excellent action of carbon in varying its contact resistance under pres- 
sure is not known. 


RINGERS OR BELLS (Fig. 8). — The present standard telephone signal 
is a two-gong bell, actuated by alternating current. Its principle i is that of 
the polarized telegraph relay. Its construction, as in Fig. 8, is of two coils, 
à permanent magnet NV, two gongs and an armature S. 


Fig. 5. Monarch Receiver 


Magneto Generator (Fig. 9).— The bells of telephones in all exchanges 


are rung by alternating current sent out from the central office power plant. 
In magneto systems the subscriber calls the central office by operating a 
magneto generator, which is a part of his telephone, and with this generator 
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the subscriber also rings other bells on the same line. The magneto generator 
is a standard part of subscribers’ equipment for rural and other party lines, 
being the best way for a subscriber to do signaling between various telephones 
on one line. The armature has many turns of fine wire (Nos. 32 to 36 B. & S. 


Fig. 7. Granular Carbon Fig. 8. - Alternating Cur- Fig. 9. Magneto 
Transmitter . rent Ringer Generator 


gage), of a resistance of from 300 to 1000 ohms. A frequency of 20 cycles and 
an e.m.f. of from 60 to 8o volts can be produced by turning the crank briskly 
by hand. 


BATTERIES. — (See articles on Batteries.) The transmitter of a telephone 
set requires direct current and produces from it the alternating (or otherwise 
fluctuating) voice currents, which pass over the line to the distant receiver. A 
central storage battery furnishes the direct current over the line in “common 
battery systems,” or ‘‘central energy systems.” A primary battery furnishes 
the direct current in systems not having a central storage battery for the purpose. 


Dry Cells. — The primary battery usually is of the dry cell type and is 


associated directly with the telephone set. Such an arrangement is called a ` 


local battery set. The cells have an e.m.f. of about 1.5 volts, and can give a 
current on short circuit as high as 15 amperes. Dry cells, designed particularly 
for local battery telephone service, have higher internal resistance than those 
intended for gas engine ignition and other heavy current intermittent work. 
Longer life, with only slightly less efficiency, is obtained by increasing the 
internal resistance. Dry cells may be used for but a few minutes at a time. 


Gravity Cells. — Other types of primary cells are used to energize trans- 
mitters. Gravity cells are suitable for operators' telephones in small exchanges, 
and can furnish current steadily with no periods of rest. Gravity cells must 
not stand long on open circuit. They give about 1 volt per cell. Three or four 
in series are suitable for a transmitter. 


Fuller Cells are suitable for heavy service (many long conversations per 
day), and also can stand on open circuit without harm. "They approach nearest 
the storage battery in e.m.f. (about 2 volts) and output. They are sloppy 
and costly to maintain and are used less widely now than heretofore. 


Storage Batteries give good results in local battery sets; they require 
charging by direct current from outside themselves, however, and suffer from 
the lack of frequent charges. They are suitable for but few conditions of local 
battery use for those reasons. The most widely used method of charging 
storage batteries is by motor-generator sets, the motor being adapted to the 
source of energy and the generator being shunt wound. 
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POLE CHANGERS. — Ringing current ín central offices is usually pro- 
duced by alternating current generators or by pole changers. The latter are 


vibrating contact-makers having 


a natural frequency correspond- S 
ing to the frequency of the cur- 

rent desired. They are oper- 

ated by direct current from a 

storage battery or other source. L ! 

The Warner pole changer, Fig. = 

10, is widely used for ringing 

ordinary telephone bells at a 

frequency of from 16 to 20 g 
cycles per second. Pole changers 

of multiple frequency are also 

used to ring harmonic bells on 


party lines. Fig. 10. Warner Pole Changer 


IMPEDANCE COIL. — An impedance coil is a single coil of wire wound 
on an iron core. 


INDUCTION COIL. — A step-up transformer used in a telephone circuit 


is called an induction coil in telephone parlance. Fig. 11 shows the use of such ` 


a transformer in a local battery set. The battery 
and the carbon button are connected in series 
with its primary winding; the line and the receiver p 
are connected in series with its secondary winding. 
The function of the induction coil is to convert the 
local variations of direct current of low e.m.f. into , 
alternating currents of higher e.m.f. in order that it Fig. 11. Induction Coil in 
may pass over the line with less loss. Local Battery Set 

Local battery induction coils have a large ratio between the two windings. 
The primary winding is of low resistance and of fewer turns than the secondary 


25  Linp 


winding. Single silk insulated wire is used for both windings; practice varies 
. 48 to wire sizes and turns; a representative example has 350 turns of No. 20 


B. & S. gage wire in the primary and 2400 turns of No. 30 B. & S. gage wire in the 
secondary. Other examples use from 200 to 700 turns in the primary, 700 to 
5500 turns in the secondary, No. 20 to No. 28 B. & S. gage wire in the primary 
and No. 26 to No. 36 B. & S. gage wire in the secondary. 

The induction coils in common battery sets have different functions from those 


-in local battery sets. Figs. 12 and 13 show two forms of common battery tele- 


Phones using them. In most cases one function of the induction coil is to in- 


Ia 


Fig. 12, Fig. 13. 


sulate the receiver from the direct current of the line, so that its permanent 
magnetism never shall be opposed by direct current flowing in its coil. In Fig. 
12 the induction coil has the further function that, co-operating with the con- 
denser c it assists the transmitter to convert the direct current of the line into 
an alternating voice current. The condenser alternately receives and gives up 
charges, responsive to the state of the varying resistance of the transmitter, 


ZW. 
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This particular transforming function i is lacking in all routs having the general 
type of Fig. 13. 


REPEATING COIL. — A repeating coil is any transformer used in a tele- 
phone circuit. A one-to-one ratio rcpeating coil is frequently connected in 
such a manner that when equal currents flow through each winding in the same 
(or opposite, depending upon the point of reference) direction, the magnetic 
fields of the two currents neutralize each other, and, therefore, practically no 
impedance is offered to the flow of such currents, but each winding by itself 
has a high impedance. As the result of such an arrangement the repeating coil 
offers a high impedance to any current tending to flow through one winding 
which is not accompanied by an equal current in the proper direction in the 
other winding. One application of a repeating coil is shown in Fig. 29. One 
of the windings of a transformer or induction coll can also be used as a repeating 
coil as illustrated in Fig. 32. 


HOOK SWITCH. — The time during which a subscriber’ s telephone is - 


idle much exceeds the time in which it is in use. When idle, it must be ready 
to receive or to make a call. Whenin use, its transmitter must be able to receive 
direct currents and its receiver to receive voice currents. 'The hook switch 
makes these changes automatically. 


TELEPHONE REPEATERS. —A telephone repeater is similar in principle 
to a telegraph relay. A repeater to be successful must be desigaed so that a 
weak current passing through the “primary circuit" of the repeater will cause 
a local source of energy located at the repeater to set up a current wave in the 
“secondary” of the repeater of practically the same form as in the primary, 
but of increased amplitude; in addition the secondary wave thus set up must 
not distort the primary wave. To be commercially successful a repeater must 
be so designed that it can be shunted or bridged across the line and be used for 
transmitting in both directions. The simplest form of repeater is a receiver 
which has its diaphragm connected mechanically to the movable electrode of a 
transmitter. Repeaters are used to a limited extent, but unless special care 
is used in locating the instrument at the “electrical center" of the line and in 
keeping it carefully adjusted, the secondary wave set up is reflected back into 
the primary or transmitter circuit, is again amplified by the repeater, and so 
on, which cumulative action may be such as to produce a “howling” noise 
and render the repeater useless. Pupin, the inventor of the loading coil, has 
suggested the use of an induction motor driven above synchronism as a re- 
peater, but up to the present such a device has not been perfected. 


PROTECTIVE DEVICES. — Telephone apparatus and lines are protected 
from damage due to abnormal currents by means of fuses supplemented by two 
important co-operating elements. The latter.are heat coils or “sneak current 
arresters," and air-gap arresters. Heat coils operate by short circuiting a pair 
of contacts when small currents flow for long times or when large currents flow 
for short times. Air-gap arresters operate when potentials of 350 volts or more 
exist at their terminals. The operation of either a heat coil or an air-gap 
arrester short circuits the line, grounds the wires in trouble, and blows the fuse. 
On account of the high resistance of the telephone instruments, an abnormal 
current in the line may not be large enough to blow a fuse unless there is a dead 
short circuit. The heat coil insures such a short circuit whenever the amount 
or duration of the current exceeds a safe value. 

The relation of the three elements to each other and to lines and apparatus is 
shown in Fig. 14. The fuses should be located at the point of junction between 
wires which are ‘exposed " and wires which are “not exposed” to possible con- 
tact with a source of dangerous current. All aerial wires and aerial cables are 


v. 


Circuits 


‘rats mue 


Em 
nije, it maa 
emat beat: 
ects, Te be 


ot eer 
ures aE 
DESC 


. EEE es 
tap TELU Ls 
| Ns um e 
NT 


ye eet: 


‘automatically. 


' [ dixi 


x | l. n 


1 Heat Coils 
22 Heat.Cbil Springs 
3= Air-Gap Arresters 
4= Fuses ! ; 


=p o wam a OP a am am eaa ] — a D 


Central Office | Unexposed bine Exposed Line | Subscriber's. Premises 


Fig. 14. Arrangement of Protective Devices 


exposed. Underground and indoor wires are to be considered unexposed, if the 
indoor wires are run in accordance with good rules, such as those of the National 
Electrical Code. 


‘TELEBHONE SETS. — The several elements necessary at a subscriber's 
station are associated to form series magneto sets, bridging magneto sets and 
common battery sets. 


Seriea Magneto Sets (Fig. 15) are suitable for use on single party lines, 
and are widely so used in exchange practice, and, unfortunately, to some 
extent on lines having more than one telephone (party 
lines). Fig. 15 is the circuit of a series set. When 
the receiver ig on the hook, the bell is connected be- 
tween the terminals of the set, the battery and receiv- 
ing circuits both are open, and if the generator is not 
turned its armature wipding is shunted. When the 
generator js turned in calling, the shunt is broken 


In series sets the voice currents must pass in serios 
through all but one of the ringers of a line. The im- 
pedances of the ringers, therefore, must be as low as 
possble, yet high enough to respond to ringing cur- 
rent of reasonable e.m.f. 80 to 100 ohms is the usual 
resistance for both coils of a series ringer. The cores 
usually are shorter than in bridging ringers. 

Bridging Magneto Sets (Fig. 16) are better than series magneto sets for 
party lines. The ringer is bridged across the line permanently. The generat.r 
is bridged across the line when the crank is turned. The 
receiver and transmitter circuits are closed when the  *—[*7:57:772777777* 
hook is up. Three of the four circuits of the set are 
open when it is not in use, as in Fig. 16. 

In bridging sets the voice currents must pass by all 
of the ringers of a line. The impedance of the 
ringers, therefore, must be as kigh as possible, yet low 
enough to respond to ringing current of reasonable 
em.f. 1000 to 1800 ohms is a usual resistance for the 
two coils of a bridging ringer. The coreg are usually 
longer than in series ringers. 

Common Battery Sets (Figs. 17-19) have no 
magneto or local battery and can, therefore, be used inn 
only on lines leading to a central office. A storage Fig. 16, Bridging Mag: 
battery at the central office, common to all the lines, neto get 
supplies current to them for two purposes, for talking 
and for signaling the operator; hence the name “common battery,” The 
absences of the magneto generatoy and the Joca} battery simplify construction 


tery Magneto Set 
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and operation of the instrument. Common battery telephones cannot send out 
current to ring bells, as can magneto telephones; when used on a party line 
they can, therefore, call each other only indirectly, by asking the central office 
operator to send the necessary ringing current over the line. Common battery 
sets are nearly always bridging sets. l 

Figs. 17, 18 and 19 are typical circuits of common battery telephones. Fig. 
17 is that used by the Associated Bell Telephone Companies and in Western 
Electric Company’s apparatus throughout the world. 
As the condenser is “ opaque ” to direct current, but 
“translucent” to alternating current in a degree de- 
pendent upon the frequency, no direct current from 
the central office normally will flow through the set 
when the hook switch is down, but alternating cur- 
rent from the central office can actuate the ringer. 
When the switch-hook is up, direct current from the 
central office flows through the transmitter / and the 
primary $ of the induction coil. : : 

In the circuit of Fig. 18, used by the Kellogg Switch- Fig. Tee Lo 
board & Supply Company, the ringer, in series with a 
condenser C2, normally is bridged across the line. "When the switch-hook is 
up, the transmitter is in series with the line and can vary its current. The 


receiver js in a path “opaque” to direct current, but "translucent" to voice. 


current, because of the condenser Ci. The receiver path, including the condenser 


Fig. 18. Kellogg Common Battery Set Fig. Í9. Desk Set with Direct Current 
Receiver 


Cı is shunted by a coil of low resistance but of high inductance, which is 
opaque to voice currents but translucent to direct currents. No direct currents 
can pass through the receiver. 

The circuit of Fig. 19 is one in which all of the direct current intentionally is 
allowed to pass through the receiver. The latter has no permanent magnet 
(i.e., is of the “direct current" type, Fig. 4 or 5), and depends on the direct line 
current from the central office to magnetize its core. 


Wall and Desk Sets. — Telephone instruments are assembled for use in 
two forms, wall sets and desk sets. The latter also are called portable sets, 
having the receiver, transmitter and hook switch combined into a unit which 
can be carried about. Wall sets are self-contained, having space for batteries 
if needed. In local battery and common battery desk sets the ringers are sep- 
arately mounted, usually upon a wall. Local battery desk sets in addition re- 
quire housing for batteries, and magneto desk sets require separately mounted 
hand generators. 

A desk set is connected to line and ringer, and to battery and generator, if 
used, by a flexible cord. The number of strands in the cord depends on the 
type of circuit used, and on whether the induction or impedance coil, if used, is 
mounted in the portable set itself or on the wall with the ringer. In Figs. 17, 
18 and 19 the parts of the circuit carried by cords between the portable and fixed 
portions of the set are shown by dotted lines. l | 
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Desk sets are more convenient for use but are more costly to maintain than are 
wall sets. They fall frequently, breaking transmitter mouthpieces, receiver 
shells, and other parts. Supporting arms for desk sets minimize this breakage. 


Extension Set. — An extension set is a set used as an auxiliary to a regular 
set; the extension set usually has no bell; signals are received on the bell of the 
terminal set, and if the user of the extension set is wanted, he is notified by 
a separate signal, such as a buzzer, operated by the person who answered the 
terminal set. Any number of extension sets may be bridged to a line. Any 
one of them may make a call. None can receive a call direct from the central 
office nor from another station on the line unless equipped with a ringer, and 
not then from other stations on the line unless they are magneto sets. 


PARTY LINE CIRCUITS. — Party line sets differ from individual line 
sets only in methods of signaling. The apparatus used and the method of con- 
necting up depends upon whether the party lines are to be non-selective or se- 
lective. 


Non-Selective Party Lines. — On such lines a call made by any party on 
the line operates the ringers at all stations. Each station has a particular group 
of periods of bell ringing, which group only it is meant to answer. Up to five 
stations from one to five short rings per station serve well. Beyond five, long 
and short rings are combined. Magneto sets, both series and bridging, are used 
on non-seleciive party lines. The generator of the magneto set at any station 
can ring all the bells of the line at once, and operate the central office signal also, 
if the line leads to a central office. The bridging system is so used on many 
private lines, farmers’ co-operative lines, rural toll lines, and, to a degree, on 
exchange party lines in towns. 

Non-selective stations should not answer other calls than their own; this 
extra listening on lines is an extra drain on local batteries in sets having them; 
it also destroys privacy. A receiver off the hook impairs signals unless circuits 
are specialized. 

If a condenser of low capacity, say one-half microfarad, be placed in series 
with the receiver, it will obstruct ringing current (frequency 20 per second) 
considerably, but voice currents (mean frequency 800 per second) very little. 

Selective Party Lines are equipped with ringers arranged to respond each 
to its own call, the others remaining silent. There are three such methods in 
use in the United States, and still a fourth method, which has certain very de- 
cided advantages, is coming into use. . 

Metallic Circuit Two Party Lines (Fig. 20.) — On metallic circuits 
selective two party working is simple. Fig. 20 is the standard system of the 


Fig. 20. Two Party System 


Associated Bell Telephone Companies in the United States. Each wire of the 
metallic circuit is used as a private grounded ringing circuit to one station, and 
the pair of wires is used as a talking circuit by each station. Key A connects 
the ringing generator to the upper wire, ringing station No. 1; key B rings 
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station No. 2. If a station answers while being rung, the other station is not 
rung falsely, the ground on the non-ringing side of the used key preventing that. 

Harmonic Selective Systems (Fig. 21) operate on the principle that 
a ringer having a spring-supported armature will ring for one frequency of cur- 
rent but not for any other frequency. Frequencies of 16, 33, ṣo and 66 per 


Fig. 21. Four-party Harmonic System 


second are used in the Dean four-party harmonic system. Each calling cord 
in the central office switchboard can be rung upon by one of four keys, as in 
Fig. 21. The ringers are alike except as to the sizes of tappers, which are cylin- 
ders of metal, heaviest for the lowest frequency and graduating to lightest for 
the highest frequency. 

The number of selective stations may be made twice the number of frequencies 
by connecting harmonic ringers from each wire to ground as in Fig. 20, instead 
of across the line as in Fig. 21. This enables eight stations to be placed on a line 
leading to a four-frequency central office. 


Biased Ringer Systems (Fig. 22). — The Hibbard party tine system 
uses unidirectional pulsating current for the selection of biased ringers on four- 
party lines. An improvement on that system (Fig. 22) is used by the Ameri- 
can Telephone & Telegraph Company. A biased ringer is an ordinary ringer 
which has its armature drawn to one side by a spring. Impulses of current 
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e Fig. 22. Four-party Biased Bell System 


in one direction only will operate the ringer. Condensers permanently in series 
with such ringers would interfere with the selective action; but condensers are 
necessary to prevent ringer connections from interfering with other functions 
of common battery lines. In common battery systems, therefore, a relay at 
each station, as in Fig. 22, connects the ringer to the proper line wire only during 
ringing. The same current that operates the ringer draws up the ringer relay. 


Step-by-Step Party Line Systems select the desired subscriber by 
the operation one after another of a set of switches at the subscriber's station, 
controlled from the central office. Step-by-step party line systems have not 
come into wide use, but the development of automatic switching systems for 
central office use is increasing knowledge, faith and skill concerning step-by- 
step mechanisms. 

Semi-Selective Party Lines.— Semi-selective ringing is done for more 
than two stations on a line, as in Fig. 20, by connecting more than one ringet 
to each wire, ringing code signals on key A for the ringers on the upper wire an 
ringing code signals on key B for ringers on the lower wire of the figure. 
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CENTRAL OFFICE EQUIPMENT. — Telephones are used in two 
general ways: (1) On a line permanently connecting two or more telephones, 
this line not being connectible to another, and, (2) On a line carrying one or 
more telephones, this line being connectible at will to any other of a group of 
lines. In the second case a switchboard and the necessary adjuncts for pro- 
ducing the various kinds of current required must be provided for connecting 
any line to any other. Such a switchboard and its adjuncts make up a “ cen- 
tral office.” A “telephone exchange” is an organization of one or more central 
offices and the connecting lines and apparatus employed in supplying telephone 
service to a community. A central office is, therefore, but part of an exchange. 

À " manual switchboard" is one in which a human operator connects and dis- 
connects the lines by hand, as instructed by the subscribers through signals and 
speech. An “automatic switchboard" is one in which machines connect and 
disconnect the lines in response to electrical changes in the calling line. The 
functions of manual and automatic switchboards sometimes are combined and 
named “semi-automatic systems" or ‘‘automanual systems." 

À switchboard designed to interconnect telephone sets equipped with local 
batteries and magnetos is called a “magneto switchboard," while a board de- 
signed to interconnect telephone scts supplied with current from a single battery 
in the central office is called a common battery switchboard." When each of 
the lines entering a central office is permanently connected to a single “jack” or 
terminal, the board is called a *simple switchboard." When each line is per- 
manently connected to a plurality of jacks, located at different parts of the board, 
the board is called a “multiple switchboard." A multiple switchboard is divided 
into sections, each section accommodating three operators, and containing a jack 
for each line entering the central office. The group of jacks in each section is 
referred to as the “multiple.” “Simple switchboards” can be used only in case 
the number of lines connected to the central office is small (less than about 300), 
unless local trunking in the central office is resorted to. It should be noted that 
the cost per subscriber of central office switchboard equipment increases as the 
number of subscribers increases when the total number of subscribers is sufficient 
to require the use of multiple switchboards. 


Cords, Plugs, Jacks and Drops.— As principally used, manual 
switchboards connect lines by means of flexible conducting "cords" tipped 
with plugs which fit line-terminal-sockets called jacks. The plug contains 
some number of parts, electrically insulated from each other but connected to 
conducting strands of the cord terminating in the plug. "There are two strands 
in the cords of simple magneto switchboards, and therefore two parts in the 
plug to connect to two conductors of the jack. Fig. 23 shows a jack and 


plug for a two-stand cord. Few switchboards involve circuits calling for more 


Fig. 23. Jack and Plug Fig. 24. Diagram of Plug and Jack 


than three conductors in regular switching cords. Plugs and jacks for that 
many conductors can be made in compact and serviceable forms. Fig. 24 
shows diagrammatically a three-conductor jack and plug, in which it is in- 
tended that the tip of the plug shall engage the short spring, the ring of the 
plug the long spring, and the sleeve of the plug the tubular sleeve or thimble 
of the jack. 

The cords and plugs are associated with keys, signals, wiring and current 
sources, and ate links which the operator uses to do her work upon the lines made 


1540 Telephone Instruments and Circuits 


accessible by the jacks. At D in Fig. 25 is shown diagrammatically the type 
of signal employed on magneto manual.switchboards. This signal, called a 
* gravity drop,” is bridged across the switchboard end . 


of the line in the same manner as the ringer at the 
subscriber’s station. When the core is energized by 
current from the magneto, at the subscriber’s station, 
the armature is attracted, lifting the catch and releas- 
ing the shutter D allowing it to fall forward by gravity. 
These signals are called gravity drops for this reason. 


Power Plants. — The power plant is an organiza- 


Fig. 25. Magneto Drop 
and Jack 


tion of devices in a central office to furnish to the 

lines connected to that office the several kinds of currents required. The 
principal elements of power plants are storage batteries, charging generators 
and sources of alternating current for ringing. 

In the common battery system one storage battery usually supplies current 
to all transmitters, whether of subscribers or operators, and actuates all principal 
relays and lamp signals. In magneto offices storage batteries need only be 
large enough to supply operators’ transmitters and a few auxiliary signals, as 
magneto equipments usually have primary batteries in subscribers’ telephones. 


Magneto Manual Switchboards (Figs. 25 and 26).— Fig. 25 represents 
diagrammatically the central office end of a subscriber’s line and Fig. 26 in- 
cludes the essential elements of a magneto cord circuit. Normally the tip of 
one plug is connected through the cord to the tip of the other, and the same is 
true of the plug sleeves. When a subscriber rings, the drop D in Fig. 25 falls. 


The central operator then inserts 
the plug Pi (Fig. 26) of an idle 
cord circuit in the jack of this 
subscriber’s line; this discon- 
nects the line drop, the shutter 
of which is returned to its nor- 
mal position either by hand or 
automatically. She then con- 
nects her telephone set to this 
cord by closing the switch A 
and gets the number of the 
subscriber wanted, and inserts 
the plug Pz in the correspond- 


ing jack. By closing the switch B she connects the called subscriber's bell 
to the central office source of ringing current, which usually is running con- 
. tinuously. The called subscriber’s bell rings as long as the operator presses the 
ringing key. When she releases it, direct connection between the two lines 
results. When the called subscriber answers, conversation may ensue, and at 
the close of it the subscribers are expected to signal for disconnection by ringing. 
The gravity drop D (Fig. 25), in this case called a clearing-out drop, is bridged 
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Fig. 20. Magneto Cord Circuit 


across the cord circuit, and in response to this signal the operator removes bot 


plugs. The line signals of both lines thus are reconnected in readiness to receive 


calling signals. 


The operator's set is connectible to the cord circuit by means of a key, enabling 
her to answer the calling subscriber by telephone, to listen to the conversation, 
and, by releasing one listening key and pressing another, to shift her telephone 
set from cord circuit to cord circuit. Depending upon a variety of conditions, 
an operator can utilize from ten to twenty cord circuits, transferring her tele- 


phone set from one to another as required. 


In Fig. 26, ringing current can be sent out only from the right-hand plug. 
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Calls, therefore, are answered by using the left-hand plug of the figure, called 
lines being taken up by the right-hand plug. Some users require both plugs to 
be equipped with calling keys, in which case the left-hand plug would be given 
an arrangement symmetrical with that of the right-hand one. 

The shutters of gravity drops used as line or clearing-out signals are restored 
to their upright position by hand in most simple magneto switchboards. For- 
merly the drops were placed in one group and the jacks in another, the drops being 
restored directly by the operator's fingers. Latterly the drop and jack of a line 
are associated together, so that the plug as inserted into the jack restores the 
shutter by some thrusting movement on the part of the jack. A simple way is 
to form a tongue upon the jack spring, this tongue thrusting the shutter directly 
into its latch. 

Large magneto switchboards have’ been equipped with drops grouped at a 
distance from the jacks and out of reach of the operators. Such drops are re- 
stored after operation by electro-mechanical means, the act of placing the plug 
in the jack of a line closing circuits to restore the shutter. 

Jacks are adapted to be mounted in insulating strips in whatever arrangement 
is desired, and any jack of a group may be dismounted. When more compact 
arrangement is desired, jacks are made up in strips of ten or twenty, an entire 
strip of which must be removed from the framework of the switchboard to enable 
one jack to be inspected or worked upon. 

During hours of light telephone traffic, as at night, it is desirable to use as few 
operators as can handle the traffic satisfactorily, and, in small exchanges, even 
to allow the operator to sleep between calls. On a long switehboard a drop may 
fall many feet away from the night operator and its falling be unheard. A night 
alarm signal is provided by equipping each drop with a contact closed by the 
falling of the shutter. These contacts of all the drops of a group are wired in 
multiple to a battery, bell and switch which is closed at night. When any drop 
of that group falls, the bell will ring if the switch is closed. 

Switchboard plugs, when not in use, stand vertically in a plug shelf, the cords 
being housed within the switchboard framework and kept reasonably taut by 


. means of weighted pulleys. Weights should be heavy enough to enable cords 


to return plugs to position after disconnection, and not so heavy as to shorten 
unduly the lives of the flexible conductors within the cords. 
Where grounded circuits are connected to metallic circuit switchboards and 


require interconnection with metallic circuits, a ground connection must be pro- 


vided to furnish the second limb of the line, as switchboards now are built 
entirely for metallic circuits. Such grounds must be connected to jacks in one 
unvarying way or two grounded circuits may be connected so as not to be able 
to talk to each other. The usual practice is to connect the line wire to the spring 
of the jack and the ground to the sleeve. 


Simple Common Battery Switchboard (Fig. 27). — The circuits of a 
representative simple common battery switchboard are shown in Fig. 27 and 
are those of the Kellogg Switchboard & Supply Company. They are a type of 
many other makes. The subscribers’ lines terminate in cut-off jacks. There 
Wed one jack per line. The calling plugs only are equipped with ringing 

eys. 

The cycle of operations of such a system is as follows: The subscriber removes 
the receiver from the hook and as there is no plug in the jack of his line at the 
central office, the line relay is actuated, lighting the line lamp and operating the 
pilot relay. The pilot relay, in turn, lights a pilot lamp, of which there is one 
for a considerable number of line lamps, and with which a bell or other night 
alarm signal can be associated. Responsive to the lighting of the line lamp, 
Which in practice is mounted close to the line jack, the operator inserts an answer- 
ing plug in the jack, breaking the line relay circuit in two places, and so extin- 
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guishing the line lamp. Operating her listening key, the operator connects het 
talking set with the cord circuit, asks for the subscriber’s order and executes it 
by inserting the calling plug in the jack of the line called for, unless that jack 
already is occupied by a plug. If it is occupied, she tells the calling subscriber 
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Fig. 27. Circuits of Simple Common Battery Switchboard 


that the called lineis busy. If it is not occupied, she plugs into it, as stated, and 
rings. At this stage, the supervisory lamp 7, adjacent to the answering plug, is 
dark and the supervisory lamp 8, adjacent to the calling plug, is lighted, indi- 
cating that the calling subscriber’s receiver is off the hook and the called sub- 
scriber’s receiver is on the hook. When the called subscriber answers in response 
to the ring, lamp 8 is extinguished. At the close of the conversation, both lamps 
will re-light as the respective receivers are hung up. In this way the operator 
can tell at all times the state of the connection and conversation and, responsive 
to the final lighting of both supervisory lamps, she removes both plugs with the 
positive knowledge that the conversation has been finished. 

The heavy lines in Fig. 27 are those over which the subscriber’s conversation 
takes place. In the cord circuit the two conductors which carry voice current 
are continuous from tip to tip and from sleeve to sleeve of the plugs, except that 
a condenser is interposed in each of the two conductors. Direct current to 
actuate subscribers’ transmitters is furnished to the calling subscriber through 


Fig. 28. Impedance Coil Cord Circuit Fig. 29. Repeating Coil Cord Circuit 


the windings 3-4 of the answering supervisory relay and to the called subscriber 
through the windings 5-6 of the other. Each supervisory relay thus serves two 
purposes, one being to supply the subscriber's transmitter with current, the 
other being to co-operate with the ground at the line jack so as to light the super 
visory lamp if no direct current flows through the line, and to extinguish the 
supervisory lamp while the direct current does so flow. 
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There are three general ways in which direct current can be supplied from cord 
circuits to subscribers’ lines. In Fig. 28 current is supplied through impedance 
coils without condensers. Such a plan is suit- 
able where all the lines of a switchboard are 
of about equal resistance, as in a private 
exchange. Jf the lines are of varying resist- 
ance, a high resistance line will be denicd 
proper current when connected through such 
a cord circuit to a low resistance line (low 
compared to the resistance of the impedance ,. f "ESE" 
coil). The circuit of Fig. 29, using a repeat- Fig. 30.. Condenser Cord Circuit 
ing coil, is free from this objection and is standard with the American Telephone 
& Telegraph Company. The circuit of Fig. 30, using impedance coils and con- 
densers, is as efficient as that of Fig. 2S, though entirely different in principle. 
It is widely used in manual and automatic switchboards other than those of the 
American Telephone & Telegraph Company. 


Comparison of Magneto and Common Battery Systems. — The mag- 
neto system is best in small towns and country exchanges. Magneto systems 
are best for exchanges under 500 lines and common battery systems best above 
that number. No positive rule can be laid down. For example, the magneto 
system may be arranged in exchanges which start with little equipment and do 
not grow beyond 5oo lines while the equipment still is in good condition. Con- 
versely, common battery systems may be warranted in exchanges as small as 200 
lines, wherein the conditions are favorable and the need of the highest grade of 
service is great. 


Transfer Systems or Local Trunking.— When it is desired to use a 
simple magneto or common battery system in an office requiring more than 
three operators, so that there will be lines beyond the.reach of each operator, 
it is possible to provide local trunks or transfer circuits to interconnect lines 
which cannot be reached directly. These are called transfer systems or local 
trunking systems. If an operator has a call for a line which she cannot reach 
directly, she inserts the calling plug in a jack of a trunk which leads to the sec- 
tion carrying the jack of the called line. At that section an operator connects 
the chosen trunk with the called line and assists in disconnecting it at the end 
of conversation. "These systems have service disadvantages which in most cases 
more than outweigh the savings, and the best practice is to use multiple 
switchboards where simple switchboards are outgrown. An important excep- 
tion isthe case of large cities where the majority of calls would have to be com- 
pleted through a second central office in any event. Under such circumstances 
multiple jacks for the trunks only are provided, the subscriber's line being 
provided with but a single jack and practically all calls are trunked irrespective 


` of their designation. 


Multiple Switchboards (Fig. 31). — A multiple switchboard is one in 
Which all the lines of the office are brought within reach of each operator by 
equipping each line with a number of jacks, distributed over the board in such 
a manner that each operator can reach at least one of these jacks. The usual 
practice is to equip each line with one answering jack, at which all its calls will 
be answered, and in addition with a plurality of line jacks into any one of which 
a plug may be inserted when that line is called. As there is a plurality of places 
where the called line may be taken, some guard is required to prevent an opera- 
tor taking the line when it is in use at another part of the switchboard. This 
guard is called the “busy test" and is provided by changing the electrical state 
of a metal thimble of each jack of a line whenever a plug is inserted. When idle, 
all the thimbles.of all the jacks of a line are at the same potential as all the tips, 
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of all idle plugs. Touching the tip of a plug to the sleeve of a jack of an idle 
line produces no electrical result. But when an operator touches the tip of a 
plug to the sleeve of a line which is busy, difference of potential between tip 
and sleeve causes current to flow and a click to be audible in her receiver. She 
then tells the calling subscriber the called line is busy. 


Fig. 31 shows the complete circuits of a calling line, a called line, and the con- - 


necting cords of the Western Electric Company's relay switchboard No. 1, 
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Tig. 31. Circuits of Multiple Battery Switchboard 


which is the standard of the American Telephone & Telegraph Company. The 
cycle of operations is exactly as described with reference to the simple common 
battery switchboard with the addition of testing the jack of the called line. 
Current supply to the cord circuit is of the form shown in Fig. 29. The jacks 
have fewer parts than in the simple switchboard before described. The line 
relay is disconnected from the line by a cut-off relay instead of by a cut-off 
jack. The cut-off relay is operated by current from the cord circuit when 4 
plug is placed in any jack of the line. This current also furnishes the busy test 
potential to all jacks of a line so long as a plug is in any jack. Direct current 
which actuates the subscriber’s transmitter also energizes the relay 3, placing the 


shunt 4 around the supervisory lamp x. It results that the lamp 1 or s will be | ; 


lighted or dark, depending upon whether the switchhook of its line is down 
or up. 

Al principal common battery multiple switchboard systems now in general 
use have the common feátures of an audible busy test, line lamp signals, two 
supervisory signals per cord circuit — one for each line of a connection — at 
answering jacks supplementing the multiple (or calling) jacks. None of them 
requires more than two wires in the subscriber's line outside of the central office, 
but the system of Fig. 31 requires three wires in the line throughout the switch- 
board. Other systems require only two wires throughout the switchboard an 
in these systems the busy test and cut-off relay functions are combined with the 
other functions of one of the wires of the line. The advantages of the two-wire 
over the three-wire system lie principally in the greater simplicity of the jacks 
and the fewer wires necessary in the switchboard cables. 
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Common battery multiple switchboards for use in offices of from 500 to 1200 
lines sometimes are provided with cut-off jacks, avoiding the necessity of using 
cut-off relays. Some such switchboards use magnetic mechanical signals as a 
substitute for lamp signals. They are not the best practice. Lamp signals 
have decided advantages. They are compact, can be mounted closely adjacent 
to jacks, show great contrast between actuated and non-actuated condition, 
and are not easily obscured by cords. 


A and B Operators. — Manual multiple switchboards are adapted to 
bring all the lines of the office within reach of each operator, but such switch- 
boards cannot concentrate more than 10,000 lines within such reach unless the 
jacks are made smaller than is considered the best practice. When an exchange 
contains more than 10,000 lines, it is customary to provide more than one office. 
This makes possible a saving in lines and things relative to them, but requires 
calls to be trunked from one office to another. In an exchange of 100,000 lines, 
for example, there would be ten switchboards of 10,000 lines each, each switch- 
board serving a district of the exchange. 

Calls originating in one district will be for lines in all the districts and only 
those for lines in the originating district can be completed in the switchboard 
for that district. Calls for subscribers in all the nine other districts must be 
trunked. To accomplish this, the operators in a multi-office exchange have 
equipment enabling them not only to complete calls directly in the multiple 
before them but to connect subscribers with trunk lines leading to the other 
offices, and in each office furthermore there are operators and equipments adapted 
to receive and complete calls trunked to them from the offices where they 
originated. 

Operators who answer subscribers are called A operators; operators who 
serve trunk lines incoming from other offices are called B operators. The cycle 
of operations in a call for a line not in the office first called is as follows: sub- 
scriber lifts his receiver and his line lamp lights; operator answers and asks 
number; learning by prefix that call is for a subscriber in a distant office, opera- 
tor presses a key marked with that prefix, so connecting her telephone set with 
a line leading directly to a receiver of a B operator in the distant office; A 
operator speaks the number desired, following with the prefix of her own office; 
B operator in distant office names back a trunk number; A operator inserts 
caling plug in a multiple jack of that trunk and simultaneously distant B 
operator inserts the plug of that trunk in the called line; method of ringing 
depends on type of apparatus; at close of conversation A operator discon- 
nects, which act lights disconnect lamp before B operator, who disconnects in 
response, extinguishing signal. 


Main Distributing Frame. — The main distributing frame is a device 
upon which are terminated, usually upon opposite sides, the lines from sub- 
scribers and from switchboard apparatus. Between these terminals connect- 
ing links of wire, called “jumpers,” are soldered. The purpose of the main 
distributing frame is to enable a subscriber’s line to be connected semiper- 


manently with a given switchboard line. A subscriber may move anywhere - 


within the district of his central office and may utilize any pair of wires entering 
that office without relinquishing his particular telephone number, as his switch- 
board circuit may be connected by jumper to whatever entering cable wires 
his line may use. Protective apparatus, consisting of sneak current arresters and 
carbon air-gap arresters, is associated with all lines entering a central office, 
These protective devices customarily are mounted on the switchboard side of 
the main distributing frame. 


Intermediate Distributing Frame. — The intermediate distributing 
frame is a device on which lines to multiple jacks and lines to answering jacks 


p ^L 
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respectively are accessible for inter-connection. Its object is to enable a given 
line to terminate on an answering jack at any part of the switchboard and this 
connection also is semi-permanent. By this is meant that when a subscriber's 
line has been connected by jumper to an answering jack on a certain operating 
position, all the calls of that line will be answered at that position until the 
jumper in the intermediate distributing frame has been changed. The purpose 
is to enable the traffic originated by the subscribers of an office to be divided 
equally among the operators. This equalization is not automatically done by 
the intermediate distributing frame, as is the intent in the automanual system. 


Automatic Switchboards.— An automatic switchboard is a set of machines 
in a central office, adapted to connect and disconnect lines under the control 
of subscribers. These machines do automatically what human operators do 
on manual switchboards. The objects are to save the cost of the labor of 
manual operators and to increase the speed and accuracy of connecting and 
disconnecting. As the only human operating which is done in an automatic 
system is done by the subscribers themselves, the accuracy of connecting de- 
pends on the skill of the subscribers. In practice this is found to be sufficiently 
high for the rendering of good service. Automatic systems have the consider- 
able advantage that the disconnection of the lines is instantaneous, which is 
not true in any purely manual system. 


Automatic systems are in successful use in many exchanges in the United - 


States and in a few elsewhere. 'The apparatus is more intricate than that of 
manual switchboards. The first cost of automatic equipment is greater than 
manual equipment in small systems and less in large systems. In both manual 
and automatic systems the larger the traffic the more equipment per subscriber 
is required in the central office and the greater is its cost. 

All automatic systems so far devised utilize the step-by-step principle. In 
the system of the Automatic Electric Company, which now is in wide ust, 
selector and connector switches take as many steps per movement as there are 
units in the digit called. 

In manual multiple switchboards, all the lines of an office are accessible to each 
operator. At the time of making a connection the operator and the calling plug 
of a cord circuit may be considered as a terminal device attached to the calling 
line and seeking the called line in the multiple of all the lines. In & manual 
transfer switchboard or in the trunking of a call from one office to another in an 
exchange having several offices with multiple switchboards, a first and a second 
operator must co-operate to complete certain connections. 

An automatie system represents a third case in which two or more devices 
must co-operate to complete a connection. In a word, as many separate ma- 
chines are engaged in making a connection aa there are digits in the called num- 
ber, less one, | 

Success in automatic telephony came with the abandonment of the complete 
multiple principle and the adoption of the complete trunking principle, which 
had been abandoned jn manual telephony some time before. 


Selector and Connector Switches. — The underlying feature of the 
automatic trunking system is that the calling subscriber directs the frst 
"selector switch” to seek an idle trunk from a certain group of trunks, all of 
which lead in a direction determined by the first digit of the called number. 
This first switch makes as many vertical steps as there are units in the first, 
digit called, and immediately thereafter seeks out and appropriates an idle trunk 
of that group. On the calling of the next digit, a switch at the end of this 
selected trunk takes as many vertical steps as there are units in the second 
digit, and immediately seeks out and appropriates an idle trunk in that group. 
This process is repeated until all but two digits have been called, which carries 
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the connection to the last switch which will be used. This switch is called a 
“connector” and has vertical and rotary motions like the preceding switches, 
but, unlike them, both vertical and rotary motions are under the subscriber’s 
control. As he calls the next to the last (tens) digit, the switch takes as many 
vertical steps as there are units in that digit but does not follow with an auto- 
matic rotation. It rotates in response to the calling of the last.digit, taking as 
many steps as there are units in that digit and stopping with its wipers in con- 
tact with terminals of the called line. Ringing of the called subscriber then is 
caused by automatic means or by rclays responsive to a push button in the call- 
ing subscriber's telephone. Disconnection ensues when the calling subscriber 
hangs up his receiver. 

Space does not permit a detailed description herein of the circuit connections 
for an automatic system. 


Semi-automatic Switchboards. — There have been many proposals to in- 
troduce automatic switches into manual systems to do certain things better 
or more cheaply than in complete manual systems. Some of these proposals 
arrange to distribute incoming calls among operators, the remainder of the 
process being the same as in a standard multiple manual switchboard. Other 
proposals arrange to substitute automatic switches for the multiple switch- 
boards with or without any arrangement for distributing the incoming traffic 
upon the operators. 

Both plans have advantages, a chief one being the instantaneous disconnection 
which is possible with automatic devices. Another is that an automatic system 
is fundamentally a trunking system and the tendency of growth in exchanges is 
more and more toward large percentages of trunking. A principal office in 
New York City, for example, completed 80 per cent of the calls of its subscribers 
directly in its own multiple twenty years ago, 25 per cent ten years ago, and 
completes perhaps 5 per cent now. In other words, of the calls of its subscribers 
the percentage trunked to other offices has risen from 20 per cent of the total to 
95 per cent of the total in twenty years. Under such circumstances, it no longer 
is considered good practice to provide any multiple of subscribers’ lines in 
switchboards which handle calls from subscribers but to trunk all calls whatever ° 
may be their destination. Automatic apparatus is particularly adapted to this 
work. 


Automanual System. — The automanual system is an example of 
semi-automatic systems and is in use in several exchanges in the United States. 
It consists of a group of automatic switches controlled by keys before an opera- 
tor. She receives calls orally from subscribers and completes connections by 
touching a key for each digit called. The automatic apparatus finds and calls 
the desired line and disconnects the lines when conversation ends. Operators 
of this system are able to handle several times as many calls per day as in regu- 
lar manual systems. One operator is reported as having completed 1100 con- 
nections in one hour. 


PRIVATE EXCHANGES. — A private exchange is a group of telephone 
lines and switching apparatus subordinate to a central office, and usually on the 
premises and for the uses of a single business. Private exchanges are widely 
used in hotels, apartment houses, factories and suites of offices. 

Private exchanges are of three types: those using simple switchboards which 
are attended by operators through whom all local and outside calls pass; those 
requiring keys at each telephone whereby each user may select tbe line of any 
local telephone or a trunk line to a central office, and those having a local equip- 
ment of automatic switches. The latter systems usually are connected to auto- 
matic central offices. 

. In alk cases the object of the private exchange is to enable the telephones 
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within them to communicate with each other directly without using lines through 
the central office at all. A second object is to enable communication from tele- 
phones of the private exchange. through the central office by the use of fewer 
trunk lines than there are telephones in the private group. A serviceable ratio 
of trunk lines to local telephones may be from one-tenth to one-fifth, at a con- 
siderable saving in cost over the providing of a line to the central office from 
each local telephone. 


PHANTOM CIRCUITS (Fig. 32.) — In Fig. 32, four wires join two offices. 
RR are transformers with their secondaries arranged as repeating coils. They 
are designed to be efficient in transforming both talking and ringing currents. 
Currents from telephones connected to either physical pair of wires pass at any 
instant in opposite directions in the two wires of the pair. The phantom circuit 
uses one of the physical pairs as a wire of its line. It does this by tapping the 


Fig. 32. Phantom Circuits 


middle point of the line side of each of the transformers. The currents of the 
phantom circuit are not heard in the physical circuit because they pass out- 
wardly from the middle points of the secondaries in equal and simultaneous 
amounts and, therefore, produce no resultant magnetization in the core. The 
currents of the physical circuits are not heard in the phantom circuit because 
the former can produce no differences of potential in the phantom circuits, 
provided all four wires are equal in resistance and insulation; under these 
conditions no difference of potential can exist between the middle points of 
the repeating coils at the two ends of the line. 


JOINT TELEPHONE AND TELEGRAPH CIRCUITS. — Telephone 
lines may be equipped so as to permit speech and telegraphy to go on over the 
same wires at the same time without interference with each other. There are 
two ways of accomplishing this, being known respectively as the simplex system 
and the composite system. 

Simplex Circuits (Fig. 33) are made from metallic circuit telephone lines 
as in Fig. 33. The principle is the same as that of a phantom telephone cir- 
cuit. Nearly the same results can be obtained by using a simple impedance 
coil (i.e., a single winding with tap brought out from the center) bridged across 
the telephone line instead of a transformer inserted in it, but in ringing 00 
such a line with a grounded generator the telegraph relays will chatter. 

Composite Circuits (Fig. 34) depend upon a different principle. Imped- 
ance coils are inserted to oppose alternating currents, and condensers to oppose 
direct currents, In Fig. 34 one telephone circuit forms two Morse circuits 3o 
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that two wires form one telephone circuit and (with the earth) two telegraph 
circuits. Each Morse circuit includes in series two 50-ohm impedance coils and 
condensers are shunted to ground between the Morse sets and the impedance 


- 
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L Morse 3] 


Fig. 33. Simplex Telephone and Telegraph Circuit 


coils. The s0-ohm impedance coils are connected differentially and so offer low 
impedance to the Morse impulses, whose frequency is not high. The coils, how- 
ever, offer great impedance to voice currents, since they are not differentially 
connected with respect to the latter. Voice currents can pass through the con- 


densers in the telephone line, but direct currents cannot. Impulses due to dis- 
charge of coils and capacities in the Morse circuit would make sounds in the 
telephone but that they are choked off or led off by the 30-ohm impedance coils 
and the large capacities connected to the Morse sets. 


Railway Composite Systems. — The principles of the respective imped- 
ances of inductances and capacities to direct and alternating currents, upon 
which the composite system depends, are applied to the conversion of series 
telegraph lines into combined telegraph and telephone lines. It sometimes is of 
advantage to modify a single-wire telegraph line so that telephones may be 
worked upon it, without abandoning its use as a regular telegraph circuit. 

Such an arrangement is known as a railway composite system. Calls between 
telephone stations on such a circuit are sent by means of high-frequency alter- 
nating currents, such as are developed, for example, in an automobile spark coil. 
The signals are received at the telephone stations on “howlers,” which are merely 
telephone receivers with special horn-shaped mouthpieces. These calling cur- 
tents are of such high frequency as not to affect the telegraph relays. The paths 
for the higher-frequency currents in general are supplied by condensers and the 
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paths for the lower-frequency currents for-telegraphy in general are supplied by 
inductance. 


COSTS. — The following prices were current in 1913; they are all fob. 
factory. These costs are given merely as a rough guide for preliminary esti- 
mates. For accurate estimates quotations should be obtained from the manu- 
facturers. 

Magneto wall set complete: — . 

Series (80-ohm ringer)............... eee eee $9.00 
Bridging (rooo- to dutem CLE IQ.5Q- 12.25 
Magneto desk set complete: — 
Add 75 cents to above prices. 
Common battery wall set complete: — 


Oak or walnut, soo-ohm ringer............ er 8. so 
Oak or walnut, 1ooo-ohm ringer................ 8.75 
Hotel type, 1000-ohm ringer.................s.. 7.25 
Common battery desk set couplets with cord: -~ 
5oo-ohm DIBger..- 2c er ga eR rw Vs ETE 9.25 
rooo-ohm ringer............. neis sb IAS 9.50 
Automatic wall or desk set... ............... eves 13.00 
Magneto switchboards: — 
50-200 lines, 1-operator equipment. ............ 175-575 
250-300 lines, 2-operator equipment............. 730-865 
Simple common battery switchboards: — | 
100-000 MINES 5. Lv ep REVUE OEDUNR RU EA os Soe EE 550-2500 
Corresponding cost per line. ............... ees 0 5. 5074.17 


Multiple common battery reir aae hri l 
1000-13,000 lines, 16ọ multiple jacks per posi- 


N 


. tion, with power plant....................se ee 13,000~280,009 
‘Corresponding cost per line. .............. EPET 13. 50-21. 50 

Power plants: — . 
200 to 1000 lines... ... SES Ser OE ICE: 200-575 


BIBLIOGRAPHY. — McMeen & Miller, Telephony, Am. Sch. Corr., 1912; 
Poole, J., Practical Telephone Handbook and Guide to the Telephone Exchange, 
N. Y. 1910; Smith, A. B., Modern American Telephony, 1911; Thiess and 
Joy, Toll Telephone Practice, N. Y., 1912; Van Deventer, H. R., Telephonology, 
N. Y.,-1910; Abbott, A. V., Telephony (6 vol.), N. Y., 1903; Fleming, J. A, 
Propagation of Electric Currents in Telephone and Telegraph Conductors, N. Y. 
191r; Jones, S. W., Treatise on the Law of Telegraph and Telephone Com- 


ponies, 1906. 
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TELEPHONE LINES. — (See also Distribution Lines; Transmission 
Lines; Wires and Cables.) The line always consists of two conductors, though 
one of these may be the earth. The standard telephone line consists of two 
wires of the same size and of the same material. If only one wire is used and 
the earth forms the return the line is called a “grounded circuit.” A line of 
two wires without earth return is called a “metallic circuit.” 


LINE CONSTANTS. —(See also Transmission Lines.) The transmitting 
efficiency of a telephone line depends upon its resistance, electrostatic capacity, 
leakage and inductance. 


Leakage. — High insulation, i.c., small leakage, between the two wires of 
a line and from each wire to carth is possible in cables, and reasonably high 
insulation is possible in open wire lines. Porcelain insulators in open wire give 
higher insulation of open wire lines than do glass insulators. 


Resistance. — The resistance of the conductors of a line attenuates the 
telephone current, but does not distort it appreciably, because the losses due 
to resistance are practically independent of the frequency of the current. 


Electrostatic Capacity. — The electrostatic capacity of a line attenuates 


. the current and distorts it also, because the charging current is not inde- 


Pendent of the frequency. As the voice current is an alternating one of com- 
posite frequency, the higher frequencies are reduced more than the lower. 

There are two ways of expressing the important and controlling quantity of 
capacity in cables, i.e., in terms of the “ mutual capacity " of the two wires 
or in terms of the "grounded" or “regular capacity." (See article on Capac- 
ity and Charging Current.) The mutual expression is the better because it is 


the amount of mutual capacity which determines the capacity losses. Mutual. 


capacity in telephone cables is about two-thirds the regular capacity of the 
same wires. A given cable has higher capacity at high temperatures and 
cable capacities should be referred to a standard temperature in specifying. 


Inductance. — The inductance of telephone lines is usually comparatively 


small, since the wires are usually close together. Insulated wires twisted to- 


gether for use as lines in cables have very small inductance. (See article on 
Inductance and Inductive Reactance.) 


Pupin Coils, — In 1887 Oliver Heaviside pointed out that an increase of 
inductance would decrease the harmful effects of capacity. In 1900 Prof. M. I. 
Pupin made public (Trans. A.I.E.E., Vol. XVII, p. 445) his method of reduc- 
ing attenuation and distortion by inserting additional inductance into lines and 
showed how to determine how much inductance to insert and where. In an 
ideal method, distributed inductance would offset or neutralize the distributed 
capacity. In the Pupin method the inductance is inserted in the form of coils 
at predetermined intervals. The coils ordinarily are a mile or more apart. 


CHARACTERISTICS OF OPEN WIRE LINES. — For open wire aerial 
lines hard drawn copper is now almost universally used, except for short un- 
important lines, where iron wire may be employed. The sizes of copper wire 
employed range from No. 16 B. & S. to No. 8 B. & S., depending upon the 
length and importance of the line. Where the tensile strength of the wires 
is unimportant, as when the wires are fastened along walls or fences, with sup- 
ports close together, smaller sizes may be employed, and soft drawn wire used 
instead of hard drawn. Aerial wires are usually spaced about a foot apart, 
horizontally, and from 18 to 24 inches vertically, depending upon the spacing of 
the cross arms. For the resistance, capacity, and inductance of aerial wires see 
Wires and Cables, Bare. The insulation resistance between a pair of aerial 
wires depends upon the types of insulator, pin and cross arm, and upon the 
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| | 
condition of the weather. The following values are representative of good — 


practice: — m 
Very dry, — $00 megohms per mile. idi 

Average, 25 megohms per mile. i Ted 

Very wet, 2 megohms per mile. Lr 

end 


Three different gages are employed for specifying the size of telephone wire: dd 
the B. & S., the B. W. G., and the N. B. S. (See article on Gages, Wire.) The m 
following table gives the diameter, weight and resistance of the various sizes 


employed in telephone practice. | n 


TABLE I 


Resistance Xa o 


Resistance per mile of tai 


Weight per 


Diameter mile in per mile of 
wire in ohms, 


CHARACTERISTICS OF TELEPHONE CABLES. — Telephone TN 
cables are groups of pairs of paper insulated wire twisted together and en- hy, 
closed in a lead sheath. Soft drawn copper is invariably used for the con- " 
ductors. The size wire üsually employed ranges from No. 19 to No. 22 B. & S. m 
For long distance underground lines individual wires as large as No. 10 B. & S. "TN 
have been employed. For the resistance of the different sizes of conductors see m 
Wires and Cables. The capacity of any pair of wires and the capacity of any 
one wire to ground depends largely upon the way in which the cable is made up. 
When the wires are twisted tightly together the capacity is greater than when ni 
they are loosely assembled. The mutual capacity ranges from 0.067 to 0.090 
microfarad per mile, and the regular or grounded capacity from o.1o to 0.12 


Telephone Lines 
* weather. The following values are represeatain igi 
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microfarad per mile for tightly twisted wires, as against 0.054 to 0.067 and 
0.080 to o.ro respectively for loosely twisted wires. The former range of 


Very dry, — goo megohms per mik. capacity is usually referred to as “high” and the latter as “low” capacity.  - 
(orra, 25 mezams per mile. .  Theeffective insulation resistance between the two wires of a pair is about 14 
Ver) wet, 2 meg ims per mile. megohm per mile at 800 cycles per second in a well-constructed cable. This 


figure includes the effect of dielectric hysteresis. The corresponding insulation 
gums are emph ye! for specifying the sed tsi” — resistance measured by direct current would be about 500 to 1000 megohms 
D W decane toe N BUS. See article on Gage. - per mile. 
ios the gameter, weight and resistance of the nic: The inductance of a pair of wires in a telephone cable is practically negligible, 
OT EAE. being less than 1 millihenry per mile of cable (2 miles of wire). 


DISTORTION AND ATTENUATION. — (See also Transmission Lines.) 

TABLE | Corresponding to any vowel, syllable or word spoken into a transmitter a cur- 
rent wave of a definite shape is sent over the line. This wave is made up of a 
number of simple sine waves of different frequencies, called harmonics, dis- 
placed with reference to one another, i.e., reaching their zero values at different 
times. Each of the simple sine waves as it progresses along the line decreases in 
amplitude or is "attenuated." Moreover, the shorter waves are in general 
|. attenuated more than the longer ones, with the result that the wave which 
reaches the receiver is made up of harmonics of relatively different magnitudes 
than the wave sent out from the transmitter, that is, the resultant wave at the 
receiver is “distorted.” The sound produced by the receiver, consequently, 
differs from the word spoken into the transmitter, since the quality of the sound 
depends upon the relative magnitude of the constituent harmonics. There is 
also a displacement of the harmonics with reference to each other, which dis- 
placement, although it changes the shape of the resultant wave, has but little, 

if any, effect upon the quality of the sound. 
Attenuation of a wave without distortion merely changes its amplitude, but 
Since the wave form remains unchanged, only the loudness of the sound pro- 
. duced thereby, were it converted into a sound wave, is affected. Resistance 
alone, since it produces the same relative attenuation of all wave lengths, is there- 
fore the least troublesome of the line characteristics. In most cases, the capacity _ 
of the line is the controlling characteristic, since the attenuation produced thereby 
depends upon the wave length, and therefore distortion results. 

In addition to the distortion produced by the line itself, there is also a distor- 
tion in the transformation at the transmitter of the sound wave into a current 
Wave, and again another distortion at the receiver where the current wave is 
Ieconverted into a sound wave. 


DISTURBANCES DUE TO NEIGHBORING POWER TRANSMIS- 
SION LINES.* — (See also Distribution Lines; Transmission Lines) A very 
small voltage between the wires of the telephone circuit is sufficient to pro- 

uce noise in the telephone apparatus comparable in volume with the sound 
produced by the voice currents. The noise is due almost entirely to the har- 
monics of the power system, especially to those between 1 50 and 1200 cycles. 
At these frequencies induced currents in the telephone line equal to a few 

. millionths of an ampere are sufficient to make conversation difficult. 
anced versus Unbalanced Power Circuits. —In considering the effect 
b peghboring power circuits on telephone circuits the difference between 
alanced and unbalanced power circuits must be clearly kept in mind. A com- 
bletely balanced power circuit consists of two or more wires energized in such a 
way that the vector sum of the currents in all the wires of the circuit is practi- 
cally zero, and the vector sum of the voltages between the several wires and the 
discs Is practically zero. A completely unbalanced power circuit consists of one 
_™ More wires with a ground return, the currents in all the wires being practi- 

* By H. Pender. pue $ 
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cally in phase and the voltages between the several wires and the ground being 
practically equal and in phase. In practice power circuits are frequently 
neither completely balanced nor completely unbalanced, but the currents and 
voltages may be resolved into completely balanced and completely unbalanced 
components. Examples of such circuits are a three-phase circuit having one 
wire grounded and a three-phase circuit with grounded neutral; in the latter 
case the neutral current may be of fundamental frequency due to an unbal- 
anced load on the system, or the neutral current may be of triple frequency 
due to a third harmonic in the voltage wave (see Generators, Alternating Current). 

The inductive effects arising from unbalanced voltages or currents are very 
much larger than the inductive effects arising from balanced voltages or currents 
of the same magnitude, because with balanced voltages and currents the effect 
of one wire is largely neutralized by the near presence of other wires of opposite 
polarity. 

Voltages Induced between Wires and between Wires and Ground. 
— The power circuits affect the telephone circuits by producing: (1) a voltage 
between the two wires of the telephone circuit; (2) a voltage between telephone 
wires and ground. 

The voltage between telephone wires and ground is usually large compared 
with the voltage between wires. Even though the telephone circuit is transposed 
so that equal voltages are induced between the two wires and ground, the volt- 
age to ground produces a voltage between wires because of the unavoidable 
minute inequalities in the constants of the two sides of the circuit. If the 
voltage to ground is high it endangers the users and operators of telephones 
connected to the circuits and puts the circuits out of commission by operating 
the protective devices. 

Remedies for Inductive Disturbances in Telephone Lines. — It is in 
practice impossible to perfectly realize any of the following remedies, and no 
one of them would be sufficient even though perfectly realized. In order to 
minimize inductive disturbances it is therefore necessary to carry out each of 
the remedies as far as possible. 

1. Transposition of Power and Telephone Circuits. — The way in 
which inductive effects are affected by the transposition of the power and 
telephone circuits is indicated in the following table: 


EFFECT OF TRANSPOSITIONS 


Affected by Transpositions in 
Voltages Induced 
in Telephone Line . ..4| Telephone 
Circuit 


Power Line 


1 To ground . No 
Between wires Yes. 
| 'To ground No 


Between wires Yes 


In order to balance as far as possible the inductive effects between a three- 
phase power circuit and a telephone circuit it is necessary to divide each unl 
form section of the exposure into six or a multiple of six equal sections in which 
equal voltages of the six possible phase angles are induced. The methods of 
making transpositions of a telephone line are described below in the section on 
Line Construction; methods of transposing power lines are described in the 
article on Transmission Lines. - A 
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2. Balancing the Power Circuit. — The voltages induced between 
the telephone circuits and ground by small unbalanced components of the 
power voltages and currents are relatively large and are not affected by trans- 
positions. In order to reduce the inductive interference, it is therefore import- 
ant to construct and operate the power circuit in such a way that it is as far as 
possible balanced with respect both to voltage and to current. 


3. Balancing the Telephone Circuit. — In order that the noise caused 
by the voltage between the telephone wires and ground may be minimized, it 
is necessary that the telephone circuits be carefully balanced, that is, that the 
two sides of the circuit be of the same resistance and have as nearly as possible 
the same insulation resistance and the same capacity to ground. The unbal- 
ancing due to unequal insulation and to unequal capacities between cable con- 
ductors and ground is frequently important and every effort should be made to 
minimize it. All apparatus connected to the circuit must be such that the 
impedances inserted in the two sides of the circuit, or the impedances connected 


between the two sides of the circuit and ground, are as nearly as possible exactly 
equal. 


COMMERCIAL TRANSMISSION. — LIMITING TRANSMISSION 
DISTANCES. — Transmission is said to be “commercial” when two persons 
with normal ears and voices, using standard transmitters and receivers, can 
converse with reasonable ease. The length of the line over which such a con- 
versation can take place is called the "limiting transmission distance." The 
limiting transmission distance of a pair of No. 19 B. & S. copper wires in a paper 
insulated cable is about 30 miles, the resistance per mile of cable or “loop mile” 
(2 miles of wire) being 88 ohms and the mutual capacity of the two wires 0.06 
microfarad per mile. Such a line is taken as a standard to which all other lines 
may be referred. 

For ease in comparing various lines, the qualities of the standard line just 
described are very closely imitated by assembling resistance coils and conden- 
sers in a portable case, the number of coils and condensers being such that the 
artificial line thus made is equivalent to many miles of the standard line. This 
artificial line is usually referred to as a standard cable set. 

To determine the qualities of an unknown line in terms of standard cable, an 
observer listens to a distant speaker alternately through the unknown line and 
the atandard cable set. He adjusts the latter until he hears the speech equally 
and similarly through both. The number of miles of the standard set then 
gives the limiting transmission distance of the line tested. The quotient of 
the limiting transmission distance by the actual length of the line is a measura 
of its transmitting ability. 

The limiting transmission distances of various types of lines determined In the 


Manner explained above are given in Table II, below. This table include: 
allowance for switchboard and connection losses. cludes no 


Effect of Bridging Telephone Set Across Line. — The effect of bridging 
a standard local telephone set across a non-loaded open-wire line is to diminish 

e limiting transmission distance by approximately 12 per cent. The loss due to 
bridging such a set across a cable circuit is consi , 


derably less, namel 
7 per cent. These figures also apply roughly to y mely, about 


; | each of several sets bri 
across the line, provided these sets are widely separated. TS 


_ INE CONSTRUCTION, — In open country and small 
Pina bare wires are almost invariably used, In lar 


| Cables may be r 
Or underground. Aerial telephone cables, on account of their | cael 
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s TABLE II 


Theoretical limiting dis- 
tance, with no allowance 
for switchboard losses 
and without Pupin coils 


Miles 


Gage of wire 


No. 8 B. W. G. copper, open wire line.............. 
Io B. W. G. copper, open wire line.............. 
Io B. & S. copper, open wire line................ 
12 N. B. S. copper, open wire line............... 
12 B.& S. copper, open wire line................ 
X4 N. B. S. copper, open wire line............... 
8 B. W. G. iron, open wire line................. 
Io B. W. G. iron, open wire line.................. 
12 B. W. G., iron, open wire line................ l 
16 B. & S. cable, copper.................. Lese. 
I9 B. & S. cable, copper...... 0... eee eee eee 
. 22 B. & S. cable, copper...................eees 


Wires smaller than those given in this table should not be used on pole lines, 
on account of their lack of mechanical strength. 


‘arms or fastened directly to the poles. Underground cables are usually run in 
tile or other type of ducts. (See Conduits and Conduit Lines, Underground; 
Wires and Cables.) 


Open Wire Lines. — With the exception of the smaller insulators, usually 
glass, and the larger number of wires carried on a single pole line (as many 
as 100), the construction of open wire telephone lines differs but slightly from 
that of pole lines for power transmission. (See Cross Arms; Distribution Cir- 
cuits; Poles for Overhead Lines; Transmission Lines.) 

The size of poles and their spacing usually employed for various classes of 
lines through level country are given in the following table: l 


Diameter Number 


Type of line number oy of top, : 
Sf wires feet inches per mile 
Short, local.i/ 2. 2 ee 6 22 5to6 
Important routes.............. 20 25 6t07 40 
7to8 40 


Long distance................. 30 to 40 30 to 35 


Where special conditions arise the height and size of poles must be selected 
accordingly. The depth to which a pole is set in the ground ranges from one 
fifth to one-eighth of its total height, the larger figure applying to short poles 
(25 feet), the latter to tall poles (65 feet). 


Hard drawn copper wire is now used on all important lines, though galvanized 
iron wire is still employed on short unimportant lines. Recently copper-clad 
steel wire has been proposed for telephone lines. See Wires and Cables for the 
properties of wires. The particular size to be employed in any case will depend 
upon the length of the line; see Table II above. In open wire lines the wires 
are usually spaced one foot apart horizontally and the cross arms are spaced 18 
to 24 inches apart. 
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Transpositions to Prevent Cross-Talk. — Any varying magnetic flux 
which may thread the space between the two wires of a telephone line, or any 
varying electrostatic field about the line, will set up a varying current in the line, 
and if the frequency is such as to produce in the receiver a sound of audible 
pitch, this sound will interfere with the proper function of the receiver. Any 
noise produced in this manner by one telephone line on another is called 
“cross-talk.” Noise may be produced in a similar manner by the induction 
from other sources, such as railway or lighting (alternating) circuits; see above. 

To prevent such cross-talk or noise the wires of a telephone line are usually 
transposed every quarter of a mile. Fig. 1 shows a common transposition 
scheme. The vertical lines represent the cross arms of the poles where the 


Fig. 1. Transposition Scheme 


transpositions are made. The ordinary method of making a transposition is 
to cut each wire at each transposition point for that wire and to fasten the two 
ends either to separate insulators or to an insulator with two grooves, and then 
make the cross-overs with short wires. Transpositions can also be made with- 
out cutting the wire by using a single insulator with two grooves one well above 
the other. This scheme, known: as the “single pin transposition," is also 
cheaper than the ordinary scheme. 

The transpositions for the first and second cross arms are not alike, as shown 
in Fig. 1; when there are more than two cross arms, the wires on the odd num- 
bered arms are usually transposed in the same manner as the first or upper arm, 
and the wires on the even numbered arms in the same manner as those on the 
second arm. -When phantom circuits are used the wires on the several arms 
are not transposed alike. 


Telephone Cables for either aerial or underground use are made as 
follows: Soft copper wires are insulated with dry paper laid on spirally; two 
such insulated wires then are twisted into a pair, the two wires having differ- 
ent colored papers; a number of pairs are laid up spirally to form a cylindrical 
; Core. The core then is wrapped spirally with paper tape, is dried thoroughly 
and a lead sheath molded on it in a lead press. Many users require three per 
Cent of tin in the lead sheath. 

The external diameter and weight of a cable containing a given number of 
Pairs depend upon how closely the wires are wrapped together, and this in turn 
determines the capacity of the wires, the capacity being greater the closer the 
Wires are wrapped together. Table III gives the dimensions and weights of 
standard cables. 

Telephone cables, if used in connecting subscribers’ telephones to central 
offices, usually are formed of 22 B. & S. gauge wires, except for long loops, 
when No. 19 B. & S. is generally used. For trunk lines between offices in large 
exchanges, cables are usually formed of No. 19 B. & S. gauge wires. Loading 
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TABLE.IIL PROPERTIES OF STRANDED TELEPHONE CABLES 


Thickness Approximate Approximate 


of sheath, external weight per 
inches ma MERSE foot, pounds 
| inches ! 


IR 


We 0.48 0.55 
Ma 0.59 0.71 
Vo 0.66 0.83 
Ye 0.72 0.93 
443 0.77 1.02 
Yo 0.97 1.45 
382 1.10 188 i 
Ye 1.32 2.35 
982 I.50 2.63 
Ys 1.57 3.60 
Vs 1.81 4.11 
Vs I.84 4.43 
1 2.11 4.99 
% 2.11 5.47 
% 2.46 6.19 
200 19 High 1$ 2.24 6.98 
200 I9 Low Y 2.65 6.94 
300 22 High Y$ 2.21 5.71 
300 Low Vs 2.51 &n 
300 20 High % 2.53 7.09 
300 Low YS 2.96 7.94 
300 19 High 18 2.69 7:95 | 
3oo 19 Low VS 3.20 9.04 
400 22 High y 2.87 6.84 
400 22 Low 1% 2.86 7.56 
400 20 High Ys 2.89 8.56 
400 20 Low Vs 3.43 9.37 
600 22 High 18 3.20 9.21 
go 16 Low Vs 2.88 4.2 
43 13 Low Vs 2.88 9.17 
5o IO High V6 2.88 8.95 


Note. — High capacity, 0.067-0.090 mutual  o.ro-o.r2 grounded. Low 
capacity, 0.054-0.067 mutual, 0.080-0.10 grounded. 
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coils are used in trunk lines, and successful operation of the largest exchanges 


“+ PO^PERTIES OP STRANDED TELEPROW would be impossible without loading coils. 

i Cables for long distance purposes have large wires. Where conditions per- 
ui Approrinate mit the use of loaded cables between cities, the operating conditions are most 
Gage Elecro- Thickness "uniform. Chicago and New York are connected to cities within a radius of two 

state of sheath, cater '"' hundred miles by loaded underground cables, and that practice is extending. 

^5 "The principal advantages are that the cables are not disturbed by storms and 
! their insulation does not vary. The insulation resistance affects the attenua- 
tion and distortion ofthe waves sent over the wire. Lines equipped with loading 


= Heh li; og : coils are particularly sensitive to changes in insulation resistance. If the leak- 
p TRS hy TENE age in wet weather greatly exceeeds the normal leakage the loading coils may do 
i HO hy: o6 : . more harm than good. 

' Installation of Cables. — (See also Conduits and Conduit Lines, Under- 
no Weh |: Mm ' on > ground; Wires and Cables.) It is of particular importance in all operations con- 
Hu Hh hà s. on “nected with telephone cables to keep the core dry. The conductors are insulated 
u tirgh u . o9 ." only by paper, which is useless if moist and is of value only because it incloses 

: dry air. As soon as the sheath is removed from a cable for splicing or termi- 
z TS i 1D ' mating, the paper absorbs moisture from the air and from the hands; there- 
u Huh o: M 0 B " fore expose the core as little as possible and boil out all moisture by pouring 
n Low hy 1p ae paraffine over and through the conductors before finally closing the 
cable. 
» High 5 bs i Splicing. — To splice a telephone cable, a lead sleeve is slipped over one 
» Lx M |a `- of the ends and the sheath cut off of each of the ends, after scraping bright the 
H Hah ly LN part at which the sleeve later is to be soldered with wiped joints. ‘The core now 
.. is bound tight with dry muslin just at the end of the sheath and the muslin 
yu, Lw , 5,0 2. packed under slightly. The cable ends are boiled in hot paraffine by pouring or 
x Hes , 5 , 7! (0, immersion, If white fumes arise from the paraffine it is too hot. The wires 
n o Lew Moos Aim ' then are joined by stripping the paper from the ends, twisting the bared parts 
i N together so as to include a little of the insulation, then sliding down a paper 
po, Hh, 4 rA r sleeve previously placed over one wire. ended th 
T Lw 3. 05 ox 994 When all the pairs are spliced, the conductors are again boiled out with - 
A High S, 22 | paraffine. The lead sleeve is slipped into place, its ends dressed down and a 
|. 1, Wipe joint made at each end. This gives the splice a sheath continuous with 
a Le Bo Ny ' the cable itself. A Y-s plice is one in which one cable branches into two. 
no o du y : | s fed Cable Terminals are devices in which the paper insulated wires of a tele- 
no, lew, HE | phone cable are made accessible to wires outside the cable. The fundamental 
| U 28 a requirement is that the insulation of the conductors shall be maintained, bot 
19 Huh | i os s by keeping moisture from the cable insulation and by insulating the points to 
Bo, Low E TEES Which the wires outside the cable attach. i 
zo High | S A standard form of cable terminal consists of a box of porceldín, or part y 
| " 1M "; ion and partly porcelain, wherein the end of the cable is sealed by ANS 
3 Low | 4 8c lE compound. Binding posts in the porcelain receive the cable wires inside the 
» | High y sp SER sealed part and the outer wires on the outside. — TN 
S og d | cable Potheads are splices between rubber-insulated wires and Pe nee : 
| i 3 "é wires. They are filled with bituminous sealing compound, 50 lated 
n High | " Oisture shall not lead to the paper insulation along the rubberinsua 
6 l Low b ee wires, - : 
T : Low | : : 4 " Potheads are less widely used than before the development of E Pee 
w į High ‘minal. They are necessary for places where more than 5o pairs of Vite 
underground cables, 


to be terminated. A / f : 

F . t the junction between aerial and 
er require to be inserted to complete the protective system. Potheads. aa 
Iti placed on both cables, and the rubber covered wires led to the fuse ire . 
t 'S good practice to house the fuses and pothead ends in wood or metal pro- 
ecting boxes, 


capacity, 0.067-0.090 mutual, 0.10.1 
2.907 mutual, 0.080-0.10 grounded, 
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Drop Wires. — The wires used to connect open wire lines or aerial cables "p 
to subscribers' premises are called drop wires and are of hard drawn copper in- 
sulated with rubber, covered with a braid, then twisted into pairs. Standard 
sizes are No. 16 B. & S. gage in regions where ice does not form, and No. y  #% 
B. & S. gage in other regions. No. 17 B. & S. copper-clad steel wire is suc- ‘Sm 
cessfully used as a substitute for either. . ii 


ELECTROLYSIS of the sheaths of underground telephone cables takes — .... 
place when the sheaths carry stray direct current from one region to another te 
if the current leaves the sheath in the presence of moistffre (see Electrolysis of 
Grounded Structures). ux 


COSTS. — The cost of building a telephone line depends on so many vari- — 2 
ables that no data of any value can be given in the space here available. Ap- =: 
proximate costs of the various constituent items will be found in the articles — “7% 
on Conduits and Conduit Lines, Cross Arms, Insulators, Poles for Overhead Lines, — i 


Wires and Cables, etc. du 
| BIBLIOGRAPHY. — Sce Bibliography in article on Telephone Insirunent — 
and Circuits. tus 
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TELEPHONE TRAFFIC AND RATES.— (See also Telephone Insiru- 
ments and Circuits; Telephone Lines.) For the purpose of charges against tele- 
phone users, the unit of telephone traffic is the conversation." For the purpose 
of designing and using telephone equipment the telephone ‘‘call’’ often is the 
unit A call does not always result in a conversation. Telephone traffic is 
subject to general variations closely linked with variations in human activities. 
Obviously, telephone traffic relative to business is lower on holidays than on 
working days; on all days telephone traffic varies with the hours, in a way 
fairly uniform from day to day. It is possible to plot this variation, and Fig. 1 
is a load curve representative of what 
happens each working day in most regu- 

lar exchanges. The number of calls which 
subscribers originate depends on the kind. 

of service rendered, whether residence, n 
business, etc., and on the method of © 
charging. Subscribers will call about ° 
twice as often under flat rates as under 
measured rates. 

_ A knowledge of the amount of traffic i22 £ $ $ oi 2 4 
In à system, of its distribution as to time 
and as to divisions of the exchange, 
I$ important. By that knowledge the : 
equipment must be designed, modified from time to time and the load dis- 
tributed upon it as changing circumstances shall require. 

Methods of Counting Calls. — Amounts of traffic are observed in three 
general ways. A peg-count is a record made by the operator actuating some 
counting device for each call answered or completed. A second way is to de- 
termine a ratio existing, for the particular time and place, between the calls 
IA a given period and the average number of cord circuits in use in that period. 
Knowing these, the probable total can be computed from the cord circuit as 
counted. The third method is applicable to offices having service meters on all- 
lines and is to associate one master meter per position with all the meters of that 
position, so that it will count one each time any service meter of the position 
IS Operated. 

Operator’s Speed. —The number of calls an operator can complete in an 
hour depends on the percentage of total calls which she must trunk to other 
offices, With standard manual equipment, for example, she can complete 240 
calls in an hour if none have to be trunked, and 165 in an hour if 9o per cent of 
them have to be trunked. : 

i an disconnection is of great importance. A rule should be that UHR 

“t signals shall be given prompt attention by some operator and shall take 
eae over a call for connection. A flashing keyboard lamp indicating a 

call should be given precedence over all other calls. 


of TRUNEIN G. — Traffic studies enable the determination of the ep 
bet runks required for an anticipated traffic. The number of trunks require 
ween two central offices, or between a central office and a private exchange, 


p 
© 
pa, 


Fig. 1. Load Curve 


depends upon the number of calls which must be trunked per maximum or busy 


our. The element of the probable coincidence in the time at which the d 
made must be considered, and for this reason the more trunks insta 


© greater will be the number of calls which each trunk may be expected to 


dle. The following illustrate current practice: i 
Xrunked calls per busy hour 35 9o 1090 
umber of trunks required 5 z9 
alls per trunk 7 9 ane 
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TELEPHONE RATES. — Rates for telephone service are of two kinds, 
* flat rates” and “measured service rates.” Under flat rates, a fixed sum per 
month is charged and the subscriber may use his telephone as much as he pleases. 
Under measured service rates, the subscriber is charged a certain sum for each 
conversation he originates. Ordinarily also the subscriber guarantees to pay 
not less than a certain minimum amount per month. Rates for private exchanges 
often are made up by charging a rate per month for each local telephone, another 
rate per month for each section of local switchboard, another rate for each trunk 
line, and a still further rate for each outward call over the trunk lines leading 
from the private exchange, the monthly charge being the sum of all. 

The cost of telephone service depends on the amount of use, though there is a 
fundamental cost of being prepared to furnish service. There is a tendency to 
change from the flat-rate to the measured-rate system. The latter is in opera- 
tion in most large cities. ' 


Flat-rate Systems. — In flat-rate systems there is no continuous effort 
to record the number of conversations. Counting is done from time to time 
for statistical purposes. 


Measured-rate Systems. — In measured-rate systems it is necessary to 
record the conversations as they occur, so that each subscriber may be charged 
for the service he receives. Sometimes this is done by hand on tickets, but 
that method interferes with the operator’s regular work, losing not only 
her service in operating but wasting switchboard investment by not using it 
efficiently. The best way is to equip each line with a meter under electrical 
control which causes it to count one unit for each completed conversation. Such 
meters are in extensive use in the larger cities. In manual systems, when à 
conversation takes place, the operator presses a meter key associated with the 
answering cord, and this makes the record upon the meter. In automatic 
systems the answering of the called station operates the meter, 

In certain offices in London usual calls are charged at a penny each and certain 
special calls at two-pence each. In trunking calls of the latter kind, the operatot 
is reminded of the higher charge by the lighting of a specially colored lamp as 
she uses the trunk order key. Being so reminded, she presses the meter key 
twice when such a conversation occurs, the result being that the calling sub 
scriber pays two-pence for each such special call, because his meter records two 
units for each. 


LONG-DISTANCE CALLS are those which occur between cities, as dis- 
tinct from those within cities, no matter how large the latter may be. Long- 
distance calls usually are handled by special operators at special switchboards 
connected by trunks to the switchboards which handle city service. Long-dis- 
tance calls usually require that a particular person be found in the called city, 
and the record of such calls includes the name as well as the number of the called 
person. On this ticket is recorded the duration of the conversation in minutes 
and fractions so that the charge may be computed. This elapsed time is best 
recorded by a time-computing machine which prints a record. 


Two-number Method. — Where calls between cities reach a sufficient 
number, it is found economical to provide for connecting by number only the 
stations of the subscribers who call frequently, and this is called the "two 
number?" method. Such connections generally are established without trunk 
ing to and from special long-distance switchboards. Operators at regular 
multiple-switchboard positions make and complete these calls. They ate 
ticketed only at the originating end. 


COIN-COLLECTING DEVICES. — Measured service calls, either local 
or long distance, may be made over telephones equipped with coin-collecting 
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devices. These are so arranged that the operator making the connection knows 
in advance of conversation that the proper amount of money has been placed 
in the machine. Machines of one type require the deposit of the coin before 
the central office can be signaled at all; the coin is returned if the call is not 
completed. Machines of the other type require that the coins be deposited 
after the order has been given but before the conversation occurs. 


DEVELOPMENT STUDIES — FACTORS AFFECTING COSTS. — 
A development study is an inquiry to determine what kind and what amount 
of construction or reconstruction is warranted by the conditions and probabili- 
ties of a region. Some form of development study always precedes such 
work, Economical construction and efficient operation require constant im- 
provement in development-study methods and their use. 


Forecasting Requirements. — In cities a first step is to forecast the future 
development through a period of from 15 to 20 years. This is done by examin- 
ing statistics of growth. Ratios of telephones to population then are tabulated 
for the past, and future ratios estimated. A house count then is under- 
taken. This means the counting of existing buildings and the estimating 
of the telephone-using abilities of the occupants. At the same time a forecast 
is made of the probable future development of each region as it is studied. 


Determination of Number of Central Offices. —If the exchange will re- 
quire switchboards for more than 10,000 lines there will be more than one central 
ofice. The more switchboards there are in a town, other things being equal, the 
Shorter will be the average length of subscribers' lines, and the greater will be 
the mileage of trunk lines. The more offices there are, the greater the cost of 
owning and maintaining the buildings for them, and the greater the cost of 
operating the equipment in them. A balance for these conditions must be found. 

, The economical number of districts having been determined, the office of each 
district can be located so as to attain the greatest wire economy. The conduit 
runs and pole lines then are laid out for the subscribers’ and trunk lines. Speak- 
ing generally, it is good practice to provide a main conduit passing the central 
office and having cross routes extending from it at right angles, one on each 
alternate Street or in alleys if they exist. . Safa 

In automatic practice, it is possible further to subdivide exchange districts 
and to place some of the apparatus in small sub-district offices having trunks 
leading to the district office, still other trunks interconnecting all the district 
oces. This lowers still further the cost of subscribers’ lines and increases still 
further the cost of trunk lines. 


TELPHERAGE, — (See also Conveyors.) Telpherage is a name given A a 
em of transporting materials in which the load is suspended from a trolley 
he propelling 


or Small truck runnin i i ich t 

; ; g on a cable or overhead rail, and in whic 

ME ‘8 obtained from an electric motor carried on the trolley. The trolley, 

of ie. motor, is called a *telpher." A historical and illustrate 
© system is given in a paper by C. M. Clark, in Trans. AI.E.E., 1907. 
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TEMPERATURE AND THERMOMETERS. — (See also Heat dnd 
Thermal Properties; Pyrometers; Thermodynamics, Principles of; Units and Con- 
version Factors.) The temperature of a body may be defined as its relative 
hotness or coolness referred to some standard substance under standard con- 
ditions. The change in some physical property of a standard substance must 
be utilized in order to give a number to temperature. Any device which serves 
this purpose is called a thermometer; if the device is applicable to the meas- 
urement of very high temperatures it is also called a pyrometer, q.v. 


TEMPERATURE SCALES.— The standard* temperature-measuring 
device is the constant volume hydrogen thermometer, which consists essentially 
of a suitable receptacle containing a constant mass of hydrogen gas kept at 
constant volume, viz., the volume it would have at a pressure of 1000 millimeters 
of mercury and at the temperature of melting ice, with means provided for 
measuring any variation that may be caused to take place i in the pressure of 
the gas. 


Centigrade Scale. — The temperature of melting ice at a pressure of 760 
millimeters of mercury is arbitrarily taken as zero degrees, and the temperature 
of saturated steam at a pressure of 760 millimeters of mercury is taken as 
ioo degrees. Calling fo the pressure of a constant volume of hydrogen gas 
when the receptacle is immersed in the melting ice and fiw its pressure when 
immersed in the saturated steam, and f; its pressure when immersed in any 
given substance (the pressure in each case being measured after the lapse of a 
sufficient time for it to reach a constant value), the numerical value of the tem- 
perature of the given substance is defined as 


_ ĝi- b» 
00. 
T pio fo fo im 
A degree centigrade is abbreviated deg. cent. or °C. 


Fahrenheit Scale. — The Fahrenheit scale of temperature is derived in 
the same manner, except that the temperature of the melting ice is taken as 
32° and the boiling point of water (at 760 millimeters mercury) as 212°. A 
temperature of tf degrees Fahrenheit is then equal to 


te = $ (tf — 32) degrees centigrade. 
Vice versa, a temperature of £, degrees centigrade is equal to 
tf =} te +32 degrees Fahrenheit. 


A degree Fahrenheit is abbreviated deg. fahr. or °F, 


Réaumur Scale. — This scale, which is used to some extent in Europe and 
in breweries in this country, is defined in the same manner as the centigrade 
scale, except that the boiling point of water (at 760 millimeters mercury) is 
taken as 80°, A temperature of t, degrees Réaumur is then equal to 


te =1.25t, degrees centigrade. 


Platinum Scale. —See article on Pyrometers. 


ABSOLUTE TEMPERATURE. — Let po = absolute pressure of a given 
mass of gas at o° C., p= absolute pressure of this same mass of gas at any 
temperature £^ C. as above defined. For all values of / between about — 150 
and + 1000°C., i.e., for all values of ¢ within the experimental range, it is found 


* Adopted by the Bureau International des Poeds et Mesures. 
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DEGREES FAHRENHEIT CORRESPONDING TO DEGREES 
CENTIGRADE 
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x Ea e eee 


—40.0 |—41.8 |—43.6 |—45.4 |—47.2 |—49.0 
—22.0 |—23.8 |—25.6 |—27.4 
— 4.0 |— 5.8 |— 7.6 |— 9.4 |— 11.2 
10.4 
28.4 


—29.2 |—31.0 
—13.0 


5.0 
23.0 


8.6 
26.6 


6.8 
24.8 


14.0 
32.0 


12.2 
30.2 


190 | 374.0 
200 | 392.0 


Example: — 129 C= 10.4? F.; — 33° C.=— 27.4? F.; 13° C.= 55.4? F. 


ka in the case of the so-called permanent gases (i.e. those which are not 
ui m liquefied, such as air, hydrogén and nitrogen), the following relation 
STE bo, P and ¢ provided there is no change in volume 


b= po (K+ 0), 
me 21 is à constant, approximately equal to 273 to within less than x part 
bec, Consequently, assuming this relation to hold when the pressure ? 
Omes zero, the value of ¢ which would correspond to zero absolute pressure Is 
Thi b = — 273°C. 
ici temperature is called the absolute zero. That is, the zero of the centigrade 
: is 273 C. above the absolute zero* Similarly, the zero of the Fahrenheit 
approximately 460° F. above the absolute zero. 


* For hydrogen Callender gives the value 273.10. 
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The temperature measured above the absolute zero is called the absolute 
temperature. Let łe = temperature in ° C. above the centigrade zero, £f = tem- 
perature in ° F. above the Fahrenheit zero, then the absolute temperature in? C. 
corresponding to £e is 


Te = 273 + tc, 
and the absolute temperature in ° F. corresponding to £f is 
T y = 460+ ty. 


Absolute Thermodynamic Temperature. — (See article on Thermo- 
dynamics, Principles of.) The difference between the temperature scale as 
defined by the constant-volume hydrogen thermometer and the absolute thermo- 
dynamic scale is less than o.1? C. at ordinary temperatures, and is less than 1? C. 
throughout the range from — 150° to 1009? C. 


THERMOMETERS. — The standard constant-volume hydrogen ther- 
mometer is seldom used except for standardizing purposes, and then only for 
temperatures up to about soo? C. The constant-volume nitrogen thermometer 
is used for standardizing purposes for temperatures up to about 1500". For 
higher temperatures radiation pyrometers are used as standards (see Pyromelers). 

Mercury-in-Glass Thermometers. — For ordinary temperature measure- 
ments, between about — 35°C. and 350? C., the ordinary mercury-in-glass 
thermometer is almost universally employed. The temperature may be read 
directly from the position of the end of the mercury column as given by a 
uniformly divided scale on the stem, provided the o? and 100° points have 
been properly located and the stem has a uniform bore. 

For accurate measurements the scale on the thermometer should be checked 
to determine whether the o? and 100° points are properly located and whether 
the bore is uniform. Unless the proper quality of glass is used the bulb does 
not return to exactly the same volume after successive heatings. Even when 
a high-grade thermometer is employed, the zero should be frequently checked 
if the thermometer is used for high-temperature measurements. 

Methods of calibrating mercury thermometers are described in text books 
on heat, but at the present day it is more convenient to compare the ther- 
mometer with a secondary standard mercury thermometer which has been 
calibrated by a central standardizing bureau, such as the Bureau of Standards 
at Washington. | 

High-range Mercury Thermometers. — The mercury thermometer 
when made of very hard glass and filled under pressure with the space above 
the mercury column containing some inert gas, like nitrogen, may be used to 
measure temperatures up to about 550° C. If a considerable length of stem 
emerges into the air, a very considerable error, 25? C. or so, may be introduced 
at high temperatures. This “stem correction" varies slightly with the kind 
of glass but may be represented very nearly by the formula 


Correction to be added to reading = 0.06016 n (fy ~ 1), 


where the temperatures are all in degrees centigrade and n = number of degrees 
emergent from bath or furnace, /5 = temperature of bath and ¿= mean tem- 


perature of emergent mercury column. 


COSTS. — Ordinary mercury thermometers cost from so cents to $5.00 & 
piece, depending upon the accuracy of their calibration. A 100° C. mercury 
thermometer sufficiently accurate (error not over 14 per cent) for ordinary 
engineering work costs about $4.00. A 400° C. mercury thermometer costs 
about $6.00 and a 550? C. mercury thermometer about $12.00. 


BIBLIOGRAPHY. — See Bibliography in articles on Heat and Pyromelers. 
(H. PENDER and H. R., RANKEN] 
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THERMODYNAMICS, PRINCIPLES OF. — (See also Electrochem- 
isiry, Principles of; Heat and Thermal Properties; Steam; Steam Engines; 
Temperature and Thermometers.) “Thermodynamics” is a general name 
employed to include all problems involving the transfer of energy from 
one body to another, and the transformations of energy within a body. 
The word “energetics” is a better general term to designate such problems, 
but the term “thermodynamics” is the one ordinarily employed, since heat 
(Greek, thermos”) is developed in practicall, every case of transfer or trans- 
formation of energy. The transfer of energy from one body to another in 
every known instance is found to be consistent with the following fundamental 
principles or laws: 


FIRST PRINCIPLE OF THERMODYNAMICS. — All known experi- 
mental facts are in accord with the principle that, when a body changes from a 
given state or condition 1 to any other given state or condition 2, the total energy 
Abe out by the body is always the same, independent of how the change takes 
piace. 

Intrinsic Energy. — Any given body in any given state or condition 
may, therefore, be considered as having associated with it a definite amount of 
energy, which, in general, changes when tbe state or condition of the body 
changes. This energy is called the “intrinsic energy” of the body, and de- 
pends solely upon the state or condition of the body. If the intrinsic energy 
in a given state or condition 1 is Ui, and in some other state or condition 2 1S 
Us then the total energy given out by the body when it changes from the 
state I to the state 2 is U1 — U», and this difference depends only upon the 
initial and final states of the system and is independent of how the body 
passes from one state to the other. 

Heat and Work. — The energy given out by a body may be either heat, 
mechanical work, electrical, magnetic or other forms of energy. For conven, 
lence, all other forms of energy given out by the body than heat, may be called 
the “external work” done by the body. Hence, calling Qe the heat evolved and, — 
W the external work done by a body when it changes from a state 1 to a state 2, 
the total energy given out by the body may be expressed as Q, + W. In general 
ar amount of heat evolved and the external work done by a body when it 
he from a state 1 to a state 2 depend respectively upon the manner in whic! 
al change takes place, but the sum of the heat evolved and the work done 1s 

Ways the same for given initial and final states, irrespective of how the change 
takes place. 
s Mathematical Expression of First Law. — Equating the two 
e &lven above for the total energy transferred from a body when it 
a State 1 to a state 2, gives the relation ` 
which ; Ui— U= Q+ W, TE 
in i a usual mathematical expression of the first law of ermo E : 
positive. ie from state 1 to state 2, heat is actually evolved, then 
Gar while if the heat is absorbed Qe is negative. It is usually more ct 
nt to consider the heat absorbed by the body as a positive quantity. 


en 
~~ putting Q = — Q; the above expression may be written 


expres- 
changes 


(1) 

] W =U — Us-Q 
in which U, is the intrine: a Us the intrinsic 
e intrinsic energy of the body in any state 1, 42 done by the 


energy ; 
Pon any other state 2, Q is the heat absorbed and W is the work 
€n it changes from the state x to the state 2. 
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_ PATH OF CHANGE. — Consider a body which changes from a state 
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state to the final state the. body passes through a series of successive states, 
each state differing but infinitesimally from the preceding. The given series of 
states through which the body passes is called the “path” from state 1 to state 
2. In general, a body may pass from a state 1 to a state 2 by an infinite 
number of such paths; therefore, a change can be completely specified only 
by stating the “ path " of the change as well as the initial and final states. 

The sum of the work done and the heat given by a body when it changes from 
a state 1 to a state 2 depends only upon these states, i.e., upon the ends of the 
path, but the proportions of the energy given out as work and heat respectively 
depend not only upon the series of successive states through which the body 
passes (i.e., the “shape” of the path), but also upon the relation of the given 
body to any external bodies which may in any way affect it. 


ADIABATIC PROCESS. — Any process by which a change can be pro- 
duced in a body under conditions such that the body neither absorbs nor gives 
out heat to any other body is called an “adiabatic” process. Adiabatic pto- 


cesses can never be completely realized, since no known substance is a perfect: 


heat insulator, but such processes can be closely approximated, e.g., the expan- 
sion or compression of a gas in a cylinder witli well-insulated walls when the 
expansion or compression is so rapid that no heat is conducted through the walls. 


ISOTHERMAL PROCESS.— Any process by which a change can 
be produced in a body without changing its temperature is called an “iso- 
thermal?" process. For example, the melting of ice, when the ice and water are 
kept well stirred, is an isothermal process. 


REVERSIBLE PROCESS. — Whenever a change takes place in a 
body A, a change also takes place in some other body or bodies B. If the 
changes in the system formed by A and B are such that the path of each 
change may be reversed in direction without changing by an appreciable amount 
the total energy of the system, then the process by which the change takes 
place is called a “reversible” process. 

Since heat can pass only from a hot to a cold body and never in the reverse 
direction (definition of heat), it follows that, if during any step of a process there 
is a transfer of heat between bodies whose temperatures differ by a finite amount, 
then the process is irreversible. Hence, a reversible process can take plac 
under two conditions only: either there must be no transfer of heat (adiabatic 
process) or the transfer of heat must be between bodies which differ in tem- 
perature only by an infinitesimal amount. 

Strictly speaking, the last type of process is absolutely reversible only in the 
limiting case when the bodies between which the transfer of heat takes place 
are at exactly the same temperature. This condition can be only approximated 
since there must always be a difference in temperature, though this difference 
may be infinitely small, in order that a transfer of heat may take place. 


SECOND LAW OF THERMODYNAMICS. — The so-called second 
law of thermodynamics involves three distinct principles, which may be stated 
as follows: . l 

'r. When a body changes from a state x to a state 2 by any reversible process, 
and then back from 2 to x over the same path, but in the reverse order, then the 
heat absorbed by the body during the change from r to 2 is exactly equal to tbe 
heat evolved by this body during the reverse change from 2 to 1. 

2. When a body changes from a state 1 to a state 2 by any irreversible process 
the heat absorbed during this change can never be greater than the heat which 
it would absorb were the change from z to 2 over the same path produced undef 
conditions which would render the process reversible. Similarly, if the body 
gives out heat during an irreversible change, the heat given out can never be 
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less than the heat which it would give out were the change over the same path 
produced under conditions which would render the process reversible. 

3. The heat (Q) absorbed by a body during any reversible isothermal process 
bears the following relation to the temperature (/) of the body during the process, 


Q= MK (t+ T) (2) 


where M is the mass of the body, To is a constant which depends solely upon the 
scale on which the temperature is measured, and K is a constant which depends 
solely upon the nature of the body and its initial and final states. 

Absolute Thermodynamic Temperature.— It is found impossible by 
any known means to produce a negative temperature, as measured on any tem- 
perature scale, numerically greater than the corresponding value of constant 
Ty in the above expression (equation(2)). Hence that temperature below the zero 
of any given scale equal to this constant T» is called the “absolute thermody- 
namic zero" of this scale, and the temperatures measured from this point are 
called absolute thermodynamic temperatures." Equation (2) may therefore 


be written 
Q= MKT, (2a) 


where T = (t + To) is the absolute temperature corresponding to the tempera- 
ture. The value of the absolute thermodynamic zero is practically the same 
as that temperature, as measured on the constant-volume hydrogen-gas ther- 
mometer, at which the pressure of the gas would be zero, assuming the decrease 
in pressure per degree (= 1/273 of the pressure at o? C.) to remain constant 
at all temperatures. | 

On the centigrade scale the absolute zero is, therefore, — 273^ (approximately), 
and on the Fahrenheit scale — 460° (approximately). 

Entropy.— Since the factor K, in equation (2) above, depends solely 
upon the nature of the body and its initial and final state, this factor may be 
looked upon as representing a change in a property of the body. That is, cali- 
i this property of the body for the initial state Ni and for the final state Ns, 

en K may be put equal to N2 — Ns, and equation (2) may be written 


Q2 M (N2— Ni) T. 


m equation, which represents the relation between the heat absorbed and the 
A EPA for a reversible isothermal process, may also be applied to an 
assu et pro if the property of the body represented by the symbol N is 
the he ed to remain unchanged during such a process. For an adiabatic process 
in N vs absorbed is zero, by definition, and this, on the assumption of no change 
E uring such a process, is consistent with equation (2b). 
general, the temperature of a body during any process is not constant, but 
and adaa may be considered as made up of a series of reversible isothermal 
to each e steps, and the above definition of the property N may be ues E 
isoth um That is, the change in N for each step composed of a reversi 
ermal “tread” and an adiabatic “rise ” is 


dQ 
MT’ 
Ww : l 
ily is the mass of the body, dQ is the heat absorbed, and T is the absolute 
tenure of the body during this step. 
equal perty N, whose increase during any step in a reversible process 15 
of the bade eee absorbed per unit mass divided by the absolute temperature 
ince ats during this step, is called the “entropy” of the body pet unit mass. 
py 1s defined in terms of its change, its absolute value for any given 


(2b) 


dN = 
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standard state of a body may be arbitrarily taken as zero. In steam tables, 
the entropy of water at 32° F. and at atmospheric pressure is usually taken as 
zero. The entropy of a body can in many cases be calculated from the other 
properties of the body. (See article on Steam.) 

In accordance with the above definition of entropy the heat absorbed by a 
body when it changes from a state 1 to a state 2 by any reversible process is then 


2 
Q-M f TaN, — G 


where M is the mass of the body, T its absolute temperature during any step of 
the process, and dN the increase in its entropy per unit mass during this step. 

Principle of the Increase ef Entropy. — It can be shown, from the 
principles above stated, that the only possible changes which can take place in 
a system af bodies to which no energy ‘is added or subtracted are changes which 
involve an increase in the total entropy of the system. Reversible changes may 
theoretically take place without increasing the total entropy, but reversible 
changes never take place in nature nor can they be realized absolutely by any 
known experimental means. 

MAXIMUM WORK. —The maximum external work which a body 
can do when it changes from a state 1 to a state 2 along a given path (ie, by 
passing through a given series of states) is equal to the decrease in its intrinsic 
energy plus the maximum amount of heat it can absorb when it changes along 
this path. The maximum external work which a body can do in changing from 
a state 1 to a state 2 along a given path is therefore 


2 
Wimax - Ui — Us-- M f TaN. ( 
/ 1 


The value of the last term in this expression depends upon the temperature at 
each step in the change, and this temperature depends upon the “path” along 
which the change takes place. If the path is such that aij the heat is absorbed 
at one given temperature T, then 

Wmax = Ui— Us— TM (Ni — Nə). (4a) 
This may also be written 


Wmax = Ui — U2+ p I max (5) 


dT * 
where E mes is the rate of increase of the maximum work done by the body 


with the temperature at which the heat is absorbed, 

Free Energy.— The maximum work which a body can do in changing 
from a state 1 to a state 2 is sometimes referred to as the “‘free energy” of the 
body corrésporiding to this change. This free energy depends not only upon 
the initial and final states of the bady itself but alsa upon the temperature of 
the hottest external body available as a source of heat; this is apparent from 
equation (4). | 

CYCLIC PROCESSES. —In the theory of the steam and other heat 
engines the question arises as to what is the maximum amount of external work 
which can be obtained from a body by alternately heating it to a high tempera- 
ture and then letting it do work (e.g., by expanding), thereby: cooling to a lower 
temperature, this cycle of operations being repeated over and over again. That 
is, the body or " working substance" changes from a state 1 to a state 2, then 
back again to 1, then changes again to 2, and so on for any number of cycles. 
The intrinsic energy of the body at the beginning and end of any cycle is thea 
the same, and therefore, the net work done hy the body during any cycle i$ 
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eate dla bel, cas be arbtninly taken as um. beer the difference between the heat actually absorbed and that actually given out 


aanta s P ani at alie prewar ss during the cycle. 
Dentas d ache dh o Dun coo teats Thermal Efficiency. — The ratio of the net work done to the heat 
itte al Mt ura M I m absorbed during the cycle gives the proportion of the heat added which is 
sac te eve vn poter elis converted into external work, and is called the “thermal efficiency” of the 

e egaz te oia datei ted ie? hy aay reti? = cycle. 

ws Carnot’s Cycle. — F rom the principles stated above it follows that the 
( a heat absorbed will be a maximum when this heat is absorbed in a reversible 
manner under conditions such that the temperature of the working substance 


forse mas, LE tbe body, Tits ociste temperature ze is the same as that of the hottest body available as a source of heat; and 
the heat given out is a minimum when this heat is given out in a reversible 
manner under conditions such that the temperature of the working substance is 
the same as that of the coldest body available as an absorber of beat. The 
path" along which the body changes (see Fig. 1) will then consist of an iso- 

v tac tta eotrepy od tae sete. Reds thermal change at temperature 71, an adiabatic change l 
vol vtatemstie he total entro 8 to a lower temperature 7s, an isothermal change at 
dmm this temperature T», and then a second adiabatic 
change to Tj. Such a path is called a “Carnot’s cycle.” 
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m work is directly 


nd: upon the tE that done when the cycle is a Carnot’s cycle, and this maximu i 
œ Proportional to the difference between the temperature of the body from which 
ws the working substance absorbs heat and the temperature of the body to which 
it gives out heat, and is inversely proportional to the absolute temperature of 


pq tte Tad term in this expression depe 
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, rasa fat te P, then — the body from which it absorbs heat. 
p P. mas e Ur- Ure TH nn , APPLICATIONS OF THE LAWS OF THERMODYNAMICS. — 
Lac RE dW max e laws of thermodynamics serve as the basis for the mathematical treatment 
rnal-combustion 


w 5 performance of the steam engine, steam turbine, inte 
ki dm es, refrigerating machines, air compressors, etc.; they are a Mis 
f zhe rate of increase of the maximum work dae" of) ed important electrochemical relations (see Electrochemistry, Prina? S 

: is beyond the scope of this book to go into these matters here; see 


enatutc at which the heat is absorbed. the treatises listed in the following bibliography. 
En- 
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THIRD-RAIL, OR CONTACT-RAIL, SYSTEMS, — (See also a 
Bonds and Bonding; Rails, Track and Third; Standardization Rules of th FI 
A.I.E.E.; Trolley Systems, Overhead; Trolley Systems, Underground.) The 
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The contact rail, or third rail, is a conductor supported on insulatorsnear the — n; 
ground and presenting a continuous contact surface to a collector or she 5, 
attached to the rolling stock. In its commonest form it is a rail of standard — |. 
section supported at intervals of a few feet by substantial insulators, electrical 
continuity between adjacent lengths being obtained by copper bonds across the Tin 


joints. 
TERMINOLOGY. — The following terms and definitions are used in con- 2 
nection with third-rail systems. ae 
Contact Shoe. — A third-rail contact shoe is a conductor, fastened to the i 
rolling stock, which is designed to make electrical contact with the third ral. | 77 
This is hereinafter referred to as the “shoe.” us 
"SC 


Contact Surface. — The contact surface of a third rail is the surface against lis 
which the shoe presses. ti 

Gage of Track. — The minimum clearance between the inside surfaces d. ‘>; 
the heads of the two track rails, i.e., the distance A in Fig. 17. The track gage — xj 
in this country is 4 feet 814 inches. Wis 

Third-rail Gage.— The distance measured parallel to the plane of the top in t 
of both running rails, between the gage line of running rails and the gage lineo? & 1 
third rail, i.e., the distance B in Fig. 17 of this article. (The Am. Elect. Ry. ti 
Assn. 1912.) jn 

Location. — Third-rail locations will be described in terms of the thirdral — 
gage and the vertical distance (C in Fig. 17) between the normal contactsur Pu 
face and the normal top of the track rail. See also Table II below. l Uh 

Top-contact Rail. — A top-contact third rail is one on which the contad 
suríace is on the upper side of the rail. 


Under-contact Rail.— An under-contact third rail is one on which the g, 


contact surface is on the under side of the rail. ln 
Third-rail Insulator.— A third-rail insulator is that portion of the third x; 
rail support which forms the principal electrical insulation. ig 
Insulator Base or Bracket. — A third-rail insulator base or bracket isa — y 
device used to support the third-rail insulator. l ig 


Incline. — An incline is a portion of third rail sloped to gradually bring the p 
shoe from its free position into contact with the normal surface of the third 
rail. 

End Incline. — An end incline is an incline at the end of a run of third rail Sa 
and is made to receive shoes moving in line with the third rail. Meg 
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Offset-end Incline. — An offset-end incline is an incline at the end of a run 
of third rail and is made to receive shoes moving laterally towards the third 
rail. | 

Cross Incline. — A cross incline is a combination in one piece of two end 
inclines from adjacent third rails which meet at a turn-out. 


Side Incline. — A side incline is an incline at the side of a third rail and is 
made to receive shoes moving laterally towards the third rail. 


Offset-side Incline. — An offset-side incline is an incline offset from the 
standard third rail in order to gain clearance between the third rail and the 
maximum equipment line of the rolling stock. 


Maximum Equipment Line. — The maximum equipment line is the bound- 
ary which encloses the cross-sectional outlines of all the rolling stock, under 
all operating conditions. 

Third-rail Protection. — A third-rail protection is a partial covering of the 
third rail which affords some degree of protection from the weather or from 
accidental contact with foreign bodies. 


Third-rail Anchorage. — A third-rail anchorage is a device to prevent the 
third-rail creeping longitudinally. 

Tie Motion. — Unless otherwise specified, tie motion will be understood to 
mean the vertical play of the ties caused by the passage of trains. 


TYPES OF CONSTRUCTION. — Third-rail construction may be classi- 
fied into the top-contact and under-contact types, each of which is susceptible 
of important variations in design, especially with í 
reference to the type of protection. 

Interborough Top-contact Type (Fig. 1). — 
One of the most commonly used types is illus- 
trated in Fig. 1. It is often called the "Inter- 
borough Type" on account of its use in the sub- 
Ways of the Interborough Rapid Transit Co., of 
New York. The rail is a standard T-section 
and rests on reconstructed granite insulators. 
A board protection is attached to the rail itself 
by means of clamps and uprights and is thereby 
kept in perfect alignment. 


P Pennsylvania Top-contact Type (Fig. 2).— 
nother type has the protection supported on sep- 

arate brackets independent of the third rail itself. the 

It is claimed that this reduces the amount of labor which has to be done sell as 
ve rail, when repairs are.being made, but it cannot be relied upon as e 

"ie Interborough type to keep the rail and protection in perfect ae pu third 
London Tube Type (Fig. 3). — The mounting and location of tie” 

Tie pE the negative ms of the London Tube Railways is ill ustrated in 


Under-contact Types (Figs. 4, 5, 6 and 7). — While the top-contact type 
ve given first-class service, they are considered to have certain disiQ va od 
" exposed locations as they cannot be wholly protected from Snow, er di 
set. The lower part is only a few inches from the ties, while aie 

iid reduce this clearance, increasing the danger of grounding from ac o 
ation of Wet snow and ashes and from flooding. The occasional miseret 
type © during sleet and snowstorms and floods, on railroads using the En du 

* of third rail, led to the idea of an under-contact third rail loosely 
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Fig. 1. Interborough Top- 
* contact Type : 
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A Aw. in insulators by hook bolts hung from brackets, with the top and sides of the 

oe sigs con qus . rail completely sheathed in a flexible insulating material for protecting the rail 
T | from accidental contact with man and beast, and from sleet, snow ahd spray. 
i near With this type of rail (Figs. 4, 5, 6 and 7) the protection is of such character 
z US HIE that there is no packing of snow between the sheathing and the contact rail, as in 
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Fig. 6. Type Z Bracket, for use with Fig. 7. Type W Bracket, for use with 
end inclines A at frogs offset end inclines B at frogs 


some other forms, and in sleet storms no ice forms on the contact surface; 
some icicles may form at the edge of the petticoats, but hanging down clear of 
the edge of the rail, are easily broken off by the passing shoe. A special design, 
using a standard T-rail, is shown in Fig. 8, and is used for 1200 volts. 

Where the rail is buried in snow, the passage of the contact shoe breaks the: 
snow away, leaving the rail surface clear, instead of ironing the snow down on 
the rail, as may happen with the top-contact type. 

Sheathing and Special Work. — The sheathing between the insulator 
` blocks, depending upon local conditions and the price of materials, as well as 
the potential used, is usually formed of three wooden strips, one grooved on the 
under side and inclosing the head of the Pus 
rail, and the other two, attached to and 
dependent from it, reaching in toward the 
web of the rail. Where good wood is not 
available, an alternative protection cost- 
ing about the same and having a higher 
electrical resistance, although not so good | 
mechanically, is a semi-flexible shell of =< Tert Tk — 
indurated fiber conformed to the rail - p 
Sections. 

The special work, i.e., inclines, jumpers, 
etc., used with the under-contact rail, is 
shown in Fig. 9, 

|. Combined Top- and Under-con- 
fact Shoes. — The employment of col- 
lecting shoes on rolling stock so constructed as to press upwards on the under- 
contact rail and downwards on the top-contact type solves the question of 
interchange between railroads not using the same type, 
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CONTACT RAILS VERSUS OVERHEAD TROLLEY. — The contact 
rail is used as a part of the positive conductor system whenever the current to 
be collected by each collector exceeds the amount which can be taken safely 
from a trolley wire, or whenever the total current taken by a train exceeds the 


Ti 
ZH ke it amount that can economically be carried by conductors of such expensive metal 
SET "n as copper or aluminum. 
UD Positive Contact Rails. — Considered as a part of the positive conductor 
[zs i] system, the contact rail and overhead trolley possess the relative qualifica- 
perui tions given in Table I. 
TRE url 
liii TABLE I.— RELATIVE QUALIFICATIONS OF THIRD RAIL AND 
à» n3 OVERHEAD TROLLEY SYSTEMS. 
(Adapted from Table by C. E. Eveleth.) 
T R u 
f. Leg 1 I e Overhead side 
Ehud j j Protected third rail b rdg hgh Marae N bracket, catenary 
uin H N i PEE ERR © construction 
PsIBZ EM M RN REESE 
1 ji id i , iy | ' | Interference with track main- | Entirely clear of road bed. Same as II. 
THE RN e 
idi) j NEL 
g H Can be maintained by sec- | Requires special tools, crews | Same as II, but not 
I A x tion gang. and work trains. as important. 
Ü ae 
" ! d tiene Easily cleared up and insu-.| In the way of boom of der- | Same as II. 
I , ad lated when derailment oc- | rick car— liable to be 
* 1 | curs. knocked down and put all 
of M, tracks out of service. 
1 u ; Ix tt Hindrance to coupling | Dangerous to freight brake- | This point is of less 
ELI or freights, etc. With pro- men on account of parts importance. 
: o 
£ TE tected rail this is not very hanging down and small 
T j^ J serious, bridge clearance. Very 
e { difficult to install satisfac- 
F $ : tory ticklers to warn train- 
a 3X men when approaching 
$ r bridges. 
L. Interference with clearing | Not affected. Not affected. - 
§ snow between tracks. 
à 
j 1 | Ease of satisfactorily collect- | Difficult to collect current, as | Similar to II. 
: 14 ing current on account of lo- a more complicated mech- 
- i cation, where relative mo- anism is required on ac- 
Á y ? H tion between track and rail | count of the grade of the 
yi m is small. Collectors may |: wire due to low clearances 
mr be safely replaced on the | at bridges and high clear- 
$ j road. ances at road crossings. 
E AR | May be readily inspected by | Requires a man with special | Similar to II, but of 
| | $ track walker. training. less importance. 
TÅ | Ease of sectionalization. | Difficult of sectionalization. | Sectionalization not 
| 1.05 Jumpers may be discon- of so much im- 
i E. nected at the nearest adja- portance. 
ar cent road crossings. 
li p" d » 


1578 


Third-rail Systems 


TABLE I.— RELATIVE QUALIFICATIONS OF THIRD-RAIL AND 
OVERHEAD TROLLEY SYSTEMS — Continued 


: (Adepted from Table by C. E. Eveleth.) 
I II 
Protected third rail Overhead high-tension 


May be worked on while 
alive to make track 
changes or repairs, making 
system very flexible. 


No interference with visual 
signals. 


Danger of wreck from burn- 
ing off track rail due to 
arcing current. This is a 
possible contingency, but 
one not very likely to 
occur. 


Little interference with fire- 
extinguishing apparatus in 
the car storage yard. 


Absolute freedom from light- 
ning disturbances. 


Entire freedom from tele- 
phone and telegraph dis- 
turbances, also inductive 
effects on signal wires. 


No trouble at grade crossings : 


with crossing trolley wires. 


Can add sidings or more 


tracks with little diffi- 
culty. `` 


bridge, catenary construction 


Requires that current be shut 
off no matter how slight 
repairs are, making system 
inflexible. 


Signals located and seen with 
difficulty, as they must be 
lower than the bridges antl 
even then have the distant 
bridges as a background. 
Dangerous to maintain sig- 
nals in this location, as it 
must be done from ladders. 


Danger from dangling over- 
head work when messen- 
ger cable is burned oif ata 

defective insulator. 


Difficulty in removing cars 
on account of high-tension 
wires interfering with fire- 
men. 


Very much exposed to light- 
ning. 


Difficult problem in connec- 
tion with these interfer- 
ences, affecting not only 
the railroad company's 
wires, but those belonging 
to other interests. 


Til 
Overhead side 
bracket, catenary 

construction 


Similar to II, but 
not of such impor- 
tance. 


Not affected. 


Same as II. 


Will probably have 
low-tension wires 
for this type of 
construction. 


Same as II. 


Same as JI. 


Probably trolley crossings} Troubles similar to 


will have to be avoided by 
overhead or undergrade 
crossings. 


Can make such additions 
only at considerable ex- 
pense. 


II. 


Difficulty not very 
great. 
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TABLE l ~ VELATIVE QUALIFICATIONS OP THIRDUL! 
UV ERHEAD TROLLEY SYSTEMS — Cows 
(Ade ped rom Table by C. E. Enie.) 
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Negative Contact Rails. — Negative contact rails are used as part of the 
negative-feeder system when the drop of potential in the track rails is limited to 
such a small amount that it is cheaper to use an insulated rail than to rein- 
force the track rails with feeders. Considered as part of the negative feeder 
system, the contact rail possesses the following advantages over the track-rail 
return system. If used in connection with a positive contact rail, the negative 
rail is placed between the track rails. 


(I) When properly insulated, it eliminates every possibility of electrolysis. 

(II) It gives the block-signal system complete independence from the electric- . 
traction system. Among the advantages which this entails are, no unbalancing 
of signal circuits, saving the cost of reactance bonds (see Signaling, Railway) 
and increased economy in signal circuits. 

(III) It gives greater safety to passengers. 

(IV) It reduces the probability of short circuits. 

(V) It decreases the cost of track-rail maintenance by the elimination of 
bonds. 

(VI) It halves the first cost of bonds, as one high-conductivity contact rail 
usually replaces two track rails. 

(VII) It reduces the wear of bonds by saving them from the shock of trains. 


These advantages are usually offset by the first cost of the negative contact- 
rail, by the complications it introduces at special track work, and by the impossi- 
bility of protecting a central rail from snow and ice on account of insufficient 
clearance for any kind of covering. 


ELECTRICAL DESIGN. — The calculations of potential drop, network, 
resistance, etc., are treated under Trolley Systems, Overhead. ‘The composition, 
weight, dimensions, resistance and reactance of rails will be found in the article 
on Rails, Track and Third. 


Selection of Suitable Rail. — When the various types of rail are under 
consideration it is well to arrange a table with the following headings, in order 
to compare the relative economy of the different types. (1) Circular mils of 
copper equivalent to rail; (2) Additional circular mils of copper required to 
equal the rail of highest conductivity; (3) Cost of rail for the entire railroad; 
(4) Cost of additional copper for entire railroad; (5) Total cost of rail and 
additional copper for entire railroad. 


MECHANICAL DESIGN. — The general design of the rail itself having 
been settled, the next step is to secure a set of track plans on which to lay out 
the special work. When an entirely new railway is being projected, the track 
designer and the third-rail designer can work together, but when an existing 
line is being converted, the general track plans cannot be used as they are sel- 
dom sufficiently accurate for the electrical engineer's purpose. In this case, 
the contact-rail engineer has to take measurements of the track work in order 
to make drawings of the cross-overs and other complications. 


Location and Weight of Third Rails. — There is no standard gage for 
contact rails, corresponding to the standard track gage. "This unfortunate 


. condition arises from lack of uniformity in the clearance lines of the right-of-way 


and in the maximum equipment lines of various railroads. "The following 


. Standard has been recommended (1911 and 1912) by the American Electric 


Railway Engineering Association: 


I. The gage line of the third rail to be located not less than 26 inches and 
Dot more than 27 inches from the gage line of the track and the contact surface 
of the third rail to be not less than 234 inches or more than 3% inches above 
the plane of the top of the track rail. 
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Clearance Diagram 


Fig. 10. 


this leaves a clearance s 


ch both horizontally and vertically u 
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outward as indicated by the lines and notes on the d 


3. In the design and construction of new rolli 


change service allowance must be made for such ho 
tions as may in any reasonable probability occur in com 
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Center of 
third rail 
Name of railroad to near 
gage line, 
inches 
Albany & Hudson...........eceeeeee coer 27 
Aurora, Elgin & Chicago............. esse. 2048 
Baker St. & Waterloo Ry.................. zehn 
Baltimore & Ohio................ esses 30 
Berlin Elevated and Subway............... 1498 
Boston Elevated and Subway.............. 2098 
Brooklyn Rapid Transit................... 2194 
Camden & Atlantic City R.R.............. 26 
Central London Ry...................Lusuee Center 
Columbus, London & Springfield........... 2] 
Columbus & Newark................ eese 27 
Fayet-Chamounix.............0eeecee ever: 23 
Grand Rapids, Gd. Haven & Muskegon.... 2096 
Great Northern Ry., England.............. I9lÁ 
Hudson Tunnels, New York............... 26 
Interborough Rapid Transit............... 26 
Kings County El., Brooklyn............... 19% 
Lackawanna & Wyoming................... 2038 
Lake St. El., Chicago.................... 20$ 
Lancashire & Yorkshire Ry................ 1914 
Liverpool Elevated.................. eese Center 
Long Island R.R.....................eesee 27 
Manhattan Ry., New York..... NUR 2094 
Massil Rae —«—————— 22 
Metropolitan & District, London........... 16 
Metropolitan Elevated, Chicago............ 2016 
Milan Gallerate................ kate rere 2655 
*New York Central R.R.................... 2814 
Northeastern Ry., England................ 19% 
Northwestern Elevated, Chicago.......... 20/8 
North Shore R.R., Cal................. esee 27 
Paris Orleans Ry................. eese 2558 
Paris Versailles............... eese eee 2556 
Pennsylvania R.R................ eee eee 27 
*Philadelphia & Western.................... 27 
*Philadelphia Rapid Transit................ 27 
Seattle & Tacoma R.R..................... 20 
South Side Elevated, Chicago............. 208 
Wamseebahn (Berlin)...................... 334% 
Waterloo & City Ry....7............ sees 2814 
West Jersey & Seashore...................- 26 
| *West Shore R.R................ "RCM 32 
Wilkesbarre & Hazleton................... 28 


Contact 
face above 
top of run- 

ning rail, 

inches 


* Bottom contact surface. All others have top-contact surface. 
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TABLE II. — LOCATION AND WEIGHT OF THIRD RAIL 
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well as allowance for deflections on curves. Encroachments on normal clear- be i 
ance due to deflection of springs and wear vary with the type of construction ii 
used, and the practice of the respective roads as regards permissible wear and x, 
deflection before repairs and adjustments are made. For the general guidance lel 
of the roads, in designing equipment, but not as a standard, therefore, a dotted n 
line is shown on the diagram located two inches distant horizontally and four 
inches distant vertically from the limiting clearance line for equipment. j: 
Table II gives the principal characteristics of the contact rails of many ofthe. ~ 
most important electric railroads. 


Turnouts. — (See also Railways, Location and-Permanent Way for.) A typical 
turnout is shown diagrammatically i in Fig. 11 which shows the lengths which 
should be measured; F is the dis- 
tance from the point of the switch 
to the point of the frog, and is 
called the “‘frog distance"; D is the 
length between the adjacent frogs, ee 
and Z the distance apart of the ne soe eee 
track centers. In such 4 diagram- . Fig. 11. Typical Turnout 
matic view the lines represent the 
gage lines of the track rails. When, however, a contact rail is represented by 
a line, it is the center line that is given. Having measured the four distances — 
specified above, the radius of the turnout curve may be calculated from the fo- Tats 


lowing formulas: “A 
R = 0.127 F?, when the turnout is from a straight track. a 
R = 0.271 F?, when the turnout is from a track of equal radius to the turnout, ek 

at 


Graphical Method of Locating Contact Rail. — The track plans having lx; 
been drawn from the field sketches, to a scale of say % inch to the foot, the kin 
contact rail may be drawn in, as outlined below. An aid in this work isanou — 2; 
line plan of the electric car or locomotive to the same scale as the track wot ath; 
drawings — say 14 inch to the foot. Such a plan is shown in Fig. 12, in whid — i; 
the points W represent the wheels, S the contact shoes and K theking-pins. Ths ip, 


had better be made of celluloid with a large pinhole at Ùs 
each point S. In order to lay out the contact rail the Siti 
car is drawn along the tracks with the points W on n 
the rails and a pencil stuck in one of the pinholes. The NN 
line traced by the pencil represents the center line of the Wü 


shoe path, and therefore that of the contact rail. Such a ^ Fig. 12 fis 
line should be made on each side of the car. In eases uo 

where there are sharp curves, it will not do to run the wheel points W alog 
the tracks, as an error will arise due to the truck rotation not being represented. y 
In such a case the king-pin points must be run along a track center line. PN 


Location of Inclines. — The exact location of the contact-rail inclineso ziy; 
each side of a track-rail intersection depends upon a number of conditions, at 
important one of which is the extent to which the equalizer bar and journal bot ^N 
project outward. If there is a train-bus line connecting all the cars, thee! y 
inclines may be situated many feet back from the switch point or frog, but i 
there is no such bus line, the contact rail will probably have to be terminatel 
in a cross incline extending 


as near as possible to the Oar i Car 2 Cars 
dicun pe - Isolated Section 


Sectionalizing the Con- i 
tact Rail. — Where a train- ig. 13. 
bus line is not used, it is customary to break the third rail in front of substa- | 
tions and use an isolated section of third rail between the two main sections, a3 
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ware be detectings on unes, Encroachment a shown diagrammatically in Fig. 13. The length of this isolated section and of 
4 ts d simu and wear vary with thei — the gaps which bound it should be such that both gaps are never spanned by 
tag nea the cd the repative ruh as regan pecs" cars at the same time. 


€ ^t teats ane! af uetments are made. Prem Let L = car length, feet, 
Ae i4 (Ulp, bal no as a starr Ce T = distance between shoe centers (usually the same as distance between 
Se the hatin mate! fry die distant 227. - truck centers), 
(aereas fram the uiti dearan um M ex S = shoe length. 
poe the ey. ym: datet of the aad <= Then, 
22 Lut de Ux Tauituads. Total space must be > L+ T 4- S. 


Rail section must be < 2L — T — S. 
Length of each gap must be < T- S. 


aum, Po the die For example, on the Manhattan Railway, New York, before a train-bus line 
pat ol e exin d was adopted, a short isolated section was used. The lengths were as follows: 


E iO ud 
tod Ux if, MP ! L = 46.37, T = 32.27, S=1. 
‘ine day the 


ao Mee atte Reso ys. La ation and Permanent Tay = 
w+ no ` thk. DUI 
»onnamzati vy in Fig dE stis ez 


^ 
ue Wu 


` : : y Cauet [as nee Total space > 79.64, actually 83 feet. 
2o uat apart of the p Section of rail < 59.47, actually 57 feet. 
l m i 2a diagram- Fig. 11. Typ Tu Gap length < 31.27, actually 13 feet. 
EET a . 
yox Ld meat EN en, however, a contact uM Cross and End Inclines. — Inclines serve the purpose of assisting the 
s cu jos ; Aven: Having measure P" contact shoes to rise (or fall) from their free position to the position of contact 
aco egal mee» may be alalis == with the rail They should, Tbis surface shaped 


uf the turnout curve 


therefore, have sufficient slope 
o 4 ghtmd. to prevent any undue shock 
iT when the turnout i$ from à n gi nisi either to the rail or to the shoes. 
| Low-speed lines and sidings may 


+ © tt [5 :i-5 


' ‘ng Contact therefore have shorter inclines 
a Method of oe to a sale of 9 than high-speed lines. The usual 
wt nel Cael below. An length of straight slope (i.e., 
yo he fas n. S bosmotit ü without end nose and flat sur- 
e! NE such 49 $ face at top) is from 60 to 70 . 
ayab to the phe contacts ' inches for high-speed work and AA NEL. QN. 
| rcement the e are pinhal ` go or 40 inches for sidings. The Bosw ce Ne 
x ak dl crllulokd w rhe contact rai slope ranges from 1 in 45 for ig. 14. ypical Incline 
So aen fo hy ju points high-speed work to 1 in 30 for urban railways. : Inclines are almost invariably 
ah tracks p ‘he pinholes . made of cast iron. A typical design is shown in Fig. 14. 
" yr kn - "he center line of the E Third-rail Insulators. — Third-rail insulators should have the following 
e penal ai -apadt rail. Such 8 , qualifications. Strength to withstand weight and vibration; surface impervious 
(S aed c thar oll ee ar [nds _ to moisture; resistance wet shall not be less than one megohm; shall have a 
-u fe 08 cach side 1 t do to run - drip edge; shall allow free motion of rail laterally, longitudinally and vertically 
X. arp int it the truck rotat to allow for expansion, contraction and tie motion; and must be capable of easy 
i ge arise duc ony a and quick removal without disturbing the rail. ' 
po ud ints mus on 0 m Spacing of Insulators. — A spacing of ro feet between insulators is 
mm -lines on depen ds upon à ^ n ELE by the American Street & Interurban Assn., Oct., 1908, for 30-foot 
a rail D to which the 69 Jek l 
panh Bth a bus line oP ith "T i INSTALLATION OF CONTACT RAIL. — In the case of an existing 
"ET! ts : feet hack from the railway being electrified, the first step is to replace standard ties at proper inter- 
NT man} tact rail will vals by long ones. A man then proceeds along the line with a template and 
ine. t Marks the location of the screw holes of the insulator bracket. He is followed 


; edit Oar! “by an augur gang which drills the holes. Meanwhile the brackets (in the case 
eo the T of an under-contact rail) or the stool and insulators (in the case of a top-con- 


| = tact rail) are distributed along the line, and a gang following the augur gang 
a, x T screws the brackets or stools to the ties. 
ng : the | 
y re mm tomary fo brea weed 

„= it is OSO of third ral 
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( 

Where the rails rest on tie plates which have not yet penetrated the ties, it it 
not unusual to place shims under the brackets or stool until the tie plates have 
reached their normal position. 

In the case of under-contact rails the brackets must be accurately checked for 
principal dimensions before being distributed. 

The rails and fish-plates, etc., are next distributed along the line on that side 
of the track where they are to be installed and a gang follows which installs the 
rail, and, in the case of an under-contact rail, attaches the insulators and hook 
bolts; in the case of a top-contact rail, another gang follows, attaching the 
clips or whatever is used to fasten the rail to the insulators. Another gang 
follows to install the fish plates, expansion joints and anchorages, if any. If 
there are no anchorages or expansion joints, expansion and contraction are 
provided against by making an allowance at all joints, depending on the temper- 
ature at which the rails are installed. This is done by inserting an “expansion 
shim” while the rails are 
being bolted together. The ,.149 


fe ee a 
thickness of shim for different 14120 þe 
temperatures on a 3o-foot rail Ep zc ee 
E e the k are beng ++ et tT 
installed, the materials for the £ 60 aaa ees See 
protection are distributed 2 ,, ENSEM E S eel Mista tee 
along the line and a gang fol- & SEEL eee eile 
lows installing them. A last $05 71 4 6 7 8 9 10 i 
gang paints the protection Sides of jS. Shim at each joint 64tha Inch 


first with a priming and then pig 15. Thickness of Expansion Shims for 3o-ft. Rail 
with a finishing paint.. 


Inclines have to be carefully located to make sure that the shoes will ride 
smoothly upon them. 


OPERATION AND MAINTENANCE OF CONTACT RAIL. —The 
wear of the third rails is negligible and even without painting the deterioration 
due to rust is very slow. The principal items of maintenance are the insulators, 
protection and bonds. Unless the supports are carefully designed, insulators 
are shattered by “tie motion," i.e., by the depression and rebound of the ties 
as the trains pass over them. Every time a wheel passes over a tie carrying al 
insulator, the latter is pounded against the rail and is likely to be broken unless 
sufficient play is provided. 

Removal of Sleet. — The best protection against sleet is undoubtedly the 
under-contact third rail and the next best is a top-contact third rail with a wide 
protecting board. Where these are impracticable the deposit of ice on the rail 
cannot be prevented and means for its removal have to be adopted. The two 
principal means are scrapers and hot water. Electrical heating of the rail 
has also been suggested but found to require too much energy. When the hot- 
water method is used, some salt such as calcium chloride, or some other sub- 
stance, which lowers the freezing point of water must be added to the water. 
'There are serious objections to the hot-water method, especially on elevated 
railways, as the saline solution not only rusts the metal of the structure but 
when calcium chloride is used in the water, damage also occurs to the roofs of 
street cars, etc., underneath. 


TESTING OF CONTACT RAILS. — Contact rails have to be tested fot 
(x) electrical continuity at the joints, (2) conductivity, (3) insulation from 
ground and (4) gage. 

Tests of Continuity at Joints are described in the article on Bonds, Rai- 
-= way Track. 
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e face rest na tie plates which have not yet perez: The Conductivity Test is best performed by passing a considerable cur- 
~ t jane ums under the brackets of stool mtl ii: Tent through a length, measuring the drop with a milli-voltmeter and calcu- 


zamma peso lating the resistance by Ohm's law. 
-e o'er oduct rails the brackets must beacuse: The Insulation Test is best performed by 
Cu "€t ee beng dpintcted means of a pair of voltmeters, as shown in Fig. 16. 


Lato, ch, are nett distributed along tv: The rail:A to be tested is connected to a live rail B 
a etr lay are lo be wstaied anda pang olei: — through a voltmeter, and the voltage Vi between 
ate a at uriet contac rail, attaches te saz: the two noted. At the same instant the voltage 
2 ae da tumult mil, another gang miz V» between the rail B and ground is also read. Let 


weer a wed to fasten the rad to the inalt. $7 

+o tse toh pates expaungun joints and anos 
Lit faces ot eparina joints enparen a ce rL (V2 | . 

coy maa an allowance at all joints, dependis c27 108 ` 

~ 8 Fans aft installed. Ths is dont by peru 

e ES. Klo GIC EET 


i * E 
Ar teie? Tte BUS 


Fig. 16. 


L be the length in miles of the rail A. Then the insulation resistance of the 
rail A in megohms per mile is 


where r is the resistance in ohms of the voltmeter orf which V; is read. 
Testing of Gage. — The gage line of a third rail is measured by means of a 


n ae Uulerent : template which fits over the track rails as shown in Fig. 17. 
i P pin ni . Contact Rail 
« 13 


(Undex-coutact type) 


e cas gee being Surfaces for gauging 


ur eatnictal 
sanlara tt 
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35 5 3X 
T. ines d Lipa Sk gauging height 
of end incline, 


' vole in — 
. ý b re then pui Tides ol Ease : moas 
Para nf eat t as 
Cie wares hxated to make sei Fig. 17. 
Bonis AINTENANCE OF contact RE COST OF CONTACT-RAIL CONSTRUCTION. — The estimates in 
ION AND M stan] even without panting thee Table ITI include the cost of (1) handling and distributing the material from the 
rta s pe nx ie x «ems of maintenant 7 pos storehouse to the place where it is used; (2) the solder, gasoline, etc., used in 
y wow Toe een gs ye afi 977 bonding contact rail; (3) putting three coats of paint on the protection; (4) 
Peele Uniew be j s depresia and Rumi bending rails on curves; (5) 5 per cent for breakage; (6) foremen's and engineers’ 
tae phen, TO e 4 wheel passes Ove on salaries. They do not include the cost of tools or of jumpers. 
ever them beer p niil and is iy 0x9 These estimates are approximately correct where existing traffic does not 
ote i panied icunst , materially impede the work. Under less favorable conditions, the cost may 
PTT ia against det uie rise 50 per cent or more over the figures given. 
LL The best protection 99, thi ` The estimate on the top-contact type is based ‘upon the Interborough Rapid 
(sl test isa P s tiec? Transit Co's. construction,, New York (Stillwell-Slater patent), the weight of 
, ond rail and the Nex’ ble the depost ? f : a chee ‘ P ane IE O 
DH s im practl ; joe." . tail however, being slightly less than on that railway. The estimate of the 


(OW hee ar ; Á E Aves 
epo Where! r its removal a a} hatt; under-contact type is based upon construction similar to that used by the New 
water. mud ene Wie York Central Railroad (Wilgus-Sprague patent). 
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TABLE III. — COST PER MILE OF CONTACT-RAIL CONSTRUCTION 


Top contact Under contact 


Item 


Material: 
Bail 201B: oie veni xb e VR ERN 
Rail, special...................LLs.e. 
Inches: - Axe E REIS EXP XX 
Insulators, standard................. 
Insulators, special......... NX ries 
Brackets or pedestals................ 
Brackets, special.................... 


Soldered bonds. ..................... 
Splice plates and bolts. .............. 
Protection..................eeeleee e 


Felt sepatator........ rA 
Long ties, excess only *............... 


Total material..................... i 


Labor: l 
Installing, bonding and protection of 
third fallas ds vencuSiccas Leve niut 


Total labor............ mE — 
Grand total... cvi e lag uou 


i This item includes only the diference in cost between the long ties which carty 
the insulators and the cost of the same number of standard ties. 


BIBLIOGRAPHY. — (See also Railways, Systems of Electric Traction for: 
Electrolysis: of Grounded Structures; Endoia veh Sysiems. Ts 
Anon., Farnham Protected Third Rail System, Street Ry. Jour. 1906, Vol. 27, 
p. 45; Capp, J. A., Tests of Steel for Electric Conductivity, Trans. AT.M.E, 
1904, Vol. 34, p. 400; Fortenbaugh, S. B., Conductor Rail Measurements, 
Trans. A.L.E.E., 1908, Vol. 27, p. 1215. 


[W. A. DeL Maz] 
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TIMBER. — (See also Structures, Simple; Poles for Overhead Lines.) The 
standard names for structural timbers as adopted by the Am. Soc. for Test. Mat. 
and the Am. Ry. Eng. Assoc. are reprinted below by permission from the pres- 
ent (1913) board of the Am. Soc. for Test. Mat. 


Fir, Douglas, — The term “Douglas Fir" is to cover the timber known 


- likewise as yellow fir, red fir, western fir, Washington fir, Oregon or Puget Sound 


fir or pine, norwest and west coast fir. 

Hemlock, to cover Southern or Eastern hemlock; that is, hemlock from all 
states east of and including Minnesota. 

Hemlock, Western, to cover hemlock from the Pacific coast. 

Larch, Western, to cover the species of larch or tamarack from the Rocky 
Mountain and Pacific coast regions. 

Pine, Norway, to cover what is known also as “Red Pine." 

Pine, Southern Yellow. — Under this heading two classes of timber are 
used, (a) Longleaf Pine, (b) Shortleaf Pine. 

It is understood that these two terms are descriptive of quality, rather than 
of botanical species. "Thus, shortleaf pine would cover such species as are now 
known as North Carolina pine, loblolly pine and shortleaf pine. Longleaf 
pine is descriptive of quality, and if Cuban, shortleaf, or loblolly pine is grown 
under such conditions that it produces a large percentage of hard summer wood, 
so as to be equivalent to the wood produced by the true longleaf, it would be 
covered by the term “Longleaf Pine." 

Pine, Western, to cover the timber sold as white pine coming from Arizona, 
California, New Mexico, Colorado, Oregon and Washington. This is the timber 
sometimes known as “Western Yellow Pine," or “Ponderosa Pine," or “ Cali- 
fornia White Pine,” or ' Western White Pine.” 

Pine, White, to cover the timber which has hitherto been known as white 
pine, from Maine, Michigan, Wisconsin and Minnesota. 

Pine, Idaho White, the variety of white pine from western Montana, north- 
ern Idaho and eastern Washington. 

Redwood, to include the California wood usually known by that name. 

Spruce, to cover Eastern spruce; that is, the spruce timber coming from 
points east of Minnesota..- 

Spruce, Western, to cover the spruce timber from the Pacific coast. 

Tamarack, to cover the timber known as “Tamarack,” or “Eastern 
Tamarack,” from states east of and including Minnesota. 

. A fuller description of the timbers used for transmission line poles is given 
in the article on Poles for Overhead Lines. 


DEFECTS IN TIMBER. — The standard names for defects in structural 
timber as adopted by the above associations are the following: 

Encased Knot. — An encased knot is one which is surrounded wholly or in 
part by bark or pitch. Where the encasement is less than % inch in width on 
both sides, not exceeding one-half the circumference of the knot, it shall be 
considered a sound knot. 

Large Knot. — A large knot is a sound knot, more than 144 inches in diam. 
eter. 

Loose Knot. — A loose knot is one not firmly held in place by growth or 
position. 

Pin Knot. — A pin knot is a sound knot not over 34 inch in diameter, 
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Pith Knot. — A pith knot is a sound knot with a pith hole not more than 
14 inch in diameter in the center. 

Rotten Knot. — A rotten knot is one not as hard as the wood it is in. 

Round Knot. — A round knot is one which is oval or circular in form. 

Sound Knot. — A sound knot is one which is solid across its face and which 
is as hard as the wood surrounding it; it may be either red or black, and is so 
fixed by growth or position that it will retain its place in the piece. 

Spike Knot. — A spike knot is one sawn in a lengthwise direction; the mean 

or average width shall be considered in measuring these knots. 

Standard Knot. — A standard knot is a sound knot not over 144 inches in 

diameter. 

` Pitch Pockets. — Pitch pockets are openings between the grain of the wood 
containing more or less pitch or bark. These shall be classified as stall, standard 
and large pitch pockets. 

(a) Small Pitch Pocket. A small pitch pocket is one not over 34 inch wide. 

(b) Standard Pitch Pocket. A standard pitch pocket is one not over 3$ inch 
wide, or 3 inches in length. 

(c) Large Pitch Pocket. A large pitch pocket is one over 36 inch wide, or 
over 3 inches in length. 

Pitch Streak. — A pitch streak is a well-defined accumulation of pitch at 
one point in the piece. When not sufficient to develop a well-defined streak, or 
where the fiber between grains, that is, the coarse-grained fiber, usually termed 
“Spring wood,” is not saturated with pitch, it shall not be considered a defect. 

Shakes. — Shakes are splits or checks in timbers which usually cause 3 
separation of the wood between annual rings. 

Ring Shake. — An opening between the annual rings. 

Through Shake. — A shake which extends between two faces of a timber. 

Rot, Dote and Red Heart. — Any form of decay which may be evident 
either as a dark red discoloration not found in the sound wood, or the presence 
of white or red rotten spots, shall be considered as a defect. 

Wane. — Wane is bark, or the lack of wood from any cause on edges of 
timbers. | 


DECAY AND PRESERVATION. — Decay is due usually to a fungus 
growth. It is prevented by cutting off the air by immersing the timber in water, 
which so far as is known is a sure preventive. Decay is retarded by thorough 
seasoning either naturally or in the kiln, or by poisoning the food supply of the 
fungus by chemical treatment. The latter method usually consists in impreg- 
nating the wood with creosote or zinc chloride, the former being more commonly 
employed. The methods used for preserving timber poles are described in the 
article. on Poles for Overhead Lines. 


UNIT STRESSES FOR STRUCTURAL TIMBER. — The values of 
unit stresses in structural timber given in the following table are recommended 
by the Committee on Wooden Bridges and Trestles of the American Railway 
Engineering Association. See Manual of the Association, Chicago, 1911. For 
unit values allowable in various cities of the United States see article on Buid- 
ings, Allowable Unit Stresses in. 
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SES FOR STRUCTURAL TIMBER IN POUNDS PER 


SQUARE INCH 


Kaot. — A rotten knot is one not as hard as the multi Ei (See Note under table) 
Kaot. — A round knot is one which is oval or credit es Snn Compression 
Kaot. — A sound knot is one which is solid cms iini T MEL. " 
| as the wood surrounding it; it may be either red or bid e dich 8 Parallel Working strength | $8 
srwth or position that it will retain its place in tepee e grat to grain of columns FE 
Kaot. — A spike knot is one sawn in a lengthwise nci umbet SR PIES RRN 2s 
+ width shall be considered in g these kots 3 E- LE 2 3 FE^ under | Length over a a 
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treak. — A pitch streak is a well-defined e Mock, Western.| 440 | 220 | 3500 | 120c goo zt _ 5) 
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UNIT STRESSES POR STRUCTURAL TIMBER IN POUNDS PER 
SQUARE INCH 


(See Note bottom of p. 1589) 
Bending Shearing 


Extreme fiber Parallel to 


ir 
Kind of timber rus 


Cedar, Red 
Cypress, Bald..... 1,150,000 
Fir, Douglas 1,510,000 
Hemlock, Western. 1,480,000 
1,150,000 
Pine, Longleaf..... 1,610,000 
Pine, Norway 1,190,000 
Pine, Shortleaf.... 1,480,000 
Pine, White 1,130,000 
Redwood.......... 800,000 
1,310,000 
1,220,000 
* Partially air dry. 
STANDARD SIZES. — The commercial sizes of spruce and yellow pine 
in the eastern part of the United States are as follows: 
Spruce. — Cross-sectional dimensions in inches are: 
2 by 3, 2 by 4, 2 by 5, 2 by 6, 2 by 7, 2 by 8, 2 by 10, 2 by 12 
3 by 4, 3 by 6, 3 by 8, 3 by 1o, 3 by 12 
4 by 4, 4 by 6, 4 by 8, 4 by 10, 4 by 12 
6 by 6, 6 by 8, 6 by 10, 6 by 12 
8 by 8, 8 by 1o, 8 by 12. 
12 ft. to 22 ft. are ordinary lengths. 
23 ft. to 26 ft. are less common. 
27 ft. to 32 ft. are obtained with difficulty. 
Yellow Pine. — Same cross-sectional dimensions as spruce and also the fol 
lowing (dimensions in inches): 


2 by 14, 2 by 16 6 by 14, 6 by 16 12 by 14, 12 by 16 
3 by 14, 3 by 16 8 by 14, 8 by 16 14 by 14, 14 by 16 
4 by 14, 4 by 16 IO by 14, 10 by 16 16 by 16 


Yellow pine sticks are commonly longer than spruce sticks, frequently exceed- 


ing 40 ft. 

DESIGN OF TIMBER BEAMS. — Timber beams may be designed by 
the application of the ordinary beam formulas (see Design of Beams in orlidt 
on Structures, Simple). ` Timber is especially weak in longitudinal shear which 
is the determining factor in many cases as shown by the preceding tables. It 
should, however, be noted that the projection of the end of a beam over the 
end supports often gives the timber a greater resistance to shear than would be 
allowed by the strict application of theory and the designer must often us 
considerable discretion in applying the shear formula. 


7 
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++ STRESSES POR STRUCTURAL TIMBER IN PEE ALLOWABLE LOADS (POUNDS) ON BEAMS OF LONGLEAF 
SUARE INCH YELLOW PINE 
vet. Vice Som a! y rsd 
B : | (See Note below table) 
Beading Shy ; T | i 
- Allowable uniformly distributed load in pounds per inch width per lineal foot, 


in excess of weight of beam, for end-supported yellow pine beams, supported 


Modu- 
Erreme ber tosof Parallel T laterally at intervals of 12 times their thickness or less. Tabular values to be multi- 
"ERO stress eas- pu * plied by width of beam in inches to get carrying capacity of beams per lineal ft. 
Se! | Span in ft | Coemi 
—-. — : "NN soei- 
i ` 8 HE | s T i | : | distance Depth of beam in inches cisabof 
i T ‘ 3 : | y F: T HE c. to c. end deflec- 
ie gil P HH |beaigs| a |s |6 mis 
rei 4c so cw - 
w Hil Wer y gw gee 1X 5 9I | 142 506 | 0.65 
-— tio — dX dux O56 R R 6 63 98 421 0.94 
ZELLE. i 1100 Yes 6x | i omn 7 46 72 360 I.27 
te wea nge M6 NOD 8 35 54 79 314 1.66 
zie tgx o Ò ! & p 9 27 43 62 279 2.1I 
PEST ie E Lex ge wg $ Io 22 | 34 so 250 2.60 
sat ecc que woa m R > I 18 28 41 227 3.15 
* odia LINE ME w, è 12 1s | 23 3 207 | 3.74 
Ir Cro co  &ex w w i 13 12 19 28 191 4.39 
we trying w I8 D 14 Io | 16 24 5.10 
I Si vm dagxo Ea s TR. 15 9 | 14 | a 5.85 
* Partuauy ait dry. 16 iz 18 6.66 
DARD SIZES. — The commercial sizes of gni a 17 [or 16 7.51 
vtm Dart of the United States are as follows: 18 " a4 
E Cras sectional dimensions in inches are: 19 tak 9.39 
sty MEN phy é, 2 by 7, 2by 8 2 by 10,2 byt 20 tally 10.40 
6 ahy & aby so, byr 2I "T 11.47 
USt abys abyio gby ta 22 oti . 12.59 
S © aby ia 6 by 11 23 13.76 
“'y 10 Sby ta. 24 m 14.95 
teri ft are oolinary lengths. 25 ne Oren, more 19 29 39 53 | 16.25 
to 25 ft. afe lew common. 26 "Tr Em :8] 261 36) 49| 17-58 
tear ft. are obtained with difficulty. 7 41 Pg "uM pm RV 16 24 33 A5 | 18.96 
Pine. -- Same crass sectional dimensions as spruce ul 28 EIS TET I5 22 3t 4t pid 
" TE | 29 20 29 38 | 21.87 
^os 8 n miel: "m. 3o 6 23.41 
abs 6 by 14, 6 by 16 13 by 4 19| 26} 35 
a byb 8 by 14, 8 by 16 ub M ' | 
sa by 16 10 by 14, 10 by 16 "e QUEE The tables pp. 1591 and 1592 are for railroad structures of green 
ze «ticks are commonly longer than spruce stids m For high e dale no allowance for impact. s 
y Structures add 25 pet cent to tabular values. 4 from weather 


ais Fer buildin ; i te 

weë gs and other structures where timber is protec 

i OF TIMBER B oa "s d E. cent to tabular values. ; 

i.a of the ordinary b jpg "n Val “faced type is used for lengths where shear limits. — "n excess 

: jan ae ese by epe | o IN ot below zigzag line cause a deflection under intermittent load in 

-— ng factor in many cases as s e| © Yoo of span. ini she 
ver, be noted that the projection of ~ an Td actual deflection in inches, except where strength is limited by shes 

. (teni gives the timber a greater re dip n^ i € deflection coefficient by depth of beam in inches. Deflection under pe 

I) strict application of theory and nent load will ultimately equal double this value. 
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ALLOWABLE LOADS (POUNDS) ON SPRUCE BEAMS 
(See Note, bottom p. 1591) 


Allowable uniformly distributed load in pounds per inch width per lineal foot, 
in excess of weight of beam, for end-supported spruce beams, supported laterally 
at intervals of 12 times their thickness or less. Zabular values to be multiplied 
by width of beam in inches to get carrying capacity of beams per lineal ft. 


Span in ft. Depth of beam in inches Coeff- 
= distance cient of 


c. to c. end deflec- 
bearings 6 | tion 


0.57 
0.82 
1.12 
1.47 
1.85 
2.29 
2.77 
3-30 


The unit values used in the tables are: 


‘Yellow Pine Spruce 
Lb. per sq. in. Lb. per sq. in. 
Fiber stress : Fiber stress : 
. Bending 1,300 Bending 1,000 
Longitudinal shear 120 Longitudinal shear 70 
Modulus of elasticity 1,500,000 Modulus of elasticity 1,310,000 


These unit values used are the same as given in the table on pp. 1589 and 1590, 
except the modulus of elasticity for Yellow Pine, which is taken as 1,500,000 


Ib. per sq. in. For other values of stress modify tabular values in proportion 
to allowable unit stresses, VERSUM 


d 
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BLB LOADS POUNDS ON SPRUCE EE 
Vet. Note, bottem p. 1591) 
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WEIGHT OF TIMBER. — This is variable, depending upon the mois- 
ture in the timber and whether it has been chemically treated or not. It is 
common to assume yellow pine at 43% lb. per board foot and spruce at 4 Ib. 
per board foot in estimating the strength of beams. See also section on Vol- 
ume and Weight of Poles in article on Poles for Overhead Lines. 


COST OF TIMBER. — The price of timber is variable and depends for 
ordinary stock upon the size and length. Yard quotations in New York in 
June, 1913, gave the price of spruce as from $35 to $37 per 1000 board feet. 
Similar quotations on longleaf yellow pine were as follows: 


COST OF YELLOW PINE IN DOLLARS PER 1000 BOARD FEET 


Eu... AT YARDIN NEWYORK 5. — 


Length of stick 


meee 20 feet 21 to 25 | 26 to 30 | 31 to 35 
ane feet feet feet 
under 
a ee necis 

2 in, thick by 8in. wide, and under..| $36 $36 $36 $38 
I01n. thick by ro in. wide, and under..| 42 42 42 45 
1210. thick by 12 in. wide, and under.. 42 42 ` 42 45 
I4 E thick by I4 in. wide, and under.. 47.50 48 i 50 50 
16 in. thick by 16 in. wide, and under..| 5o 52 54 60 


For regular quotations on timber see the first issue of each month of the 
Engineering News. 
i The cost of hauling timber and putting in place may be roughly estimated at 
ee 1000 board-feet for fairly heavy yellow pine timbers which require little 


BIBLIO GRAPHY. — U. S. Dept. of Agriculture, Forest Service Bulletins. 
ese give much valuable information concerning strength, preservation, 
I ification, etc., of timber.) Snow, The Principal Species of Wood, N. YX. 
nwo Diseases of Trees, London, 1894; Johnson, M aterials of yr 
Am: R Y, 1897; Yearbook of Am. Soc. of Test. Mat., Philadelphia; Manu f : 
Yel Y. Association, Chicago, 1911; Yellow Pine Manual, published by the 
ow Pine Manufacturers’ Association, St. Louis. 
(C. M, SeorronD.] 
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TOWERS FOR TRANSMISSION LINES. — (See also Distribution 
Lines; Fnsulators for Transmission Lines; Poles for Distribution Lines; Siru- 
tures, Simple; Transmission Lines.) Steel towers are used as a substitute for 
wooden poles for supporting electrical circuits. They have the advantages over 
poles that they can be of as large size as desired and are much more perma- 
nent. Steel towers are especially advantageous for high voltages (over 50,000) 
where wide wire spacing is necessary; for long spans, such as river crossings 
where the mechanical stresses are exceptionally heavy; and in localities where 
grass, brush or forest fires occur. s 


GENERAL FEATURES OF DESIGN. — Towers are composed of two 
parts, the tower proper and the foundation. "Towers are usually built of stand- 
ard structural steel shapes. Angles are used for most members. Channels are 
used for the larger members of some towers, usually the cross arms, or for posts 
of flexible towers. Flat pieces are sometimes used for the minimum-sized 
bracing of light towers. Round rods are used for tension members in some 
types. The principal members of a tower are the corner posts or legs, which 
are vertical or approximately vertical, and are usually the heaviest members 


of the tower proper, and the horizontal and diagonal web members which con- ` 


nect the posts together in vertical planes which constitute the sides or faces 
of the tower. 

The spread of a tower at the base is generally between one-fourth and one- 
fifth of the height. The greatest economy in cost of tower plus foundation 
usually requires a little wider base than that which gives the least cost for the 
tower taken alone. 

Towers are usually designed for cither one or two three-wire circuits, usually 
with one or two ground wires above and sometimes with a telephone circuit 
below. Where two circuits are on one tower they are usually located on op- 
posite sides to reduce the hazard of repairing the line. The three wires ofa 
circuit are occasionally arranged to form an equilateral triangular prism, but 
frequently lie in a single plane which is usually horizontal for single-circut 
towers, and vertical for two-circuit towers. 

Types of Towers. — There are two general types of towers, viz., (1) the 
flexible, having only two legs and (2) the rigid, having three or more legs. 


Flexible Towers (Fig. 4). — The flexible tower is set with face at right 
angles to the line so as to rigidly resist any transverse force, such as a wind blow- 
ing across the line, while bending if necessary to relieve any stress in the dire 
tion of the line. The stability of the tower in the direction of the line 5 
maintained by the conductors which it supports acting as guys. Where con- 
ductors cannot perform this function, due to being attached by suspension in- 
sulators, the ground wires are used as the guys. The flexible tower is especially 
economical in the smaller sizes, where the line conditions approximate thos 
where wooden poles would otherwise be used. On lines of flexible towers, nigi 
anchor towers are set at intervals. 


Rigid Towers. — These are usually triangular, square (Fig. 2) or rec- 
tangular (Fig. 3). The square tower is probably the most common. Square 
towers usually have the four faces framed with the same size members (even 
though the stresses in the longitudinal and lateral faces rarely figure the same), 
because of the economy of manufacture and erection which results from the 
simplicity. This feature has an advantage in design in that the torsio 
stresses are more simply determined. Rectangular (including square) towers 
have the disadvantage that the unequal settlement of the foundations may 
produce high internal stresses not allowed for in the design. Triangular towers 
avoid internal stresses from- unequal : foundation settlement, but present di- 


- 


| 
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IS FOR TRANSMISSION LIVES. — $ zx culties in the joining of standard structural shapes, and stresses in them are diffi- 


sa io jesenas Lines: Pues tor Dons: cult to calculate. 

Trserertisoe Jines i Steel toners are wed 8 Connections of Members. — The members of a tower are usually connected 
tracer aeara nats They have esos by bolts. By using no rivets the members may be compactly bundled, easily 
ice doas ige wae as deito and ame mii handled even in rough country, erected by less skillful labor and the galvaniz- 
c.f Wen ats enous, anatas for ign vues s Mg can be done after all shop work is completed. All the bolts of a tower 
Yow Sate na sn; fe bag spans sid a m> should be of one diameter (5 inch is suitable for the members generally used) 
Lda Kiru Mie Cla pbunaiy heavy; aad Se and of as few different lengths as possible. Bolt holes should be slightly larger 
(Co^ ares cur, ine e bolts (46 inch is a usual amount). By designing bolted one oe 
. 80 that friction between the surfaces develops the full compressive strength o 
AL FEATURES. OF DESIGN. — Towers ar ‘=> members, the play in the bolt holes with changing compression and tension in 

vu rtasibaefoundaton. Tuwers ate cis the members is eliminated. 


ectmo ase. Ane are used fur most mene. UC Cle 
Rape eae is. qul US arance Between Conductors and Tower. — The clearance between con- 
i ductor and tower should be sufficient so that the current will not jump to the 
tower at a lower voltage than is required to arc over the insulator. This is 
usually determined approximately by making the clearance equal or exceed the 
length of the string of suspension insulators. Allowance must also be made 
for change of position of conductor with swing of suspension insulator. The 
amount of swing will not ordinarily exceed 45 degrees from the vertical, but 
should be determined for cach case with and without ice loading; see Trans- 
TOC NES "m Ha Lines. The angle of swing will be greater for small than for large con- 
oss t Phe greatest anony in ast uf tort je: Cle ors and will be more for aluminum than for copper of the same diameter. 
"m hase than that which gives tie les farance to the cross arm will require special consideration where the angle 
Poe wrier base thin that which gives of swing exceeds 45 degrees from the vertical and also for lesser angles where 
+. cath decened o either one or two thesi arc Pu iran do not have an arc-over voltage very high compared 


. ; m 
ta zemi wires above and sometimes with ite. Foundat 
dotum ates te are on one tower they are usually ic oundations for Towers (Figs. 5 and 6). — Structural steel, mass (unre- 


, stews? En " . - 
^ot the naani of nquinag the Ine. Tae thre’ forced) concrete, reénforced concrete or piles may be used for tower foun 


: PT da i . . " . 
Cass araazel to ben an equilateral tria d Hons. Rock footings are also used in special locations. 


M Pit geoes are sametimes ved for the I 
owe Rind rods are used for tension nee- 

S00 ue meros ad a tower are the comer pati = 
a © trans Vertical, and are usually the hara? 
eet al. tic hi nanta an! diagonal web mener 
Poteetuer an verbal planes whch constitute Wess. 


4 


a stu plane which is usually horizontal he = thei Structural Steel Foundations are cheap and easily transported. While - 
tor tee arcuit towers, "E eir durability has been questioned, they have been widely used without much 
Towers. - Tncre are two general types of toes ™ trouble on this account yet apparent. 


ch pou jt 
4 en two lens and ii) the rigid, having i jo Concrete Foundations have an advantage over structural steel in that 
le Towers Fic 4 — The exible towers wii: they can more easily be varied in depth, spread, etc., to accommodate them- 
Sas tariy reist any transverse fore, m selves to local conditions of soil. This is especially advantageous where boulders 

c. while bening if necessary to relieve any U?" OF Iregular ledges interfere with the use of a standard-sized foundation. 

e The amity of the tower in the direc "e ass-concrete foundations are advantageous in those cases where it is neces- 
(the coniato which it supports acting 38 gis © etd or desirable to have a foundation of such weight as to withstand much 
t pertorm this function, due to being attacked by Uplift with little reliance on the holding power of the earth. The towers may 
wanes are wed as the guys. The flexible tor" t conveniently attached to anchor bolts imbedded in the foundation. To avo 

se ama ‘et sites, where the line conditions app p In the concrete the bolts must extend to the bottom, with proper plates 
aie would otherwise be used. On lines of dece ". yaa outing the stress. The anchor bolts and plates then become a crude 

A EER | is of reénforcement. — 
angular, Square Fe enforced concrete foundations are durable and require less materia tha 


Towers. — Thee are usually tri .' mass nr 
f The square tower is probably the most Comte concrete, thereby facilitating transportation. 
ane the four faces framed with the same SZ t. Piles are used under or for foundations in very marsby ground where 


: fugue >: th i s 
Ses in the longitudinal and lateral faces um pa E € holding power of other foundations is unreliable. " 
1 tion W pie . 2 s r 
e amy of duin pi in tht È” bolts Rock Footings for towers standing on ledges may saa 2 d us 
a teatire has an acvantag lar (including "mi pat Stouted into holes drilled in rock and extending through leve 
v «mjky determined. Kectaneu b: °S grouted to the rough rock surface at the proper elevation. 


he fount 
rta that the unequal settlement of the 10 ; | 
» pe i allowed for in the design. Tran”, FORCES ACTING ON TOWERS.— The stresses in towers 


xe {tu uae 14 (oundation settlement, but i (1) The weight of tower, insulators, clamps, cables (conductors, 


are caused by : 
ground wires, 
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telephone wires) and ice loads on them; (2) The wind pressure on above;* 
(3) The unbalanced tension in cables when dead ended or broken on one side; 
(4) The unbalanced resultant due to cable tension at angles in the line; 
(5) The loads imposed when erecting towers, stringing wire or repairing line. 

A careful study should be made of all the combinations of these loads which 
are possible or probable. Often no single combination can be found which vill 
produce the maximum stress in all tower members, and therefore several com- 
binations must be used to determine the design. 

In a square anchor tower carrying six wires, three on each side, the maximum 
stress may be expected in the corner posts when all six wires are pulling in the 
same direction; the maximum stress in the web members will probably be pro- 
duced by three wires pulling on one side in one direction and the three on the 
other side in the opposite direction. In the first case the tower is subject toa 
bending stress and in the second to a torsional stress. In each case the stresses 
due to weight and wind are to be superimposed. The wind may act as a force 
along the line or across the line, but generally its longitudinal effect is negligible 
while its lateral effect is important. 


Stresses in Tower Members. — The stresses in the several members of a 
tower are usually determined graphically from the assumed loadings by means 
of stress diagrams; see section on Trusses in the article on Structures, Simple. 
In most designs the distribution of stress is not fully determinate. 


Fundamental Assumptions. — Certain assumptions are, however, commonly 
made which give a determinate distribution for the purposes of design. Among 
these assumptions are: 

(1) An unbalanced stress on the tower (say a broken wire pulling on one 
side) can be resolved into an equal stress at the axis of the tower and a tor- 
sional moment. : 

(2) The equivalent stress at the axis of a Lonan neij- 
rectangular tower can be considered as bal- ' ; 
anced between the two faces parallel with it, Jd. ood 
each face taking one-half the stress. 

(3) The torsional moment can be consid- 
ered as divided between all four faces of a 


oues zc 


rectangular tower. yt : i 
(4) If the tower is square each face takes fif 
one-fourth of the torsion. bebo 
The above relations may be expressed as Fig. 1. 


follows, (see Fig. 1): 
Let F = unbalanced force in pounds applied at end of cross arm, 
a = distance, in feet, from end of cross-arm to axis of tower, 
b = distance, in feet, from side of tower body to axis of tower; 
then l 


f= z = balanced force in pounds applied at each corner post equivalent 


to F in bending effect on body of tower, 


* The wind pressure on a tower is assumed to be uniformly distributed per square foot 
of surface against which the wind blows, one-half of it consequently being on the wind- 
ward side of the windward face and the other half on the windward side (inside) of the 
leeward face. For simplicity in calculation this uniformly-distributed force is replaced 
by a series of concentrated forces, one at each panel point equivalent to the total dis- 
tributed force extending over a half panel above and a half panel below the panel point. 
By panel point is meant a point of intersection of principal members, for example, 
of horizontal members with vertical members in Fig. 4; and by panel is meant the 
section of a side between panel points, a panel usually being bounded by two vertical 
and two horizontal members as in Fig 4. 
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tm and ie ads o them: (2) The wid poz: - j'- 2 = torsional force in pounds applied at each corner post equivalent 
001 AS al fessos inh cables when dead ended or briez- 8b d 

amr Ie utant due to cable tes it args: to F in twisting effect on body of tower. 

D ne! when erecting towers, stringing wit eme (5) In a tower framed with a double system (i.e., diagonals in duplicate and 
oh s Doe made of all the combination iic suitable for compression as well as tension) each system may be considered as 
" €i€ a ie ten no dage combination an ic taking one-half of the stress as far as possible. 
^ Tet ui Mes in all ower members, and thiis ze .  Approximations Made in Calculating Tower Stresses.— The stress 
“aM Ue and to determine the design, diagrams are usually simplified by employing certain approximations: 

PASO tower camy:ng si wires, three on each sez (a) Faces of towers are usually battered so that they deviate slightly from 

7 tected ia the cofier pots when all sir wins at a true vertical plane, but the stress diagrams usually neglect this inclination 
the Pu mom stress ia the web members wil pi- and are based on the vertical projection of the face. 

OREN Ds M. oft o0€ side in one direction and tie. (b) Where the face of a tower does not lie in one plane (i.e., has a change of 

CU 4hecte Creed. [n the first case the tower sc batter as occurs frequently at bottom cross arm where a prismatic cage joins a 
72anid the emd toa torsoaal stress. ludos pyramidal base) the change of inclination is neglected and the diagrams are 
aot wry! ate ty be supenmposed. The wind xii based on a single vertical projection as before. 

o € dons the Lae, but generally its longitudinals: Subject to the limitations of the assumptions and approximations given 

^e CÍAT ns important, above, the four faces of the tower can be regarded as four cantilevers, supported . 


: Tower Members. — The stress in the ed x: x the base and loaded at the top, which are independent except that Vd doe 
detem aed granbically from the assumed hades” boh. Dosts are each common to two faces and must contain the resultant o 
S : ; ed Stresses, 
amu € se td on. Trasses in the article on Siva. Where a f iderable inclination 
- tbe ost! hua of stress is not fully dtemiat Ts ea lace of a tower or any part of a face has any considerable inchna 
'atal Assumptions. — Certain asumptions are bre. € above approximations may not be used without danger of serious error. 
zi petes nap üitA itu lU DERE UR. yc: Unstressed Members. — A tower usually contains members no stress 
UE i i p in Which Is shown by the stress diagram, viz.: f 
eae in y: (x) Diagonal members in a horizontal plane do not usually appear in the 
ce mt stress on the tower (ay a broken vit , Stress diagram when located below the lowest cross arm, These members play 
DX nto an equal stress at the axis of the tft — an important part in the distribution of torsion among the faces. In a rec- 
ae em tangular tower the torsion will usually redistribute between the four faces at 
ient stress at the axis of a l each level where there are horizontal diagonals, therefore the failure of the stress 
nee? tàn De-cansieted as bal f' | [ ogam to show stresses in them may be taken to indicate that the assumed 
` the two faces parallel with it, distribution of torsion is not quite correct rather than a true absence of stress. 
is hait the stress. (2) Redundant members are braces which carry no determinate stress but 
34 mument can be cond. Perform the important function of supporting the compression members which 
v between all tour faces of a 9 catty stress. The unit stress allowable in a compression member diminishes 
et " the unsupported length increases. The weight of compression members is 
erefore diminished by dividing their unsupported length by braces applied at 


fos quam cach face takes 


"^ PO, ; One or more intermediate points. ; 

zi ; fel y Unit S i d unit stresses 
4! as may be expressed as S wes Dit Stresses in Towers. — The factors of safety and un 

EA i sed in tower design have not been standardized. In some cases it has eae 
-aaced force in pounds applied at end of cross a assumed that the combination of loading taken for tower design represente 


5 t. if tect, from end of cross-arm to pin : hu ois Which would happen so rarely that a tower which mule dares ene 
zr, in feet. from side of lower body tors olor, —OAdings in test without failure would be sufficient. This is equivalent se bu 
l = 2 severe combination of loads and designing for a factor of safety o ha 
ne, The result, however, may be as good a tower as one designed jh 
miy conditions individually (but not in combination) with a factor of sa ^ É 
of "P Or four, It is probable that few towers are designed for the combina ble 
wi a loadings, each taken at the most severe condition reasonably possi 
an actual factor of safety exceedi 
ing two. i 
X ora factor of safety of from 2% to 114 (as determined by test of ompa 
er, not of individual members) the following unit stresses have been 
Tension: 12,000 to 20,000 Ib. per sq. in. 
Shear: 12,000 to 20,000 lb. per sq. in. 
Bearing: 16,000 to 30,000 lb. per sq. in. — 
Compression: 12,000 + K. to 20,000 + K lb. per sq. 1n. 


ned force in pounds applied at each ome pt ^ 


TUE opp iea "t 
‘ated forces, one at each pan i 
-: ower a half panel above and a al uel nt 
cit s point el imenection of ard Te 
-^: with vertical members im Pig. 3; LA a 
«cec panel points, a panel usually being bomi! 

< zber as ia Fig 4. 


E 
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Where 
q 
i 36,000 R? 
L = unsupported length of member, in inches, 
R= least radius of gyration of section, in inches, 


L and R are so limited that for main members L + R does not exceed 125 to 
180 and for secondary members L + R does not exceed 150 to 220. 


Eccentricity in Stresses at Joints. — As tower members are ordinarily 
connected together the stresses in them are slightly eccentric, thereby prevent: 
ing the full strength of the members being developed. The eccentricity should 
be eliminated or reduced as much as possible by having the center of gravity 
of the several members at each connection meet at one point as exactly a$ 


FORCES ACTING ON TOWER FOUNDATIONS.— Foundation stresses 
are of two classes: first, the foundations resist the tendency of the tower to slide 
and overturn due to the external forces on it considering the tower as a self- 
contained structure; second, the foundations resist certain stresses which would 
be internal tower stresses were the tower framed as a complete self-contained 
structure, but which become external stresses because the ground is depended 
on for the function of certain omitted members. The weight of the tower can 
evidently be reduced by thus substituting the ground for certain members, but 
the size of foundation is thereby increased. The amount of these latter stresses 
depends on the outline and framing of the tower and their effect should not be 
overlooked in determining loadings on foundations. 

The magnitude and direction of the forces acting on the tower foundations 
may be illustrated by taking the case of a rectangular tower, and considering 
a transmission line which runs north and south. 

Let 

a = width (feet) of base of tower (east and west); 

b = length (feet) of base of tower (north and south); 

W = total weight (pounds) of tower, insulators, fittings and one span of all 
the wires, including ice load, if any; 

W’ = total weight (pounds) of any unbalanced load, such as a wire c feet off 

center; 

F = resultant force (pounds) of the wind on the tower and a complete 
span of all the wires (with ice coat, if any), acting at a distance of d 
feet above the foundation, wind assumed blowing across line from 
west to east, 

P = pull (pounds) of any unbalanced force toward the south applied at a 
distance of e feet above the foundation and f feet to the west of axis 
of tower, as for example, a dead-ended wire or when a wire on the 
north side of the tower is broken. 


Then, assuming that the forces divide equally among the four foundations and 
that the torsional forces are in a circumferential direction, the relations given 
in the following table hold. These assumptions are reasonably correct for à 
tower with the four legs joined at the bottom with a horizontal strut in each 
of the four faces and with horizontal ties across the diagonals, unless the 
framing which is usually provided in the other faces is inadequate. Probably 
few towers in use fully meet these requirements. Therefore, there are usually 
additional stresses of large magnitude due to the foundations performing the 
function of missing or inadequate members, as pointed out in the notes ap- 
pended to the table. 
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FORCES ON TOWER FOUNDATIONS 


Magnitude of force Direction at each foundation 


on each of the 
four foundations 


N. E. corner 


S. E. corner | S. W. corner | N. W. corner 


T PERENNE RENE ROI. 
W 
4 Down Down Down Down 
cW' 
Se Down Down Up Up 
F 
F (Note 1) East East East East 
dF 
xr Down Down Up Up 
FI (Note 2) South South South South 
eP 
5 Up Down Down 
afP 
à apon (ote 3) North North South 
fP 
4 (2-92) (Note 3) West East East 


a — Where there are no struts between the bottoms of the legs, and especially 
ac the bottom Panel is framed on the single system, both of which conditions are 


M. ) The force of the wind F will give a greater force than F/4 in an easterly direction 
e two west foundations and a correspondingly less force on the other two, and will 


diese Produce four new forces tending to force the legs apart on the compression 
(2) Si ae them together on the tension side. , i 
irectio mitarly the pull of the wire P will give a greater force than P/4 in a aue y 
iuo RU on the two north foundations and a correspondingly less force on the other 
easter] will in addition produce a westerly force at the N. E. and S. W. corners and an 

3). ies at the S. E. and N. W. corners. : 
dire cti Imilarly, the torsional forces due to P will increase in magnitude and change in 
102, and the unbalanced pull P may develop new forces tending to raise two diago- 


nally-opposite legs and depress the other two. 


si oe Forces on Foundations. — From the above relations mi re- 
will. orce on each of the four foundations may be found. In general ti Sd 
(ah On each foundation: (1) a downward pressure, (2) a direct uplift, an 

/ & horizontal overturning force, producing a tendency to slide and an uplift 
9^ one side of the foundation and a downward pressure on the other side. 


porta Downwar d Pressure. — The downward pressure usually is of little an 
for inn in determining the size of the foundation as a foundation large enoug 
pit and overturning is unnecessarily safe against downward pressure. 


Direet Uplift.— The uplift is very important, as the weight of tower 

bal : ee is rarely sufficient to provide more than a small iidem of 2 

in Which üt D Power required. The excess uplift is usually resisted by p^ 2s 
"xd d e foundation is buried. Not only is the weight of the earth bite | 

Or coh € loundation effective but there is an additional resistance pe ce 

seus ins of the earth which may be several times greater. TI a A ht 
of th na Y computed on the assumption that they are equivalent to the w dus BS 
© carth in à frustrum of an inverted cone or pyramid covering the foun 
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tion and extending to the surface of the earth. The face of this cone is 
usually taken as making an angle of 30° with the vertical. 


Horizontal Overturning Force, Sliding and Indirect Uplift. — The 
horizontal overturning force is also important. Its effect on the base may be 
resolved into two components, one a horizontal force tending to slide the foun- 
dation and the other a moment tending to rotate the base about a horizontal 
axis. The resistance of the earth to these forces is an obscure subject, especially 
if the foundation is of irregular shape. The following discussion which neglects 
several favorable elements may be considered as a conservative view of the earth 
resistance. 

The resistance to sliding may be considered as due to the friction of the 
bottom of the base on the earth, and it may further be assumed that any base 
large enough to resist uplift will also furnish sufficient friction to prevent slid- 
ing. The arm of the overturning force is then the same as the height of the 
foundation (bottom of base to top where tower is attached), and the over- 
turning moment is equal to the horizontal force multiplied by this arm. The 
resisting moment may be considered as due entirely to the vertical reaction of 
the earth on the top and bottom of the foundation. These vertical pressures 
may be taken as varying uniformly from zero at a horizontal neutral axis through 
the middle of the base, to a maximum at the edges of the base most remote from 
the axis. The moment of resistance is calculated as for a beam subject to 
bending and having a cross-section identical with the area of the base. Tt may 
be assumed that any unit pressure allowable on the uplift edge will be amply 
safe on the opposite edge where the pressure is downward, so that calculations 
for uplift only are necessary. The maximum allowable unit stress on the 
uplift edge may be taken as equal to the average unit resistance to uplift of 
the whole foundation, determined as described above under Direct U lift. 


Limiting Conditions. — Usually the most severe condition that a tower 


foundation is required to meet consists of a combination of uplift and over- 


turning. For this condition the unit stress of uplift proper must be added to 
the maximum unit stress of uplift due to overturning and the sum must be 
within the allowable average unit resistance to uplift. 


Strength of Foundations. — (See also article on Strength and Elasticity.) A 
foundation is subject to stresses from the tower tending to move it and from the 
resistance of the earth preventing motion. The foundation should of course 
be strong enough not to break when subject to these opposing forces. As the 
points of application of the resistance of the earth and the magnitude of the 
unit stresses transmitted by the earth at any point are subject to great un- 
certainty, the foundation should be designed for strength for the distribution 
of earth resistance which is most severe, considering for example that while the 
holding power is calculated on a uniformly-distributed earth resistance, it may 
be developed ín practice by concentrated pressure from stones or timber located 
near the outer edge of the base. 


Important Points Regarding Design of Foundations. — The following are 
important conclusions which follow from the above discussion: 


(1) The inverted cone theory of resistance to uplift gives a calculated re- 
sistance which increases at a rapid rate with the depth (eventually increasing 
approximately as the cube of the depth). It would however be unsafe to ap- 
ply the theory for foundations differing much from those of usual dimensions, 

say for depths much exceeding six feet and for foundations where the spread of 
base was much less than the depth to which it is buried. 

(2) The foot of the tower (top of foundation) should be brought as close to 
- the surface of the ground as possible to reduce the overturning moment. 
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(3) The tower diagonals of the bottom panel of the tower should intersect the 
corner posts as low as possible, because this is the actual point of application of 
the overturning force to the foundation and if this intersection is above the 
foundation this extra length must be added to the arm of _the overturning 
moment. 

(4) By inclining the axis of the foundation approximately in line with the 
inclined tower leg (i.e., to bring it as near as possible into line with the resultant 
of the horizontal overturning force and the vertical pressure or uplift) a more 
E use of material may be made to resist the combined uplift and over- 
urning. - 


TESTING OF TOWERS. — Since towers are generally indeterminate struc- 
tures, new designs are usually tested. Test loads proportional to the loads 
specified for the design are applied until the required factor of safety has been 
proven or failure occurs. Towers are usually mounted on a rigid base for test- 
Ing. This gives the strength which the tower would develop on an “ideal” 
foundation. In practice the tower must be expected to develop somewhat less 
strength, as unequal movement of the foundations will ordinarily overstrain 
certain members. Test loads may be applied by means of weights suspended 
directly at Proper points for vertical loads and applied by means of pulleys at- 
tached to a tower-testing structure (“test tower’’) for horizontal loads. This 
method of application makes the determination of the test loads easy, but it is 


inconvenient to have the weights fall any considerable distance if the tower is 
tested to failure. | 


Testing of Foundations. — Foundations are occasionally tested, but the 
test is usually more for determining the holding power of the soil than the 
strength of the foundation. For the former purpose the test result will depend 
largely on the character of the soil and its condition (dry, wet or frozen). Tests 
tor holding power are only necessary for uplift and overturning forces. In test- 
ing it 1s important that the testing machine should not press down on the surface 


of the soil near the foundation. The machine should rest on the ground out- 


side of the base of an inverted cone of angle of 45° from the vertical and en- 
Veloping thé base of the foundation under test. 


SPECIFICATIONS, CONTRACTS AND PROPOSALS. — Different 
manufacturers of towers use different details of construction so that specifica- 
tions written for the purpose of obtaining proposals should contain only con- 
ditions and requirements. These should state the loadings, factors of safety, 
maximum allowable Stresses, and show outline dimensions of the tower as deter. 
mined from clearances required. 

The specifications should state whether towers are bolted or riveted, gal- 
vanized or painted, shipped assembled or partly assembled, tested or not tested, 
etc., besides containing the usual structural steel specifications; see Steel. 

he proposals should show the arrangement and sizes of members and typical 
details of connections. 

Contracts are oftentimes let on the basis of furnishing an approximate num- 

*T of towers when the exact number required cannot be determined in ad- 
vance, and a unit price per pound is included to cover extensions, special 
oundations and modifications that may be required. 

The galvanizing and sherardizing of towers and parts are usually specified to 
Pass the American Telephone and Telegraph Co’s. Specification for galvan- 
ized iron wire (see Galvanizing for Iron or Steel). All members of towers that 
are not too heavy, so that there is danger of their buckling in the process, may 

specified to be galvanized by the hot dip process. All bolts, nuts, threaded 
„ods and turnbuckles may be specified to be sherardized. 
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INSTALLATION AND ERECTION. — Towers are generally shipped en- 
tirely disassembled, all of the members for one tower being bundled together. 
The tower is usually assembled lying on its face on thie ground adjacent to the 
foundation. When assembled it is temporarily braced-when necessary (usually 
by struts between the legs at the base of the tower) and up-ended onto the foun- 
dations. For the latter operation temporary hinges connecting the two legs 
lying on the ground to the two adjacent foundations are convenient. Towers 
too heavy to up-end and towers in inaccessible places are built up in place. 

With bolted connections the nuts should be prevented from working loose by 
checking threads on bolts, nyeng over the end of the bolt, or by lock-nut or 
washer. 

Each tower member should koe a number which should be shown on the 
erection drawings and marked on the corresponding member of each tower. 

'The members should be cut, bent and punched to template so that the parts 
will be interchangeable and the assembled tower will fit the foundation prepared 
for it. 


Preparation of Foundations. — Foundations should be set with their bases 
below the frost line. The hole should not be excavated deeper than necessary, 
so that the foundation may rest on undisturbed earth. If any of the several 
foundations of a tower rest on loose backfill, unequal settlement may be es- 
pected which may greatly weaken the tower. The hole should not be larger 
than necessary, as the backfill will be less effective than undisturbed earth in 
resisting uplift. The resistance of concrete foundations can sometimes be in- 
creased by digging a hole smaller in diameter than the base and undercutting 
it at the bottom, while with structural steel foundations large stones can some 
times be placed against the steel to increase its resistance to motion, eithet 
vertical or lateral. The backfill should be well tamped in place and especial 
care should be used if it is probable that the foundation will be subject to heavy 
stress before the earth has had time to settle. On sloping ground filling may be 
required on the low side to give the designed weight of earth against uplift. In 
water or mud the floating power of hydrostatic pressure beneath the foundation 
must be allowed for. Where towers are raised on extensions the increased 
foundation stresses due to increased moment must not be overlooked. 

The several foundations of a tower should be set accurately by template 
both as regards spacing and elevation so that towers stand trully vertical and 
‘have no initial stresses due to distortion. 


. MAINTENANCE OF TOWERS. — All bolted — on towets 
should be carefully watched and kept tight, and the galvanizing or paint shoud 
be inspected regularly and towers must be repainted before any deterioration 
from rusting occurs. Foundations are the most likely source of trouble in 
operation. These should be kept properly. backfilled and should be watched 
for unequal settlement of legs. 


DIMENSIONS, WEIGHTS, COSTS. — Data on these items for a number 
of towers are given in the following table. Galvanized towers cost from 234 
to 4 cents per pound, f.o.b. factory. Galvanizing costs from 44 to r cent per 
pound; the cost of galvanizing is included in the figures just given. 
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DATA ON TYPICAL STEEL TOWERS 
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(a) L= strai b . 
brackets d M suspension tower, A = anchor or angle tower; numbers in 
stranded. (c) 6os.coo RULES cuts, Figs. 2, 3 and 4 respectively. (b) All conductors 
, ircular mils of aluminum with a 78,000 circular-mil steel core 


(2) Flexibl ; 
€ tower. (e) Including foundation. (f) Average for 197 towers, including - 


anchor towers and hardware. 


DATA ON TYPICAL TOWER FOUNDATIONS 
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TRANSFORMERS. — (See also Alternating Currents; Auto-transformers 
Electricity and Magnetism, Principles of; Standardization Rules of the AIEE. 
Transformers, Instrument.) The following is a brief: table of contents of this 
article: 
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General Description. — The electrical transformer, commonly called the 
static transformer, is a piece of stationary apparatus used to transform alter- 
nating-current energy at one voltage to some other higher or lower voltage. 
The single-phase transformer consists of two electrical circuits, usually of a 
large number of turns, interlinked with a common magnetic circuit of iron. 
Since the power is approximately the same in both windings, the currents in 
the two windings are inversely proportional to the voltages in the windings. 
The polyphase transformer is essentially two or more single-phase transformers 
made into a single piece of apparatus, but so designed that at least a part of 
the magnetic circuit is common to all the phases. A three-phase transformer 
has three high-tension and three low-tension windings arranged on a single 
iron core; see Figs. 1 and 2. The auto-transformer is treated in a separate 
article, viz., A«to-Transformers. 


Terminology. — The winding by which the energy enters the transformet 
is logically the “primary” and the one by which the energy leaves the trans 
former is called the “secondary.” Since either winding of the transformer 
may be connected to the source of energy, these terms are not definite unless 
the manner of connection is also stated. When referring to the transformer as 
a separate piece of apparatus the terms “high-tension” winding and “‘low-ten- 
sion” winding are used to distinguish the two windings, the high-tension winding 
being the one with the greater number of turns. When the high-tension winding 
is connected to the source of supply it is the primary, and the transformer is 
said to be used as a “step-down” transformer; when the low-tension winding 
is connected to the source of supply, the high-tension winding is the secondary, 
and the transformer is said to be used as a “step-up” transformer. 


CLASSIFICATION. — Transformers may be classified according to their 
operating characteristics, to theig construction, or to the method of cooling. 

Constant Potential and Constant-current Transformers.— Transformers 
may be either constant potential, such as are intended to give an approximately 
constant potential on the secondary side, or constant current, intended to give 
an approximately constant current on the secondary. Both types are intended 
to operate on a supply circuit of a constant potential. 

Series Transformers are connected in series with the main circuit and re- 
ceive a variable voltage and current in the primary. The secondary circuit is 


EA 


tur 


To 
tutes 

i-r 
AA 
ius hey 
tide 
Tear 
‘ts. It 


CU 


Ei 
tatn 
ER 
Pteni 

Pag 
Ei 
vut 
nt 

hk 
ti mn 
bme 
EET 
TE 
LI 
ius 
Mg 
uil 
ii 
i 

i i; 
T ü 
"a 


Traneformers 


RMERS — be uo diosa Cri; Ausrn 
s Magnum, Priipéen o; Standardization Rilo ri 


utram, The folowing is a bref table d wz: 


“ 


be eae 


T 
LE " 


Ë 
ETTO Laine tmm. A 
eree lus cm 
‘etre ; 
d 1 
wht 

former, commo & 

ee — The detrical transonmet. f 
« 19008. ued to trans. 


ona piece of stationary apparatus U id 
e ab one voltage lo Some other higher g 
cocus met nats of two electrical ane 

som interenaal with a common mamet aas 
( v apceoumately the same 1 rae 
sare javersely proportional to the vo ages IR" 
nae emet as n «meia 
& wo e oí apparatus, Dut 59 a 
2 is comma to all the phases. A nid 

un an] three low-tension windings aite 
- Land 3. The auto-transiome i 


* aeg. trast 
The winking by which i a a i 
c xar" and the one by which indi of the tas" 


b " endary. ' Sac 


yaral 
wi to distinguish tb 
tne greater number of turns. 


pare of supply it ded 


both windings, the + 


1607 


closed through a path of low impedance and thus the secondary current will 
be proportional by the ratio of turns to the load current flowing in the 
primary or supply circuit. They are usually used to supply low-reading 
ammeters and wattmeters from circuits carrying very heavy currents. 


Auto-Transformers or Compensators, sometimes called single-circuit trans- 
formers, consist of one electric circuit interlinked with the magnetic circuit and 
a tap brought off from some part of the winding. The voltage between this 
tap and either terminal of the electric circuit will be a fraction of the total 
voltage and thus a fractional voltage may be secured from this piece of appa- 
ratus. It is customary to proportion the windings on each side of the tap in 
accordance with the current to be carried. Auto-transformers are generally 
used where the ratio of voltages is quite near to unity as in this case they can 
be constructed with much less copper than the regular transformer. See article 
on Auto-transformers, 


Potential Regulators are a form of transformer in which the voltage of 
one member may be varied from zero to a fixed maximum either by changing 
the direction of the magnetic flux or by changing the phase of the electromotive 
force of the secondary with respect to the electromotive force of the primary. 


Core and Shell Types. — Two 


methods of arranging the electric 
and magnetic circuits are in use, 

Single Phase Three, Phage 
Fig. 1. Core-type Transformers 


Transformers 


the Corresponding construction be- 
ing designated as the “core type" 
or the "shell type.” At present 
a large number of lighting trans- 
formers of small and medium ca- 
pacity are constructed in a manner 
Which is a composite of the core 
and shell types. 


Core Type (Fig. 1). — The single-phase core-type transformer consists 
of a single magnetic circuit interlinked with two electric circuits, each consisting 


of a group of coils as shown in Fig. 1. The three-phase core-type transformer 
is also shown in Fig. 1. 


Iron Iron | 
Coils 


ingle Phase Three Phaso 
Fig. 2. Shell-type Transformers 


Shell Type (Fig. 2). — In the shell type of transformet each electric 
drcuit. 18 interlinked with two magnetic circuits having a common path inside 
the coils but branching outside of the coils as shown in Fig. 2. 


Comparison of Core and Shell Type. — The core type of construc- 


tion is best adapted for high-voltage low-capacity transformers and the shell 


type for low-voltage high-capacity transformers. This arises from the fact that 
the most economical disposition of material in the core type demands a large 
number of turns and small cross-section of iron, while in the shell type a large 
cross-section of iron and small number of turns may be used to advantage. In 
the shell type the coils are usually wound in flat “pan-cakes,” this type of 
Construction being particularly well suited to the use of heavy copper rib- 


1608 Transformers 


bon or straps. In the core type the coils usually consist of two or more 
spools, long in comparison with their diameter. The use of the core type is 
increasing both in number and size of transformers as it is found possible to 


arrange the coils.so they will better withstand the mechanical strain due to 
short circuits. 


Classification According to Method of Cooling. — (See also below.) 
Transformers may be subdivided into classes in accordance with the method 
used for dissipating the heat due to their internal losses. As a transformer isa 
very compact piece of apparatus the problem of carrying away the heat is 
very important and various ingenious means have been devised for the purpose. 


Naturally Cooled Transformers. — As this name implies this type of 
transformer has no special means of cooling but relies upon the ordinary circi 


lation of the air. It is only used in transformers of very small sizes, such as 
those intended to supply meters. 


Oil-cooled Transformers. — In this type of transformer the core and 
windings are submerged completely in oil in a tank and the windings and core 
are subdivided by ducts in order that the oil may circulate and carry of the 
heat from the internal parts. The heat is carried to the- surface of the tank 
which contains the transformer and from there carried off by the surround- 
ing air. The tank is specially designed to provide large air-cooling surfates, 
e.g., provided with deep corrugations, or with projecting vanes or tubes. 

Air-blast Transformers are designed with special passages through 


which a current of air is forced by means of a blower, the heat being carried of 
to the atmosphere in this manner. 


Water-cooled Transformers consist of a construction similar to that 


of the oil-cooled type and in addition a coil of pipe carrying running water is 
submerged in the oil. 


Forced-oil Tantri Transformers artificially cooled by cit- 
culation of oil are used when the size is too great for the self-cooling oil type 
and no cooling water is available. The oil circulates through external coils or 
tanks which give a greater cooling surface. 


METHODS OF RATING. — The iron of transformers takes a long time 
to reach a constant temperature, that of oil-cooled transformers in particular 
requiring from 1o to 12 hours to reach a constant temperature. In the post, 
transformers have usually been rated in accordance with one of two following 


specifications; see, however, the Standardization Rules of the A.I. E. E. for the 
latest recommendations in regard to rating. 


A-Rating. — The transformer will have a maximum temperature rise of 
40° C. in continuous operation at normal load, and 55? C. rise at 25 per cent 
overload for two hours after reaching the maximum temperature at continu- 
ous normal load. 

B-Rating. — The transformer will have a maximum temperature rise of 
35° C. in continuous operation at normal load, and 55°C. rise at 50 per cent 


overload for two hours after reaching the maximum temperature at continuous 
normal load. 


TRANSFORMER PRINCIPLES. — (See also Electricity and Magnetism, . 


Principles of.) The essential features of a transformer consist of a primary 
winding having a number of ‘turns interlinked with a magnetic circuit, and 8 
secondary winding also interlinked with the same magnetic circuit, as shown 
in Fig. 3. 


Simple Theory, N eglecting Leakage Reactance. — In the following dis- 
cussion the assumption will first be made that all the flux links both primary 
and secondary windings; the effect of the leakage flux will be discussed later. 
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In Fig. 3, Sı is the primary winding, M the magnetic circuit (of iron) and Ss 
the secondary winding. If an alternating current is caused to flow in Sı it will 


set up a flux in M which at any instant is propor- 
tional to the current i. Thus 


47S111 
10R ' 


where Sı is the number of turns, ñ the instantaneous 
value of the current and R the magnetic reluctance Fig. 3. E 
of the path in M. 

Thus ¢ alternates with i and since it interlinks with $2 it will induce a voltage 
in Sz at any instant equal to 


lementary Trans- 
former 


£3 2: — Se 2d 10-8 volts 


di 
in which Sa is the number of turns. The negative sign means that any current 
due to e; will tend to diminish $. l 

No-load Conditions. — When there is no current in the secondary, the 
vector relations are as shown in F ig. 4. Let Eı be the voltage impressed upon 
Si, then the maximum value of the alter- 


nating flux will be Ej i" E 
B 10°F) 
44445 


where f is the frequency of alterna- 
tion of E. Strictly, the numerator is 
10%(Ei — nIm), where fw is the excit- ; $ : 
ing current and r; the resistance of the Fig. & No-load Relations 
Primary, but the term filo is practically negligible. This flux will lag 9o? . 
behind Ei or 9o? ahead of the counter electromotive force Ee which it induces 
" Sı. The true magnetizing current Im will be in phase with the flux and the 

ysteresis component of current I H will be in phase with Ej. Hence the total 
no-load current Zo will assume some phase a little less than 90° behind Ei. 

The flux $ will induce in the secondary turns Sz an e.m.f. 9o? behind the 
flux, hence 180° behind F; or in phase with the primary counter e.m.f. The 
effective value of this e.m.f. is 


E2 = 4.44 S2 1078. 


., „Load on Secondary. — When the secondary is closed through a non- 
inductive external circuit a current will flow. This current will tend to de- 
magnetize the iron, that is, to reduce the flux and hence the counter e.m.f. of 
the primary. This action, how- 

ever, allows the current in the 4 - X 
Primary to increase until the sec- 
Ondary m.m.f. is balanced and 
there is left an excess m.m.f. in the 
Primary to give sufficient flux to 


n 


Vectorrelationsare as shownin F ig. 
5, again neglecting the leakage flux. Fig. 5. Full Load, No Leakage 


Leakage Reactance.— Due to the fact that a part of the lines of induction 


5 up by the currents in the two windings pass through the air space (X | in 
18. 3), the m.m.£.'s set up by the secondary current and the load current in 
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the primary (the current Jı’ in Fig. 5) cannot neutralize each other, since the 
leakage fluxes established by the two currents are in the same direction, and 


not in opposition as are the fluxes in the iron. The primary leakage flux isin © 


phase with the total primary current and the secondary leakage flux is ip phase 
with the secondary current; these leakage fluxes are therefore not in phase 
with the useful flux. (i.e., the flux which links both primary and secondary). 
The result is that the leakage fluxes cause a decrease in the secondary voltage 
and also a shifting of its phase with respect to the primary voltage. 

Since the two leakage fluxes are in phase with the total currents in the primary 
and secondary respectively the voltages induced by the alternation of thes 
fluxes are in quadrature with the cur- 
rents. The quotient of the voltage 7 
induced in the primary by the alter- 
nating primary leakage flux divided 
by the primary current is called the 
* primary leakage reactance," and the 
quotient of the voltage induced in the 
secondary by the alternating secondary leakage flux divided by the secondary 
current is called the “secondary 
leakage reactance." These re- 
actances are practically con- 
stants, since the major portion 
of the leakage path is in the- 
air. 


Complete Vector Diagram 
of Transformer,.—Fig. 6 shows 
diagrammatically the primary 
and secondary windings of the transformer and Fig. 7 the vector diagram. 

e 


E: = the secondary terminal e.m.f.; 
cos 8 = power factor of load; : 
l = secondary current, lagging by angle 0 behind Es; 
Zea = secondary resistance drop in volts; in phase with Js; 
Ins = secondary reactance drop in volts due to v4 of leakage flux, at go" to ls; 
E,’ = induced e.m.f. in the secondary (hypothetical); 
Kj! = emf. necessary to overcome counter e.m.f, in primary; opposed and 
proportional to E»' by ratio w; 


Fig. 6. Diagram of Circuits 


Fig. 7, Complete Vector Diagram 


d . S 
u = ratio of transformation = S ; 
l 2c 


. | e : I id 
I! = primary load current; opposed and proportional to [ by ratio P 


ó = mutual or useful flux; 
Ie = primary no-load current; 
I, = total or resultant primary current; 
ir: primary resistance drop; parallel to Fi; 
Ij = primary reactance drop, at 90° to D; 
E; = the required voltage on the primary, that is, the impressed e.m.f. 


“Equivalent ” Circuit of Transformer. — In practice it is not possible to 
measure separately the primary and secondary reaetances. They must be 
measured together and treated as one quantity, called the total reactance 2 
of the transformer, which may be expressed in terms of eitber the primary 
turns or the secondary turns. : 

A simple approximate method which is sufficiently accurate for all practical 
purposes is based on the equivalent circuits shown in Fig. 8, This method i$ 
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used in calculating the characteristics of a transformer from constants obtained 
from tests. 


Let Es = terminale.m.f.of secondary; 
cos & = power factor of load; 
I: = secondary current; 
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l ; Si 
u = ratio of transformation = s, 
? 2 


Fig. 8. Equivalent Circuit 


-R = total resistance in terms of primary = fi + usn; 
= total reactance in terms of primary; 

IM — primary magnetizing current; 

In- core-loss 


, toa close approximation; — . 


E = primary impressed e.m f. ; 
Iı = total primary current; 
cos i = power factor of transformer with load, i.e., power factor at primary 
terminals; 
Pı = watts input at primary terminals; 
n = per cent efficiency. 
Then 


pil es ee ee 
Ez V(E/ cos ĝa + RT1)? + (Ea! sin 02+ XTj)5; 
Ja COSUI T RB) t (2 sin 62+ X 


ha V (Is! cos Oa -F I y)? + (Ix sin 62+ 1 5/)5; 
Pi = Eal cos 62 T RMI?) + EI 


1 e 


P: = Eels cos 63; 


Per cent regulation = joo a) ‘ 


uE: 


Constant-current Transformers are used for supplying current to arc lamps 
Connected in a series circuit which requires from 4 to 10 amperes and about 
2920 volts. The principle of operation for this type of transformer {s based on 
the existence of the leakage or useless flux which causes a repelling force between 
the primary and secondary windings. One winding is arranged so that it may 
move with respect to the other. As the current in the windings increases the 
repelling force increases and the windings move apart. This allows more flux 
to leak or pass between the windings and less to thread the secondary. There- 
fore the voltage induced in the secondary decreases as the current tends to 
increase. A counterweight is attached to the movable winding to regulate 
the amount of movement. "The current in the primary remains fairly constant, 
but the power factor decreases with decreasing load on the secondary so the 


Power in the primary is approximately proportional to the output of the 
Sécondary, 


' Series Transformers operate under conditions similar to those in a constant- 
Potential transformer with short-circuited secondary. Under operating con- 
ditions the flux is small as the only voltage to be induced in the secondary 
is that required to overcome the impedance drop in that winding and the instru- 
ment which it supplies, The only counter e.m.f. in the primary is that due to 
Impedance drop. The series transformer must be operated with the secondary 


IF. 
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short circuited by a low impedance. If the secondary circuit is open there is 
no counter m.m.f. to balance the primary turns, which, being in series with the 
main line, carry a current irrespective of the secondary circuit. The primary 
ampere-turns would then set up a magnetic flux of considerable magnitude. 
As the transformer is not designed for this condition, the density would become 
very high in the magnetic circuit of small cross-section, and the transformer is 
liable to burn up from the heat due to core-loss. 


TRANSFORMER CONNECTIONS. — The various transformer connec- 
tions which are commonly used in lighting and power services are described 
below; see also section on Operation below. 

Single-phase System with Three-wire Secondary (Fig. 9). — Standard 
practice in residence lighting with the a-c. system involves grounding the neu- 
tral wire on the low-tension side, the primary side not being grounded. Lamps 
or motors operating at 110 volts are connected between the neutral and either 


Primary 1 

fo 

4 

Fig. 9. Single-phase, Three-wire Fig. 10. Two-phase, Four-wjre 


side. The maximum potential between any secondary and ground is 110 volts 
but if either of the outside wires becomes grounded it constitutes a short-cir- 
cuit on that half of the transformer. 


Two-phase or Quarter-phase Four-wire System (Fig. 10).— The stand- 
ard two-phase or quarter-phase system is essentially two independent single- 
phase systems which are usually independent electrically throughout. When 
the two phases are not electrically connected inside the generator, either wire 
of one phase may be connected to either wire of the other phase, without any 
flow of current resulting. In certain two-phase generators, however, the wind- 
ings are interconnected, in which case any intercon- Primary 


nection of the wires coming from the generator will 

cause a flow of current through this connection. EE 
Two-phase Three-wire System (Fig. 11). — 

This connection is occasionally used for the distri- Ae L 

bution of power in small systems. There is a possi- . 

bility of a slight saving in copper, but the chances , 

of unbalanced voltage and bad regulation, partic- Fig. 11. Two-phase, 

ularly with an inductive load, render it objectionable. Three-wire 


Three-phase Y and A Connections (Figs. 12 and 13). — Transformation in 
a three-phase system with either three independent single-phase transformers 
or with a three-phase transformer, having three primary coils and three second- 
ary coils on one iron core, is accomplished by connecting the primary either in 
Y or in A and the secondary either in Y or in A. With Y or A connections there 
are the following relations between voltage per transformer winding and volt- 
age between lines, and between current in transformer windings and current 
in i The power in the three transformers in any case is 3 X 0.58 X EI * 
143 04» 
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pa is Goa eA um 
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Primary 


A 
D 
: A 
B 


C 


Connec- | Volts bet. 
tion lines 


Volts per 
winding 


Current 
per line 


——— ——MÀ | —Á————————— | me, 


0.58 E 
E 


D « 


There are four combinations of these connections which may be used on any 
bank of transformers. These connections are given in the following table, 
and also the ratio of the voltage between lines for the low-tension and high- 


tension sides for a given ratio (u) of transformation in each individual trans- 
former connection. 


Connection 


Low-potential 
volts bet. 
lines 


High-potential 
volts bet. lines 


Low pot. High pot. 


Parallel Connection of Three-Phase Banks. — If there are several 
banks of transformers in the same system connected in parallel on one side 
then to connect the other sides in parallel the connections must be such that 
the voltage between any two lines on this side will have the same phase in all 
the banks. From this relation result the following rules: 

With AA on one bank, the other bank must be AA or YY. 
With YY on one bank, the other bank must be AA or YY. 
With AY on one bank, the other bank must be AY or YA. 
With YA on one bank, the other bank must be YA or AY. 


Even when these relations are satisfied a short-circuit will result unless the 
ee phases of each bank are connected in the proper sequence. "This can be 


` 


1614 Transformers 


readily determined by the polarity test described below in the section on 
Testing. ` 
Relative Advantages of Y and A Connections. — There has been 
much discussion as to the relative advantages of Y- and A-connected trans- 
formers for high-tension transmission and as to the value of a grounded neu- 
tral. The general and fundamental arguments may be summed up as follows: 
With a AA-system the advantages are that if one transformer becomes dis- 
abled the system may be operated from the other two, operating on open delta 
(see below). If the load is unbalanced the voltages do not become unduly un- 
balanced. Resonance cannot occur. On the other hand, each transformer 
must be insulated for full line voltage as there is no neutral to ground, and if 
one line becomes grounded the voltage strain on the rest of the system becomes 
1.73 times the normal strain, and this strain may extend to the low-tension 
winding and the generator which is connected to the. transformers. 
With a YY-connection there is a very unstable neutral and a possible ex- 
cessive voltage strain on one phase, unless the neutral is grounded. 
With a AY arrangement for step-up transformers, the neutral on the high- 
. tension side may be grounded. The voltage strain on any transformer is then 
limited to 58 per cent of the line voltage. "There is a possibility of operating 


the remaining two transformers, if one becomes damaged, by using the neutral. 


as a third conductor. However, there is the possibility of resonance under 
certain circumstances and the danger of causing disturbances in nearby tele- 
phone and telegraph circuits. Any accidental ground on the system makes a 
definite short-circuit on one phase. 

The arrangement of YA for step-up transformers is not desirable on account 
of the unstable neutral with unbalanced load, but is permissible with a balanced 
load or with a good connection from neutral of tratisformers to neutral of genera- 
tor. This connection, however, is frequently used for step-down transformers 
particularly when connected to a balanced load. 


Grounded Neutral vs. Ungrounded Neutral. — In any system 
without a grounded neutral there are numerous possibilities of disturbance 
resulting in a high voltage strain on the various parts of the insulation of the 
system. With the high voltages now in use for transmission systems these 
disturbances may give a great deal of trouble by breaking down the insulation, 
as it is not always possible to employ a large margin of safety and lightning 
arresters do not always protect from these disturbances. On the other hand, 
if the neutral is grounded, most of these disturbances will merely result in an 
excessive current, and if the circuit breakers are installed in the proper places 
they will open the circuit, so that the only adverse result will be a temporary 
interruption of service. 

The choice is then between a system with ungrounded neutral and a large 
margin of safety in the insulation, and a system with grounded neutral, mod- 
erate insulation and the possibility of occasional interruption of service. 


Effect of Higher Harmonics. — Many alternators generate an emt. 
whose wave shape contains higher harmonics (see Wave Analysis) and the mag- 
netizing current of transformers operating at high magnetic densities has à 
distorted wave shape which contains a prominent third harmonic. If these 
harmonics are present in a Y-connected machine they cause the voltage be- 
tween each line and the neutral to vary so that there exists an unstable neu- 
tral, and the voltage strain on any one phase is indeterminate. If the neutrals 
of two pieces of apparatus in which these harmonics exist are grounded of 
joined together, a high- frequency current will flow in the neutral connection. 
If on the other hand these pieces of apparatus are A-connected a third harmonic 
current will circulate inside the apparatus. This may be measured by con- 
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necting an ammeter in the A between two phases. This current heats the 
apparatus, does no profitable work, and is therefore to be avoided. High 
frequency current in the line will cause high voltages to occur at certain points 
if a large amount of capacity is present, as is the case in any underground line, 
even of moderate length, and also in long overhead lines. All possible meang 
both in the design of the generators and the connection of the apparatus should 
be taken to prevent the occurrence of, or to diminish the effect of, these higher 
harmonics, 


Three-phase Open A or V Connection (Fig. 14). — This system consists 
in omitting one transformer from the delta connection, and is used to save 
expense, particularly in temporary installations or in new installations where 
the load is not great at first but is expected to increase in time. "Thus the 


2300 V, 110 V. 


Fig. 14. Three-phase, Open Delta 


Primary 


Secondary 
Fig. 15. Two-phase to Three-phase 


purchase and installation of the third transformer is postponed until the load 
requires it. This connection can only be recommended for low voltages, such 
as 2300, as it is liable to produce dangerous potentials due to electrostatic 
unbalancing. . The regulation and efficiency are also poor, as one phase of 
the load receives its power from two transformers in series. The aggregate 
capacity of the two transformers should be 15 per cent greater than the load. 
Two-phase to Three-phase Transformation (Fig. 15). — The Scott or 7- 
connection, the standard method of transforming from two-phase to three- 
Phase, consists of two transformers which on the two-phase side may be con- 
nected in the normal two-phase manner either independently or interlinked. 


On the three-phase side one transformer has a tap at the middle point and. 


the other a tap giving 87 per cent of full-transformer voltage. F ig. 15 shows 
the method of connecting and the currents in primary and secondary with 


balanced loads. Since the total power is 2 Eal:= V3 Els, it follows that 


? E 
h= V5 Lx Ts, or the three-phase current is 16 per cent greater than it would be 


for Straight single- or two-phase transformation. Thus the total transformer 
Capacity must be 4 per cent greater than the load. 2 
In commercial practice it is customary for the sake of interchangeability 
to make the capacity of both transformers 16 per cent greater than the load 
and to put both a so per cent and 87 per cent tap on both transformers. For 
this connection of transformers each half of the main transformer winding 
must be distributed over both legs of the core in order to prevent flux (and 
therefore voltage) unbalancing. If this precaution is taken both the primary 
and secondary voltages are balanced if the load is balanced. Any unbalancing 
of the secondary. causes a like amount of unbalancing on the primary; thus if 
connection ig uged to transform from 3-phase to 2-phase and all the load 
cames on one phase of the secondary it will also come on one phase of the primary.. 
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Transformer Connection for Synchronous Converters.—For a two-phase 
converter the connections are simple as shown under Converters. For a three- 
phase converter there is a choice between A or Y secondaries, which is usually 
decided in deference to the conditions in 
the high-tension line. The delta connection 
is customary in railway substations. A . bw) www) awl 
diagram of the connections is given in the 
article on Converters, Synchronous. -When 
the converter is to supply a three-wire d-c. 
lighting system, the “distributed”? Y con- 
nection for the secondary should be used 
as shown in Fig. 16. By this arrange- 
ment the unbalanced current from the d-c. 
neutral is divided, and sent through the two Fig. 16. Distributed Y for Three-wire 
halves of each transformer in opposite di- , Converter 
rections. Thus it does not increase the magnetic densities in the transform- 
ers, and avoids the excessive core-loss which would occur with a simple Y 
connection. 

For six-phase converters there is the choice between the “diametrical” and 
* double delta” connections as shown in Figs. 17 and 18. The diametrical is 


Vero] wwe Vend 


1 
Fig. 17, Six-phase Diametrical Fig. 18. Six-phase Delta 


common with railway converters, or where the conditions are such that the 
delta is not needed to prevent an unstable neutral. 

For regulating pole or split-pole converters certain special conditions must be 
borne in mind in choosing between the diametrical and the double-A con- 
nections. With the variation of the direct voltage of the converter the wave 
shape of the alternating e.m.f. is distorted and this introduces harmonics in 
either the counter e.m.f. or current waves, among which the third is quite 
prominent. If the delta connection is used a local harmonic current circulates 
, in the converter armature and transformer secondaries, which increases the 
losses and heating and lowers the efficiency. If the diametrical connection is 
used the higher harmonic voltage gives an unstable neutral, and introduces 
extra potential strains in the high-tension windings and line if Y -connected. 
This may be obviated by grounding the neutral, but then a considerable cur- 
rent may flow in the neutral connection, which may interfere with neighboring 
circuits. The best solution is to use the diametrical connection in the second- 
ary and ungrounded Y in primary, and use transformers having a good margin 
of safety in the insulation of the high-tension side. 


THREE-PHASE TRANSFORMERS. — Considerable space, wiring and 
first cost may be saved by the use of a three-phase transformer in place of 
three single-phase transformers. This saving is warranted in large installations, 
but not in small installations where the convenience of having one interchange- 
able single-phase transformer as a spare for several banks of three transformers 
each is an important item. 
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Core of Three-Phase Transformer. — Three-phase transformers may be 
of the core type as shown in Fig. l, in which case all the magnetic paths are 
of the same cross-section, or of the shell type shown in F ig. 2. In the latter 
type the horizontal cross pieces and outside vertical pieces may have one-half 
the cross-section of the central vertical core, providing the coil on the central 
leg is connected with a definite polarity with respect to the other two coils in 
order to have the fluxes differ in phase by 60 degrees. 


Operation of Damaged Three-phase Transformer. — In a shell-type 
three-phase transformer if the primary and secondary are delta-connected it is 
possible to operate with only two phases in open delta at reduced capacity in 
case of trouble in the third phase of the system. This is accomplished by 
separating the third phase entirely from the system and short-circuiting both 
the primary and Secondary windings. 


DESIGN. — (See also section below on Cooling of Transformers.) The 
methods of design for single-phase and polyphase transformers are similar, the 
chief difference being that of the magnetic circuit. In the design of polyphase 
transformers each leg is treated as an independent single-phase transformer. 
The number of turns is adjusted to the voltage per phase and the cross-section 
of the conductors to the current per phase. All legs are wound alike and the 
phases are connected up as described in the preceding section. 

The alternating-current transformer is the most efficient piece of electric 
apparatus. Its efficiency at full load is usually better than 95 per cent and 
frequently better than 98 percent. For this reason it is very small in volume 
and light in weight for a given output compared to other pieces of electrical 
apparatus and hence the chief difficulty in design is the necessity of providing 
sufficient surface and a proper means to carry off the heat developed. 

. The difference in mechanical construction between the core and shell type 
Is that the winding of the core type usually consists of two or more long spools 


(n which the length is considerably greater than the diameter) surrounding 
n The shell type consists usually of large flat “ pan- - 
. cake” coils, laid alongside of each other on the central core with proper separat- 


each leg of the transformer. 


Ing devices to permit ventilation. See Figs. 1 and 2. 
The following discussion applies alike to both core and shell types except 
Where specific mention to one or the other is made.’ 


Preliminary Calculation of Main Dimensions. — Let 


E= primary voltage, effective value; 

h= primary full-load current, effective value; 
= secondary voltage, effective value; 

I= secondary full-load current, effective value; 
= frequency in cycles per second; 

Si = number of primary turns; 

S:= number of secondary turns;. 

$= maximum value of flux; 


$ i 
Cu Sih = ratio of total flux to full-load primary ampere-turns; 


e= volts per turn, effective value; ar 
B= maximum value of magnetic flux density in lines per square inch; 
A = cross-section of core in square inches; 
1= space factor of winding space; 
D = total section of copper in square inches; 
7 Current density in amperes per square inch; 
9 ** ampere-conductors per inch length of core. 
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Determination of Flux (¢) and Number of Primary Turns (5).— 
In order to estimate a desirable value of the flux to be used there is employed 
a factor C which is defined by the relation 


$ | 
C = Sh ; W 


The proper value of this factor C depends upon the type, capacity and voltage 
of the transformer, and the relative weights.of copper and iron* Usual values 
are given in the accompanying table. 


VALUES OF C 


Core type 
Value of C | Value of C 


- Shell type 


Form of transformer 


Natural draíft................ 


Oil-cooled.................- . | 


ITO-160 | 600-1000 


Air-blast or water-cooled... 
160-240 600-1000 


“The relation between the effective value of the primary voltage and the 
maximum value of the flux is . 
E = 4.44 [Sib X 1078. (2) 


Inserting in equations (1) and (2) the proper values of the primary voltage 
Ei, the frequency f, the constant C and the primary full-load current 7, and 
solving the two equations for @ and Si, reasonable values for the flux 4 and 
the number of primary turns S; are obtained. 

In the preliminary estimation of the full-load primary current 7: it is suf- 
ciently accurate to ignore the efficiency and power factor and to take the current 
as the watts output divided by primary voltage. 

Volts per Turn (e).— The above value of $ should be checked by 
finding the yolts per turn, 
^ £m 4.44 fo X 107%, 
and comparing it with values used in practice. In large transformers a greater 
voltage between turns is permissible than jn ——— 
small transformers. The accompanying table 


for core-type transformers is based on the Kilowatt ER 
assumption that double-cotton-covered wire is rating of | ts a . 
used for the windings. With special insulation | transformer turn for 


core type 


———" 


higher values may be used. 


Number of Secondary Turns (S2). — 
Having determined in a preliminary way the 
number of primary turns, the number of turns in 


2 E 
the secondary is S2 = = Si. It will considerably 
1 


simplify the mechanical arrangement of the colls 
if .S3is divisible by 4. The nearest multiple of 
4 is taken as the final value of S» and then $1 
and $ are readjusted to correspond to this value 
of Sz. ' 


* A discussion of this factor C will be found in Arnold's Transformers and in S, P. 
Thompson’s Dynamo Eleciric Machinery, Vol. II. 
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Cross-section of Core (A) and Magnetic Flux Density (B). — The core 
section is determined by the magnetic density which it is desirable to use, which 
in turn is determined by the core-loss. It is found that in average practice a 
loss of one watt per pound of iron can be dissipated without excessive rise in 
temperature. The corresponding flux densities in iron having a thickness of 
14 mils are given in the following table. These values are approximate only, 
since the quality of the steel used is exceedingly variable. It should also be 
noted for a transformer intended for supplying a load of low power factor that 
the iron loss should be less than 1 watt per pound for the best distribution of 
material. 


VALUES OF FLUX DENSITY 


Lines per sq. in. 


Size of Kind of steel 
transformer 


25 cycles | 60 cycles 


Ordinary transformer sheet 
Special; silicon-steel 
Ordinary transformer sheet 
Special; silicon-steel 


The proper cross-section of core in square inches is then 


B 


In the core type this cross-section may be assumed as a square whose side 
is d. Since the core is made up of laminations whose effective length one way 


is 0.9 d, the value of d is 


—— 


d24/À 


0.9 


In the shell type this cross-section is a rectangle whose length is from 2 to 
3 times its width. 


| 
4 


N 
| 


Fig. 19. Dimensions, Core Type Fig. 20. Dimensions, Shell Type 


' Dimensions of Winding Space (Figs. 19 and 20). — The area or cross- 
section of the “window” or winding space depends upon the amount of copper, 


) 
4 
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insulation and ventilating space. The first can be determined accurately by 
the chosen current density in the copper. The second and third are allowed 
for by a space factor (fi) which gives the ratio of the actual total cross-section 
of copper (D) to the cross-section of the window. Usual values of fi are given 
in the following table. 


SPACE FACTOR IN TRANSFORMERS (fi) 


Size of trans- 


former, Up to 2000 to 
Kw. 2000 10,000 33,000 
volts - volts volts 
0-50 .... 
50-1000 0.40 0.33 0.18 
Above 1000 0.45 0.36 0.21 


In the core type there is one window and it contains S:J1-+ SeJ2 ampere con- 
ductors; in the shell type there are two windows and each contains Si + Sh 
ampere conductors. The cross-section of copper in one window in either case is 


_ Sih + Sele _2 Sih 


x U U ' 


where U, the current density in amperes per square inch, has the following 
values: 


U= amperes 


Condition of transformer 


Poorly cooled................. eese 850-1200 
Ordinary oil cooled, air blast, etc. ....... 1100-1600 


Large, well cooled....................... 1500-1900 


Then the height h and width a of the window, see Figs. 19 and 20, must be 


such that 


D 
ha = —- 
A 


Height of Core. — In the core type this depends upon the ampere-turus of 
ampere-conductors per inch length of core, which in turn is related to the heat- 
ing. The ampere-conductors per inch length of core is 


z Sil + Sele 2: Sh 
2h h 


where k is the height of core. "P 
For a maximum rise in temperature of 5o? C. o will bave values as given 1 
the accompanying table. - A reasonable value of 4 can then be found. 
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ductors per 
inch of core 


Form of transformer 


500-750 
750-1250 
1250-2000 


ee oF eeeretseeereteeeoeereeeeeeeens 


In the shell-type transformer the practice is to make the height (k) from 
1.5 to 3 times the width of window (a) and the width of window from 0.75 to 
1.25 times the width of the central iron core, 2d in Fig. 20. Seealso paragraph 
above on Cross-section of Core. 


Details of the Winding. — 


: ‘ . : h 
Cross-section of primary conductor in square inches = 7h 


: , : I. 
Cross-section of secondary conductor in square inches = 7 . 


For minimum loss the copper density should be the same in both members, 
but to save space the copper density in the high-potential winding is sometimes 
greater than that in the low-potential winding. 

The low-potential winding is usually placed between the high-potential wind- 
ing and the iron. 

Each coil is now laid out in detail, placing as many turns in a layer as the 
height and insulation will allow. The voltage per layer must not exceed 150 
to 200 volts. A space of ro mils is to be allowed for insulation between layers 
when insulated wire is used and 8 mils when insulated strip is used. The 
space between coils is from 0.04 to 0.30 inch, depending upon the voltage per- 
coil. Space for the air or oil ducts is also provided. Each duct is from % 
to % inch wide and there should be one on each side of each coil. No part 
of the winding should be more than 86 inch from the surface of a duct. 

Insulation of Windings.— The insulation of each turn usually consists 
of the cotton covering if the coils are wound with wire, or mica paper if the coils 
are wound with strip copper. This is proportioned to withstand the potential 
between turns as given above. The voltage between conductors on adjacent 
layers may be equal to twice the voltage per layer. To prevent breaking down 
between layers, a layer of Fuller board is used as a separator and this should 
project beyond the windings at the ends to prevent creepage. The maximum 
voltage between layers should be kept below 400 and to accomplish this it is 
customary to limit the voltage per coil to about 5000 volts. Between the 
windings and the core a layer of pressboard and sometimes wood is placed, 
while between primary and secondary windings a layer of pressboard and 
micanite may be used. For very high voltages the end turns of the high-tension 
winding for about 75 feet from the terminals is given a special insulation to 
withstand the sudden high potentials which occur when there is a sudden change 
in the potential applied to the transformer. These high potentials result from 
the distributed capacity of the transformer, between the high-tension winding 
and the core, frame and other. winding. 

Terminal Bushings. — At the point where the high potential leads pass 
through the case there is a very great diclectric stress which must be taken care 
of by the use of a proper kind of insulation and a proper disposition of the 
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insulation to prevent a concentration of the dielectric flux at a few points. For 
voltages below 40,000 a porcelain bushing is customarily used. 

For higher voltages it is necessary to supply a large creepage distance and to 
have the surface submerged in oil to prevent corona effect. This is accomplished 
in one form of bushing, known as the “condenser type," by surrounding the 
terminal with layers of insulation and putting sheets of tinfoil between the 
layers. This arrangement is equivalent to a series of condensers. By properly 
proportioning the area of the successive layers of tinfoil the drop in potential 
across the insulation is kept uniform. The whole terminal is inclosed in an 
oil-filled casing. Another form of bushing known as the “oil-filled type” consists 
of a long cylinder of composition insulation which surrounds the lead and is 
filled with oil. The cylinder is divided into compartments to keep the oil 
properly distributed, and disks or collars project outward from the outside to 
increase the creepage distance. 


End Coils of Shell Type. — With the flat coils customarily used in 
the shell-type transformer the subdivision of the windings is usually such that 
there is a half coil of the low-potential winding at each end of the winding space 
as in Fig. 20. This is to reduce the leakage flux. In order to further reduc 
the leakage flux all coils may be divided into halves with a ventilating duct 
between halves.. The space between a primary and secondary coil is then 
reduced to that necessary for the insulation. 


Adjustment of Core Dimensions. — After the final details of the windings 
are arranged the cross-section and length of core is finally settled. Sometimes 
the cross-section of core in the core type is made cruciform instead of square 
in order to use more effectively the area inside of circular coils. 


PREDETERMINATION OF THE PERFORMANCE OF A TRANS- 
FORMER. — From the above calculations a drawing to scale of the trans 
former may be laid out. The next step is to calculate its performance, i.e., to 
predetermine the values of the efficiency, regulation and temperature ris. 
This last feature is treated in the following section on the Cooling of Trans- 
formers. 

Magnetizing Current (755). — The final flux density will probably differ a 
few per cent from the value assumed earlier in the calculation. The cross- 
section of core is usually proportioned to give the same magnetic density in all 
parts, as this condition gives minimum core-loss for a given weight of iron. 

The mean length of path in the iron is measured or calculated. If H (found 
from the magnetization curve of the iron, see article on Magnetic Properties of 
Iron) is the ampere-turns per inch for the given density the magnetizing 
current of the transformer will be : 


ius Hx (length path) 
Y 2 $1 


Sometimes it is desired to allow for the minute air gaps at the joints of the 
punchings. Arnold finds that under practical conditions each joint represents 
a gap of 0.002 inch. Thus if there are n joints (usually 4) there should be 
added to J an amount 

0.313 X 0.002 Bn 


V2 $ 


*. 


Core-loss. — The core-loss consists’ of hysteresis and eddy losses in the 
steel punchings. These losses have been considerably reduced in recent years 


eee 
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by improvements in the manufacture and quality of the steel (see article on 
Magnetic Properties of Iron). 


' B \1.6 B WV 
Core-loss » kf V ( =.) 1076+ b V t f Z) 10-5 watts, 
100Q \ 1000 


where f= frequency in cycles per second; 
V = volume of iron in cubic inches; 
B = magnetic density in lines per square inch; 
t = thickness of laminations in inches; 

kı=a constant, ranging from 8 in ordinary transformer steel to 4 in 
silicon-stcel; 

k= a constant, ranging from 4 in ordinary transformer steel to 1.5 in 
silicon-steel. 

The core-loss may be calculated more easily by the method and curves given 
in the article on Magnetic Properties of Iron. ' 

Copper Loss. — The mean length of turn of both primary and secondary 
windings is obtained from a sketch to scale. The direct-current or obmic 
resistance of each member at 60°C. is obtained by substituting the proper 
values in the formula 

0.0093 1S 
~ 12,000 añ 


where /= mean length of turn of primary or secondary respectively in inches, 
$ = number of turns in series, l 
a = cross-section of conductor in square inches, 
n = number of conductors or coils in multiple. 


To allow for eddy currents caused by the leakage flux, the above resistance 
is increased by 15 per cent to give the effective resistances r, and rs. The total 
copper loss is then Zi?ri + I2?r3. 

Transformer Reactance. — As explained in the section above on Trans- 
former Principles, the leakage of flux between the primary and secondary wind- 
ings of a transformer causes a component of voltage in each member which is 
out of phase with the current; if the current lags very much this voltage may 
have a considerable component opposed to the useful voltage and cause a loss 
of voltage or poor regulation. It is, therefore, necessary in designing to estimate 
the amount of this flux and calculate the voltage it would produce. In practice 
empirical formule are usually used, but a logically deduced 
formula is desirable as it is more easily adapted to unusual 
cases. 

The phase of the current in the secondary coil is nearly 


p] 


Qo 


exactly opposed without any great error. The result as 
shown in Fig. 21 is that all these ampere-conductors, both 
primary and secondary, tend to set up a flux in the same 
direction in the space between the windings and to a lesser 
degree in the windings themselves. A part of the flux in 
the intervening space intérlinks with the primary turns and 
another part with the secondary turns. In addition the 
flux in the windings themselves interlinks with some of Fig. 21. Lea 
the turns. The flux in each part is proportional to the = Flux kage - 
ampere turns producing it and to the permeance of the path. l 
In this case since the path is in air, the permeance is the area divided by the 
length, where the length is the average length of the flux lines. 
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' The leakage flux passes between the windings and one part closes its path 
in the iron inside the inner coil and the other part in air outside the outer coil 


(in the core type). The reluctance of the path between the two coils is large ` 


compared to that of the other two portions, because the inside path has a high 
permeability and the outside path has a large cross-section. The reluctance 


of the path between the coils is therefore accurately (and easily) calculated and 


a constant used to allow for the rest of the path. 

In order to calculate the inductance it is necessary to have a cross-section 
of the windings showing their thickness, length and arrangement, as in Figs. 19 
and 20. 

Two cases must be considered: 

(A) Where there are as many primary coils as secondary coils, and all coils 

are full size (usual core type). 

(B) Where there is a half? secondary coil at each extremity of the group 

of windings (the usual arrangement in the shell-type transformers). 

Arnold’s Method of Calculating Reactance. — Arnold calculates the in- 
ductance of a single primary coil and its secondary mate or mates, and multiplies 
this by the number of primary coils in series or divides by the number in mul- 
tiple. This gives the total “short-circuit” inductance of the transformer in 
terms of the primary voltage or turns. 

Referring to Figs. 19 and 20 for the core and the shell type respectively, let 
the various quantities be represented as follows, all dimensions being in inches: 

q = number of primary coils in series, 
p = number of primary coils in parallel, 
$1 = number of turns in one primary coil, 
s2 = number of turns in one whole secondary coil, 
ls = height of coils in cylinder type, 
ls = depth of coils in flat type, 
i = thickness of a whole primary coil, 
te = thickness of a whole secondary coil, 
+= distance between coils, 
Ui and Uz = mean length of primary and secondary turns respectively: 
Um = average of Ui and Us, 
k= an empirical constant, varying from. 0.95 with flat coils to 1.06 
with cylinder coils. 

Reactance of Core Type (Fig. 19). — In a core-type transformer with 
cylindrical coils and an equal number of full-sized primary and secondary coils, 
the permeance of the path of the flux in the duct which interlinks with a primary 
h Ui. 

3h 
The inductance of one primary coil is | . 


.2 bs? 
EEZLOXUU (4 ae 3 uei. 
ls 3 2 


The inductance of one secondary coil is 
| .2 hs22Us ft 
natti (h " j = 


ls 2 
2 
Reducing the latter to terms of the primary turns by multiplying by F adding 


together and multiplying by 27f, the total reactance of the transformer in 
terms of the primary is. 


ks2Unm [ 1 
X = 27, 1 2 m E Um (5.44) 1073: 


coil is m and the permeance of the path in the winding itself is — 
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Reactance of Shell Type. — If, as in the shell-type transformer shown 
in Fig. 20, there is a half secondary coil at each end to give an increased inter- 
mixing, then 
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Efficiency and Regulation. — The efficiency and regulation may be calcu- 
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lated as described above under “ Equivalent" Circuit of T ransformer, p. 1610, 
or by the following method, which is sufficiently accurate for most practical 


purposes. 
Let 


FE; = secondary terminal voltage, 
I: = secondary current, 
cos 6: = power factor of load on secondary, 
P2= El» cos 62 = secondary output in watts, 
A = core-loss in watts = input for no load on secondary, approximately, 
u = ratio of number of primary to number of secondary turns, 


R= +r2= total resistance in terms of secondary, n and rz being the 
actual resistances of primary and secondary respectively, 

Yin = total reactance in terms of secondary, where X is the total 
reactance in terms of primary. 


Then the per cent efficiency is 
100 Pe 


1 = Pit A+ Rl) 


Secondary voltage at no load is 
En = V (Ea cos 6 + Rol)? + (Ez sin 6s 4- Xala)? 


and the regulation is then 
100 (Ex — E2) T 
a ow 


All-day Efficiency. — The all-day efficiency is the ratio that would exist 
between the readings of a watt-hour meter connected on the secondary and a 
similar meter on the primary. It is of importance because a great many trans- 
formers, particularly for lighting, operate at full load for only a few hours each 
day, but the core-loss or iron losses are just as great when the load is very light 
or when there is no load at all. Hence these transformers may waste a great 
deal of energy, although their efficiency at full load is very good. 

To calculate the all-day efficiency multiply each quantity in the usual formula 
for efficiency by the number of hours per day that this factor occurs; thus 


cent. . 


100 P» xh t 
Pix h+ hA + hRele PO 


All-day eff. — 
where 4 = hours per day of secondary load; hı = hours per day that transformer 
is on line, and the other symbols as above. Since the core-loss occurs 24 hours 
a day and P: only 2 or 3 hours, the importance of making the core-loss low in a . 
transformer for this class of service is apparent. dak : 

However, there is another side to the question, since energy may not be worth 
as much during the day when there is little demand on the central station, as 
in the evening when the demand is great. 
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EXAMPLES OF DESIGN. — In the following table are given the chief 


-design characteristics of four different transformers. 


EXAMPLES OF SINGLE-PHASE TRANSFORMER DESIGN 


American or foreign Foreign 
Form (cooling)................ Oil 
Type esa bed x epar ve Dees cen Core 
Frequency............. eere 50 
Kv-a. rating............... es 40 
High-tension voltage.......... 3120 
Low-tension voltage........... 230 
C (design constant)........... 56 
High-tension Winding: 
Current at rating, amperes.. 12.8 
Total turns in series......... 1408 
Coils in series. .............. 8 
Coils in multiple............ I 
Size of conductor, inches..... 20.183 
Resistance at 25° C., ohms.. I.I3 
Low-tension Winding: 
Total turns in series......... 104 
Coils in series............... 4 
Coils in multiple............ I 
Size of conductor, inches.... | 0.59X0.r:3 2, each 
loo do 
Resistance at 25? C., ohms.. 0.009 0.0204 
Flux density in core, kilolines 
per square inch.............. 38.6 


Core dimens., inches, length... | (26 sq. in.) 
Core dimens., inches, width... |  ...... 
Window dimens., inches, height 35.5 


Window dimens., inches, width 5.45 
Magnetizing current, amperes.. 0.21 
Core-loss, watts............... 490 
No-load current, per cent...... 2.04 
Core-loss, per cent............. 1.22 
Primary, RP, per cent........ : 0.50 
Secondary, RI?, per cent....... 0.68 
Efficiency, per cent...,........ 97.6 
Total XI drop, per cent....... . I 


COOLING OF TRANSFORMERS. — It is necessary to keep the tem- 
perature of the various parts of a transformer within such limits that the ma- 
terials of which it is constructed do not become damaged and deteriorate too 
rapidly. When subjected to too high a temperature the insulating materials 
disintegrate and lose their mechanical and dielectric strength, and the iron 
deteriorates in its magnetic qualities so that the core-loss becomes greater for 
& given density. This so-called ageing of the iron may cause an increase of as 
much as so per cent in the loss in the iron. The effect varies with the character 
of the iron and is practically negligible in silicon-steel. 
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- Maximum Rise in Temperature. — The maximum rise in temperature above 
8 room temperature of 25? C. at which the various materials of a transformer 


should be operated are given in the table. 

To guard against this possibility of 
damage the Standardization Rules of the 
A.LE.E. recommend that the windings 
shall not increase in temperature more 
than 50° C., as measured by resistance, 
above the surrounding air, and the other 
parts shall not increase more than 5o? C. 
as measured by thermometer. 


Means of Dissipating Heat. — The 
problem is to provide a path of low ; 
thermal resistance by which the heat energy may pass to the surrounding air. 
To accomplish this it is necessary, first, to provide sufficient surface in the 
subdivided transformer to transfer the heat to the cooling agent, air or oil, 
Without too great a difference in temperature; second, to so subdivide the 
transformer that no part of the iron is more than one inch, and no part of the 
copper more than 3$ inch, from a cooling surface; third, to provide a sufficient 
quantity of the cooling agent, air, oil or water to carry away the heat at the 
same rate as it is generated; and fourth, to provide sufficient surface on the 
containing case or tank to transfer the heat from the internal oil to the external 
air without too great a difference in temperature. 


Calculation of Exposed Surface of Transformer.— The practical method 
of estimating the rise in temperature consists in calculating the drop in tem- 
Perature in the successive media by finding the watts to be dissipated per square 
inch of each surface. The first step is to calculate the exposed surface. 

, The total exposed surface (A1) of the transformer proper, that is, the surface 
5 contact with the cooling medium, is to be calculated. For core-type trans- 
ormer, dimensions in inches and symbols as in Fig. 19: ' 


At= (number of cores) x [(outer perimeter of windings) Js 
l + 2 (end surface of windings) 
-++ h (perimeter of core) 
-+ (number of ducts in core) x (surface of one duct)] 


Material 


+ (2+ number of ducts in yoke) x Zydi + 2 (lyd + 2didi)- 


For shell-type transformer, dimensions in inches and symbols as in Fig. 20: 


At» d [a (2 a+ 4 d) 4- 2h] (2 -- number of ducts) 
[2 (2a-- 6d) -- 2 h] ; 
t2 lht x (2d + a) ls] (2 + number of ducts in windings). 
with narrow 


In the precedi i 
ng formulæ only half the duct surface is used, as 
F these surfaces are only half as effective as outside surfaces. If the ducts 
2 width of one inch then the whole surface may be used. 


of Naturally-cooted Transformers should have from 4.75 to 5.3 square inches 
ace (41) for each watt loss for 50° C. rise in temperature. 


Oil-cooled Transfo ; The transformer 
: rmers. — (See also Oil, Transformer.) : 
above in oil in a tank so Tus the level of the oil is from 2 to 3 inches 
per Lh e top of the transformer. The quantity of oil is from 6 to 1o js nld 
V-a. rating, or in small sizes goo pounds per kilowatt loss. A = 
he oil duc to 2.3 square inches of transformer surface (At) per wa mooth 
there ucts should be 14 inch wide and run vertically. If the tank is s top 
should be from 4 to 8 square inches of tank surface (not including 


or bottom) for each watt loss. For sizes greater tban 25 kilowatts it 18 
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customary to use fluted or corrugated sides to the tank. In this case there 
should be from 6 to 10 square inches of radiating surface per watt loss because 
the air does not circulate as rapidly in the grooves as over a smooth surface 
and consequently radiation is poor. 

For a rise of 50° C. of the transformer there is an average rise of 30° of the 
oil, The maximum rise of the oil is 1.3 to 1.5 times the average. 

The rise in temperature of the windings by resistance or of the iron by thet- 
mometer is 


2W . 1.4tW 
T = — , 
At S 


where W = total watts lost; | 
Az= radiating surface of transformer in square inches; 
S = radiating surface of tank in square inches; 
t= from 160 to 200 with smooth tanks 
= 200 to 270 with corrugated tanks. 


Air-blast Transformers. — This type of transformer is usually set over a 


large air duct in the floor which is supplied by a blower with air at a pressure of — 


from 14 to 1 ounce (34 to 1% inch of water). The air enters the transformer at 
the bottom and is divided into two streams, one passing vertically through the 
windings and the other transversely through the iron. There is a damper or 
valve for each stream so that the proper amount of air is provided to each part 
independently. Ducts J4 inth wide are provided every 3 to4 inches. For 50 
rise the cooling surface of the transformer (A z+) should be from 1.5 to 2.3 square 
inches per watt loss. A liberal amount of air for 50° C. rise is 150 cubic feet per 
minute per kilowatt loss. The air is expected to rise from 15° to 20° C. in its 
passage through the transformer. The theoretical quantity of air in cubic feet 
per minute is 

1.65W 


6 


Q= 


where Ta is the rise in temperature of the air, which is usually about half as 
great as the rise of the transformer. 


Water-cooled Transformers. — The cooling coils are suspended in the tank 


in the oil near the top, usually above the transformer, and carry a continually 


circulating stream of water. It is customary to provide 16 gallon of water pet 
minute for each kilowatt of loss and to allow the outgoing water to rise 25°C. 
above the incoming. Other requirements are from 1 to 1.5 square inches of 
surface (Az) per watt loss for so? C. rise and 1 square inch surface of water coils 
per watt loss. 


TESTING SINGLE-PHASE TRANSFORMERS. — The customary 
commercial tests on transformers and the best order of making them are: cold 
resistance, polarity, ratio and checking of taps, impedance, core-loss and exciting 
current, parallel run, heat run, insulation tests. The efficiency and regulation 
are calculated from the results of these tests. 

- Qil-cooled transformers should never be tested or subjected to potential unless 
they have been filled with oil from which all moisture has been remqved. 

Examples of test results are given below. 


Cold-resistance Measurement. — The cold resistance must be very care 
fully made as it is used as a basis of calculating the temperature after the heat 
run. Aíter the transformer has been standing in one place long enough for all 
of its parts to have reached the same temperature as the surrounding air, à 
direct current of from ro to 15 per cent of the rated current of the coils is sent 
through tbe windings and the drop measured with a voltmeter. At the same 
time the temperature of the windings is measured by a thermometer. 


* 
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Test of Polarity. -— This test gives information necessary for connecting 
several transformers in a bank and have them operate in parallel or on polyphase 
circuits. Direct current is sent through one winding of a transformer and a d-c. 
voltmeter connected across the other winding. If the current is stopped, the 
voltmeter will give a deflection either positive or negative. For similar con- 
nection and direction of current on all the transformers of a bank the deflection 
should be of the same sign. A small current should be used as otherwise the 
throw of the voltmeter needle may be sufficient to bend it. 


Ratio of Turns. — With no load on a transformer the ratio of voltages is 
the same as the ratio of the turns. Thus, with a known voltage applied to the 
low-tension winding, the ratio of turns of the two main windings and of the 
sections between taps can be checked up by connecting across the other ter- 
minals another voltmeter of proper range (using a potential transformer if 
Decessary). 


Impedance Test. — This test is important in order to calculate the regulation 
and in order to determine whether transformers will run in parallel with each 
other. One winding of a transformer is short circuited and a voltmeter, ammeter 
and wattmeter are connected in the circuit of, the other winding. A voltage of 
from 1 to 8 per cent of the rated voltage of this winding and of the proper fre- 
quency is impressed. The voltage is regulated so that readings are taken at 
values of current from 5o to 125 per cent of the rated current of the winding. 
The wattmeter reading will be in the neighborhood of 2 per cent of the rating of 


the transformer. The total impedance of the transformer will be Z — I The 


total effective resistance will be R = Watts/I?, which will include the effect of 
eddy currents, and the total reactance will be X = VZ?— R*. This reactance 
cannot be separated into primary and secondary reactance. The results of this 
test are usually plotted in two curves, one between volts and amperes and the 
other between volts and watts. 


Core-loss and Exciting Current Test.— The alternator supplying the power 
for this test should give a sinusoidal e.m.f. wave, as any distortion in the shape 
may cause a variation of from s to ro per cent in the core-loss. A peaked wave 
gives a lower core-loss than a sine wave. For this test the high-tension wind- 
Ing is left open and rated voltage at the proper frequency is impressed on the 
low-tension winding. A voltmeter, ammeter and wattmeter are connected in 
the low-tension circuit, the voltmeter having a range including the rated volt- 
age of the transformer and the ammeter a range of approximately 15 per cent 
of the rated current of the machine. Readings are taken with a voltage " 

m 50 per cent to 125 per cent of the rated voltage of the transformer. Bot! 
oe and watt-volt curves are then plotted. If extreme accuracy 1S 

‘sired, the RI? loss should be subtracted to give true core-loss. 


Separation of Edd raai — Tn certain special cases 

Eeo goe y and Hysteresis Losses. — in cer : 

«18 desired to investigate the iron of a transformer by separating the hysteresis 
om the eddy loss. Let 


Wı = the core-loss at normal voltage and frequency. 

Wa = the core-loss at half voltage and half frequency. 
We = eddy-current loss at normal voltage and frequency. 
Wh = hysteresis loss at normal voltage and frequency. 


W.= 2WA — 4 Ws, 
Wr= 4 W: - Wı. 


"d 
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Paraliel Run Test. — The tests for polarity and ratio having shown nothing Te 
wrong in the transformers, they are connected two at a time, the low-tension 
‘windings being connected in parallel to a generator and the high-tension windings 
in parallel with each other with an ammeter of about 10 per cent the capacity of 
the transformer connected in one lead between them. The voltage of the alter- - 


nator is gradually increased from zero and the current in the ammeter noted. 

This current should not be greater than 5 per cent of the rated current of that 

winding at rated voltage. If a transformer has double windings in either mem- 

ber the same test should be made on these windings in parallel. | R, 
Heat Run. — The heat run is made at the rated load of the transformer and 


sometimes at an overload of 25 per cent or 5o pet cent, depending upon the — uml 
guarantees. The run may be made by connecting the transformer toa load such H tw 
as a water rheostat (q.v.) but as there are other equally good methods, avoiding un, 
the waste of so much energy, this dead load is seldom used. The other methods vari 
require two or three transformers to be tested simultaneously. E t 
Two Transformers ** Bucking " (Fig. 22). — The low-tension windings snd 
of two transformers are connected in multiple to a voltage of rated value aod teat, 


frequency. The high-tension windings are _ | tls 
connected up so that their e.m £s oppose Iron Loss "n 
or “buck” each other, and are in series with Supply 7^. he, 
an adjustable source of e.m £., of rated fre- - E 
quency baving a value of from 2 to § per T 


cent of the rated voltage-of the windings. 
This “loss-supply” may be either an alter- 
nator and transformer, or a potential regu- 


lator. The voltage of this source is adjusted A 
so that fullJoad current circulates in the a 
high-tension windings and thereby induces | bs i 
fulldoad current in the low-tension wind- Copper Loss Supply - = 
ings. It should be realized that although pig. 22 Connecti ana a E 
only 2 to 5 per cent of the rated voltage is EHE Bucking 2 


needed to send the current through the | i 
primaries, yet each primary is generating its rated voltage and if there shouldbe ^ 
a ground anywhere a dangerous potential strain or shock might result. - " 

Three-transformer Arrangement (Fig. 23).— Three single-phase trans- 5 " 
formers may be connected with their low-tension windings in delta to a three- i 
phase source of supply of proper volt- | E bue 
age and with the high-tension wind. "9P Log Surg Copper Loss Supply ~" 


ings also connected in delta with one iey 


corner open into which the “loss f 
supply” is connected preferably by Ai 
means of an auxiliary transformer 

3l 


to isolate the dangerous potential of 
the primaries. The “loss-supply” Pee. Secondary 
voltage must be adjusted so that the Fig. 23, Heat Run by Open-delts Method — xa. 
desired current flows in the primary winding. Tis 
Time for Heat Run. — The time required for a heat run may be cone et, 
siderably shortened by operating at an overload for a short while, or, if the trans- Tey. 
former is an air-blast: transformer, by operating without the blast until a rea- tis. 
sonably high temperature has been attained. Then the proper load is adjust 3n 
and the run contínued until all temperatures remain practically constant, that, 
is, do not rise more than 1° C. in two hours. The voltage should be cut off one Sio 
every hour and a resistance measurement quickly made to determine the te* &,, 
perature of the windings. 
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Temperature Rise by Resistance is calculated from the formula 
Rh 
T = — , 
(234 + t) 5 r) 


where T = temperature rise in ° C.; 
¢ = temperature in ° C., by thermometer, at which the cold resistance 
is measured; | 
Re = resistance in ohms at temperature /; 
Rpr = “hot” resistance in ohms at end of heat run. 


The number 234 is the reciprocal of the resistivity temperature coefficient (re- 
ferred to o? C.), of 100 per cent conductivity copper, i.e., the reciprocal of 
0.00427, For any other conductivity, C per cent say, divide 234 by C/roo. 
(See article on Resistance and Conductance.) 


Temperature Rise by Thermometer. — In an air-blast transformer it 
is desirable to measure by thermometer the temperature of the incoming air, of 
the outgoing air (from iron and coils), of the primary windings, and of the 
secondary windings. Spirit thermometers and not mercury thermometers 
should always be used for measuring the temperature of transformer windings. 

In an oil-cooled transformer the temperature, by the thermometer, of the 
ps top and bottom and of the oil in two or three places near the top should 
en. 


Insulation Tests. — To test the insulation between turns and sections of coils 
double the rated voltage per section is impressed on each section for one minute. 
This test should be made at a high frequency, preferably at double the rated 
frequency . After this one and a half times normal voltage at rated frequency. 
3s applied for five minutes, to discover the effects of the double voltage test. 
These voltages should be applied and removed gradually. : 

_ High-potential Test on Complete Transformer. — To test the di- 
electric strength of the insulation as a whole the following high-potential test is 
me Connect both terminals of the high-tension winding to one terminal of 
the high-potential transformer. Ground both ends of the secondary winding 
to the core and frame and connect to the other terminal of the high-potential 
transformer. Adjust a needle gap to arc at the desired test voltage and increase 
the voltage gradually until the gap arcs over. Decrease the voltage till the arc- 
ing ceases and hold the voltage as near as possible to the arcing point for one 
minute, The voltage should then be decreased gradually. The proper testing 
Voltages and spark-gap adjustments are given in the Standardization Rules 
of the AL E.E, (q.v). 

P Calculation of Efficiency and Regulation from Te 

s * preceding tests the efficiency and regulation o 
ous loads may be calculated by the methods given above, th 

paragraph on Efficiency and Regulation, using the test data instead of the 
culated quantities. 


st. — From the results 
f the transformer at 
p. 1625 in the 


TESTING : _— In testing three- 
OF THREE-PHASE TRANSFORMERS le-phase units. 


ase transformers the same methods are followed as with sing 
b only difference is in testing for polarity; owing to the mixing of a ook ae 
ica: Special care must be exercised. The direct cur rent must cent the 
x ih nin through one primary phase and in the opposite di tme simi- 
lar WO, 80 that they will not neutralize one another. With ake break the 
-y Connected on the primary and secondary of each phase in turn, Dt will 
rect current; if the connections are right the voltmeter on the secondary 
€ct in the same direction as the steady deflection on the eae 
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Parallel Run. — For the parallel run of two three-phase transformers, con- 
nect their low-potential sides in multiple to a source of three-phase potential, 
Connect together the primary terminals No. 1 of both transformers and bring 
the pairs of terminals No. 2 close together so they may be connected by a small 
fuse wire. If no spark is noticeable when the fuse wire spans the connection, 
then the No. 2 terminals may be permanently connected. The same procedure 
is followed with the No. 3 terminals. 


EXAMPLES OF PERFORMANCE. — Usual values of the performance 
characteristics of transformers are given below. 

Exciting Current ranges from 2 to 6 per cent of full-load current in lighting 
transformers of the core type and from 5 to 1o per cent in power transformers. 

Core-loss ranges from o.5 per cent to 1.25 per cent of the rated output. 

Total I*R ranges from 0.75 per cent in large sizes to 2 per cent in small size 
of the rated output. 
. Total Reactance drop ranges from 1.25 to 5 per cent of the voltage, being less 
for the shell type than for the core type. The value depends largely on the 
purpose of the transformer, methods of construction-and opinion of the designer. 

Efficiency and Regulation. — The variation of the efficiency witb the load of 
two small 60-cycle transformers for lighting purposes is shown in Fig. 24. The 


99 
3 98 
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g 97 
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95 — 035 0.50 0.75: 1.00 
% Rated Load Rating in Kv.-8. 
Fig. 24. Efficiency of 60-Cycle Transform- Fig. 25. Efficiency of a Line of 6o-Cydt 
ers. A = 50 Kv-a.; B = 10 Kv-a. Transformers 


efficiency and regulation at full load of a line of these transformers is show 
in Fig. 25. These transformers are small and of the core type. Larger trans 
formers would have even better characteristics. 

See also above under Examples of Design. 


SPECIFICATION FOR TRANSFORMERS. *— The following mem- 
oranda are intended to assist in writing specifications. See also article on 
Specifications. 

Principal Characteristics and Conditions of Service. — Service for whi 
transformer is to be used, e. g., operating synchronous converters, induction 
motors, lights, etc. High- and low-tension voltages at normal load, Taps for 
obtaining different voltages. Rating in kilovolt-amperes and in kilowatts at 
stated power factor. Frequency.  . 

Style and Description: Details of Construction. — Whether oil-, air- or 
water-cooled. Style and location of terminals. Where line surges are lik 
to occur, it is usual to specify, for large transformers, that the end turns, sy 
1o per cent of the total turns at each end, shall have extra heavy insulation. 


Work to be Done by Other Contractors. — Who is to supply and install 


floor framing and supports; high- and low-tension wiring, wiring and supports 


for delta- or star-connections, if to be used three-phase. 
* By W. A. Del Mar. 
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Performance and Tests. — (See Standardization Rules of the A.I.E.E.) 
Temperature rises upon which ratings are to be based. Details of overload 
capacity. Efficiency at 25, 50, 75, roo, and 125 per cent load with stated 
transformation ratio. High-potential tests of insulation. Requirements re- 
garding effect of moisture and heat on insulation, such as the following: The 
transformers shall contain no material which will be permanently injured by 


moisture or by an occasional temperature of 95? C., provided that this tempera- 


ture is not maintained at any one time for a períod greater than 3 hours. The 
transformers shall be capable of operating continuously at 80° C., without the 
insulation being damaged thereby. Regulation with rated non-inductive load. 
Regulation with load of rated kilovolt-amperes at stated power factors, say 
100 per cent and go per cent. State formula by which regulation is to be 
calculated. Reactance between primary bus and secondary terminals when 
transformers are to operate compound-wound synchronous converters. (The 
required reactance is usually specified by the manufacturers of the synchronous 
converter.) Amount of air or water for cooling, in cubic feet per minute at 
Stated pressure. After the transformer has been in service for one year, Its 
efficiency at full load shall be not lower than the above guaranteed amount by 
more than a stated percentage and after two years its efficiency shall be not 
lower than the guaranteed amount by not more than a stated percentage. 
INSTALLATION OF TRANSFORMERS. — Transformers require no 
special foundations but merely a level floor of sufficient strength to carry the 
Weight. Provision should be made for an electrical connection from the tank 


of the transformer to the ground. 


Oil- and Water-cooled Transformers. —The greatest enemy to successful 
operation of transformers in general, and high-voltage transformers 10 p 
ticular, is moisture, in that o.x per cent of moisture in oil renders it unfit for 
use. This may result either from rain or dripping water falling into the traps- 
former or onto some of the parts, or from the condensation of the moisture 1n 
the atmosphere on the various parts. For this reason all parts of a transformer 
must be very carefully inspected, cleaned and dried before the transfor mer 15 
put into service. If the operating potential is 15,000 volts or less an inspection 
will tell whether the transformer should be dried, but for voltages greater than 


15,000 the drying operation should be carried out in every case. 
to send a current 


Methods of Drying. — The best method of drying is 
of dry air at 90° o oper This should con- 
90° C. through and around the bera rudi oltage transform- 


tinue for 24 hours i in hi 
in all transformers, for 72 hours in hig Another method of 


ers of reasonable capacity and longer in special cases. 
other 'S to short-circuit one winding of the transformer and to apply s 
windi member a voltage of from 1 to 2 per cent of the rated voltage o P fli 
wi ding So that a current of from % to 3% of the rated value flows throug 5i 
on the k This current should be adjusted so that a spirit thermometer P 

© ‘ow-tension coils shows a temperature of 80° C. and not greater. : 
Cooled Preparation of Oil.— No potential should be applied to gum yn 
orms golden: unless it is supplied with a proper amount of oil Mme a 
Should be essential insulating medium as well as cooling medium. ne ll 
withstang tested before using. il is considered in good condition ars i 
Transfor 49,000 volts between disks 12 inch in diameter and 240 De 
tric stre Mers for 40,000 volts or less will operate satisfactorily when this d! 
"eth has dropped to 25,000 volts, but when this con 


reached the oil formers for à 


should ^ f ‘ned. ` Trans 
be dried, purified and strained breaks down under 
pparatus for 


Voltage 
35,000 sip n 40,000 should not be used with oil which 


€ above described test apparatus. E special a 


dition has been - 
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drying and purifying the oil is on the market (see G. E. Bulletin No.-4134). See 
also article on Oil, Transformer. l 

The transformer tanks should be filled by pouring the oil through a fine-cloth 
strainer and allowing the oil to settle 12 hours before using. Rubber tubing 
should not be used for carrying the oil as the sulphur in the rubber will eventually 
cause trouble. The cover of the transformer should prevent any water dripping 
into the transformer but there should be a free exit allowed for gases which may 
gather. If the transformer stands in a moist atmosphere a special “breather” 
containing calcium chloride should be employed. In all transformers the level 
of the oil should be well above the top of the transformer proper and this should 
be noted 2 or 3 days after the original filling to see whether the transformer 
windings have absorbed sufficient of the oil to lower the level a dangerous 
amount. p 

Certain small sizes of oil-cooled transformers are designed to be suspended 
from cross arms on poles or the sides of buildings or to be installed in manholes 
in a subway. These transformers are especially protected against the weather, 


Precaution Against Overheating. — Jt is most important to be 
assured of the proper circulation of the cooling medium as the temperature of 
the transformer will rise quickly to an excessive value in case of a failure of the 
cooling medium. In this case the load must be reduced and kept at sucha 
value that the temperature of the oil at the top does not exceed 80°C. If at 
any time the oil reaches an excessive temperature there will be a tendency for 
a deposit to form on the transformer and coils, which will interfere with the 
proper cooling. An inspection should be made occasionally for this purpose 


and the deposit removed. The oil should be sampled and tested each week . 


for the first month and every six months thereafter. In taking samples of the 
oil great care should be exercised that the vessel in which the sample is con- 
tained is perfectly dried. The temperature of the oil in a self-cooled transformer 
should never exceed 80° C. and in a water-cooled transformer 65° C.  Oil-cooled 
transformers must be in a well-ventilated compartment in which the air should 
not be more than 5° above the outside atmosphere. An inspection should be 
made from time to time to see that there is no condensation on the inside walls 
of the tank. | 


Precaution for Multiple Operation. — Transformers should never 
be connected in multiple on the secondary side without proper precautions 
having been taken to determine not only that the polarity is correct but that 
the regulation of the two transformers is the same. 


Air-blast Transformers; Ducts and Blower Set. — Air-blast transformers 
should be placed over an air duct of sufficient size to permit the required current 
of air to flow at a velocity of less than soo feet per minute. The duct should 
be of non-combustible material and should have smooth sides in order to offer 
very little resistance to the current of air. Airis supplied to this duct by means 
of motor-driven blowers of capacity to supply the proper quantity of air for à 
group of transformers at pressures from 15 to 11⁄2 ounces (sce Blowers and Con- 
pressors; Fans). Roughly the rating of the blower motor in horse-power 5 
equal to : 
(Cubic feet of air per minute) x (pressure in ounces) 

1200 


The air enters the transformer at the bottom, flows vertically through the coils 
and passes out at the top, and also flows transversely through the iron, passing 
out at the side. Separate dampers at each outlet are provided in order to 
regulate the two currents independently. The dampers are regulated 30 that 
the outgoing air has a temperature 20° above the incoming air. 
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Since the transformers are so dependent on the air blast for their operation 
and safety, it is customary to provide a reserve blower set. 

Location. — Care must be exercised to protect the transformers from 
moisture and dirt and particularly, since they are open at the top, to place them 
where water and dirt cannot drop in the open top. All terminals of the air- 
blast type of*transformer are usually brought out below so that the primary and 
secondary cables may be laid in the air duct and all connections and inspec- 
tion may be made from below. It is therefore desirable that the air duct 
be sufficiently large to enable a man to move about therein. 

: Drying and Cleaning. — In putting the transformer in operation all 
moisture must be removed before applying potential. This may be accom- 
plished by running the blower set and forcing air through the transformers, 
which will be sufficient if the air is dry. Another method is to short-circuit 
one winding of the transformer and apply a low voltage of from x to 2 per cent 
of the rated voltage to the other winding, so that 75 per cent of full-load current 
flows through the windings. This is maintained for from 24 to 36 hours. | All 
transformers of this type should be cleaned once a month by means of com- 
Pressed air at 20 pounds pressure. 


i Measurement of Temperature. 
n windings only that calculated from a resistance measuremen 
able, as the coils are so thickly wrapped in insulation that a thermom 
not show the true temperature. 


,, OPERATION OF TRANSFORMERS. — Single-phase transformers 
eid used singly or in parallel on single-phase circuits, and in various com- 
det ons on polyphase circuits as described above. The polarity should be 
etermined before making the connections. 


done Operation on Single-phase Circuits. n 
cuit and "e „generally operated with the primaries in parallel on the supp / ai 
operate | eir secondaries in parallel on'the load circuit. In order to successtu y 
(1) the in tuis manner two or more transformers, the transformers must ge 
same H an ratio of transformation; (2) the same regulation; and (3) the 
Tespectiy i of X/R, where R and X are the total resistance and me 
inverse] ely of any one of the transformers. Transformers divide the r 
resistance proportional to their reactances, provided the ratio of reactance * 
in parallel « the same in both cases. If transformers are purchased to erie 
Deal i others, proper provision must be made in the design of the 
a genes T and this fact should be stated in the specifications. caches 
and twice the a 50-kilowatt transformer will have about twice the resista E 
line, and th e eactance of a 100-kilowatt transformer of the same comm : 
Capacity B. ore these transformers will divide the load in proportion tot pi 
made at wi s this is not likely to be true of transformers of different lines © 
cae different times. 
an ichs c not satisfying the above conditions are to be run in puse: 
in the circuit coll having a proper resistance and reactance may be connec 
of one of them, thus establishing the necessary ae pube 
e e. 


— In determining the temperature 
t is depend- 
eter will 


— Single-phase transform- 


Tr ansf. 
or. . . * 
onnections n on Polyphase Circuits. — See section above on T ransformer 


IGHTS AND COSTS. — The curves of Figs. 26 to 29 inclusive ae 


approxima , 
single-phase Pars of the weights and costs of several representative lines 9 
frequencj ansformers of the most usual common capacities, voltages 2^ 

iis eliminary 


These values are sufficiently accurate to be used in pr 
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Rating in Kv.-a. 
Fig. 20. Oil-cooled, 60-cycle, 2200-volt 
Lighting Transformers 


Transformers 
Rating in Kv.-a 
60-cycle, 


ot 


SIVO Uy} B-A N 1ed 3900 


Fig. 27. Oil-cooled 


e oo © ui o 


"*-ers[[oq ut *€-A3x zed 3909 


1036 


Rating in Kv.-a. 


Fig. 28. Oil-cooled, 25-cycle, Single-phase Transformers 
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Fig. 29. Air-blast, 25-cycle, 33000-volt, Single-phase Transformers 


estimates, plans, theses, etc. The actual prices, however, vary with the price 
of copper, commercial conditions and special guarantees. . 

__ The weight given is that of the transformer complete including case and oil, 
if any, but does not include the boxing for shipping. 

The cost is given in the form of dollars per kv-a. rating and with the ex- 
ception of the lighting transformers of Fig. 26 this kv-a. means the output 
which could be obtained in continuous operation with the maximum rise in 
temperature of 40°C. The transformers of Fig. 26 are of the lighting type 
and their rating is based on the characteristics of a lighting load, which t 
roughly a guarantee of a maximum rise in temperature of 50° with a load o 
this character. The prices include the cost of the oil. 

The cost per kv-a. and weight per kv-a. of three-phase transformers are 
roughly 9o per cent of the cost and weight per kv-a. of 3 single-phase trans- 
formers having a combined capacity equal to that of the three-phase apie aa 

The Voltage of the secondary may vary in all cases from x10 to 440 withou 
appreciably affecting the cost or weight given. 

IL, Die Trans- 
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TRANSFORMERS, INSTRUMENT. — (See also Transformers.) In- 
strument transformers are either potential transformers or current transform- 
ers. Potential transformers are transformers of comparatively small output 
arranged for shunt connection to the primary lines, designed to produce a 
secondary voltage which accurately represents the primary voltage for appli- 
cation to instruments. Current transformers are transformers of comparatively 
small output arranged for series connection in the primary. lines, designed to 
produce a secondary current which accurately represents the primary current 
for application to instruments. The insulation of both current and potential 
transformers is designed with reference to the voltage of the circuit on which 
the transformer is to be used. The most common voltage for the secondary of 
the potential transformer is 110 volts. The most common current for second- 
ary full load on the current transformer is 5 amperes. The secondary voltage 
of the current transformer is usually very low under operating conditions, 
being only sufficient to force the secondary current through a few instruments 
of low impedance. 


APPLICATIONS. — Instrument transformers are used for three principal 
purposes: (1) to supply current and voltage to measuring apparatus; (2) to 
operate regulating devices; (3) to operate circuit protective devices. In each 
case there are two principal advantages to be attained by the use of trans 
formers: (1) to protect the devices in the secondary circuit against the in- 
convenience or danger of a direct application of the primary voltage or current; 
(2) to enable the use of measuring, regulating and protective devices designed 
for one standard current and voltage for the entire range of currents and volt- 
ages used under various operating conditions, thus simplifying design and 
manufacture, increasing reliability and accuracy and lowering cost. 


Accuracy and Reliability Required. — Of the three applications given 
above that involving measuring instruments requires the highest accuracy in 
the transformer; in the operation of regulating devices the certainty of con- 
tinuous operation is more important; in the operation of circuit protective 
devices, a very moderate degree of accuracy is satisfactory, but certainty of 
operation is of the highest importance. It is, therefore, frequently desirable 
to use different transformers for the several purposes, even where convenience 
and cheapness would suggest the use of a single transformer. 


THEORY OF CURRENT TRANSFORMER. — The current transformer 
consists of a primary winding in which the line current flows, a core, and a 
secondary winding for connection to a load of instruments and other de- 
vices connected in series. The current flowing in the primary is usually 
unaffected by the characteristics of the transformer or by the amount of second- 
ary load. With the secondary winding short-circuited, the secondary ampere- 
turns are nearly equal to the primary ampere-turns, the slight difference being 
due to the relatively small exciting current (see Electricity and Magnetism, 
Principles of). This exciting current is always of low power factor, while the 
power factor of the secondary current depends on the resistance and induc- 
tance of the secondary circuit. While the reversed secondary ampere-turns 
always equal the primary ampere-turns less the exciting ampere-turns, the 
subtraction of the exciting ampere-turns is not usually arithmetical but vecto- 
rial, and the resulting secondary ampere-turns are less than and not in exact 
phase opposition to the primary ampere-turns. This is expressed by stating 
that the transformer current ratio varies from the ratio of turns, and that there 
is a phase angle between the primary and reversed secondary currents. Since 
these errors depend on the relative amount of the exciting current and its phase 
position with respect to the secondary current, they will vary with the imped- 
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ance of the secondary load and the current flowing through it. When the 
impedance becomes so great that the transformer core approaches saturation, 
the exciting current becomes so large that the secondary current is no longer 
proportional to the primary current and also differs from it appreciably both in 
wave form and phase position. 


Ratio and Phase Angle. — For accurate current measurements through 
the intermediary of a current transformer the exact ratio of the primary to 
the secondary current must be accurately known. For power measurements the 


phase angle between the two currents must also be accurately known. 
Let 


u = ratio of the number of secondary to the number of primary turns, 
Ip primary current, 

Is = secondary current, 

k = ratio of exciting current to the secondary current, 

a = phase angle between the exciting current and primary induced e.m.f., 

0 = phase angle between the secondary current and secondary induced e.m.f. 
(positive for lagging current), 

B = the “phase angle" of the transformer, i.c., the angle between the primary 
current and the secondary current reversed. Ifthe power factor of the 
secondary impedance load is higher than that of the exciting current, 
the secondary current (reversed) leads the primary current and f is 
positive; if the power factor of the secondary impedance load is lower 
than that of the exciting current, the secondary current (reversed) lags 
behind the primary current and f is negative. 

Then the ratio of transformation is 
2 = 4 Vos 0 4- kcosa)? + (sin +2 sin æ)? 
8 
and the phase angle is 
k sin (a — 0) f 
1+ cos (a — 0) 


The value of the ratio & for a given primary current depends upon the imped- 
ance of the load connected to the secondary; the higher this impedance the 


B = tan 


*- . greater the value of k and therefore increasing the impedance of the secondary 


connected load tends to increase the difference between the ratio of turns and 
the true ratio of the primary and secondary currents; increasing the impedance 
of the secondary also tends to increase the phase angle 8 of the transformer. 


The true ratio “2 and the phase angle 8 also depend upon the power factor of 


8 
the load. For the actual variation of these quantities see Figs. 1 to 4, below. 


THEORY OF POTENTIAL TRANSFORMER. — The potential trans- 
former consists of a primary winding, a core and a secondary winding. The 
primary winding is placed across the line, and the secondary winding is con- 
nected to instruments or other devices connected in multiple. The voltage 
across the primary is usually unaffected by the characteristics of the trans- 
former or of the secondary load. With the secondary open the secondary 
terminal voltage is approximately equal to the primary impressed voltage divided 

the ratio of the number of turns in the primary to the number of turns in 
the Secondary, the difference being due to the impedance drop produced in 
the primary by the exciting current. The impedance drop in the primary due 
to exciting current is usually not in phase with the primary voltage; hence its 
subtraction in a vector relation from the primary voltage results both in a vari- 
ation of the voltage ratio from the ratio of turns and in a difference of phase 
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between the primary and reversed secondary voltages. This no-load ratio and ` 
phase angle are modified under load conditions by the additional impedance : 


drop in the primary and secondary windings due to the load current. The less 
the impedance of the load the greater will be the current through the two wind- 
ings of the transformer, and therefore the greater the impedance drops in these 
windings; hence the greater will be the discrepancy between the actual ratio 
of the terminal voltages and the ratio of turns. As the impedance drop due t» 
the load current may be in almost any phase, whereas the drop due to exciting 
current bears a constant relation to the induced voltage, the phase angle with 
loads of various power factors may be either less than or greater than that at no 
load. 


Ratio and Phase Angle. — For accurate voltage measurements through the 
intermediary of a potential transformer the exact ratio of the primary to the 
secondary terminal voltages must be accurately known. For power measure 
ments the phase angle between the two voltages must also be accurately known. 
The expressions for these two quantities in terms of the constants of the trans- 
former and the impedance and power factor of the total instrument load con- 
nected to the secondary of the transformer are quite complicated. "The relations 
involved in the expression for the true ratio may be expressed as follows: 


Letu = ratio of number of turns in primary to number in secondary winding, 
Ep = primary impressed voltage, 
Es = secondary terminal voltage, 
E = secondary induced e.m.f., 
Ip = primary current, 
I; = secondary current, 
Zp = primary impedance, 
Zs = secondary impedance. 
Then 
Ep at «E + Zyl. p 
En E=- 


where the numerator and denominator of this fraction are a vector sum and 
vector difference respectively, and E, Ip and I, depend upon the voltage, im- 
pedance and power factor of the load, and the value of the exciting cut- 


rent. (See article on Transformers.) For actual variations in the true ratio 4 
:| 


with the power factor, voltage and volt-amperes of the load on the secondary 
sce Figs. 5 and 7. 

The phase angle y of a potential transformer, i.e., the angle between the 
primary terminal voltage and the secondary terminal voltage reversed, may 
range from a positive angle (secondary voltage lagging behind primary volt 
age) to a considerable negative angle (secondary voltage leading primary volt- 
age), depending on the relations of the impedance and power factor of the 
secondary connected load, the secondary winding, and the primary winding 
and on the exciting current. Under the no-load condition this angle is nearly 
always negative, and at high core densities where the exciting current is large 
and of very low power factor, it may be very large. The general tendency of 
non-inductive secondary loads is to cause y to vary in the positive direction 
(secondary voltage to lag) and of inductive (lagging current) loads to cause It 
to vary in the negative direction (secondary voltage to lead). It is frequently 
possible to bring y practically to zero for a single voltage and load by adding 
non-inductive load in suitable amounts. See Figs. 6 and 8 for actual variations 
in the phase angle y with the voltage, power factor and volt-amperes of the 
load on the secondary. 
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DE — e e 
the ee The general principles of design of instrument transformers are 
ormers, ho Or power transformers. The special uses of the instrument trans- 
» Dowever, change the details of design to a considerable degree. 


* iod A in Transformers. — A very important purpose of current 
of the current t € operation of protective devices. For this reason the failure 
they are üc f ransformer may cause destruction of expensive apparatus, and 
of transf eretore designed to stand a higher insulation test than other types 
direct Hi. Again, the exciting’ current of the current transformer has 
core is th on to the phase angle and errors of ratio. The flux density in the 
to k erefore kept very low for the ordinary metering conditions, in order 
roD errors within satisfactory limits. The resistance and leakage reactance 
of the primary Winding do not affect the ratio of the transformer nor the phase 
angle between primary and secondary currents; their only effect is on the total 
impedance in the primary line. Resistance and leakage reactance in the sec- 
ondary constitute definite additions to the secondary load, and affect the phase 
angle and ratio of the transformer. As the current rating of a current trans- 
former ey always greater than the maximum continuous current to be carried 
by the lines of which it is a part, no considerable overload capacity is required. 
A suitable design for current transformers, therefore, should include: 
High factor of safety in insulation, , 
Low density of flux under the conditions of metering service (this is best 
Secured by a moderate cross-section of core with a relatively large num- 
of turns), 
Low resistance and leakage reactance in the secondary winding, 
Resistance and reactance of the primary winding low enough so that the 
impedance will not cause an objectionable drop in voltage in the primary 
lines, when the transformer is to be used in low voltage circuits. 


Special Designs of Current Transformers. — For certain special pur- 
Poses special designs are useful. In stations where very large power is on the 
bus-bars while small power circuits, such as station auxiliaries, are drawn from 
the same bus-bars, current transformers must be used which are adapted to 
operate on small current, while under enormous extremes of current the trans- 
formers must at least remain in service long enough to operate the protective 
devices. Where the currents are not too low, transformers with a single copper 
oa T as pri may be used. These resist mechanical injury from short- 
arcuit, but the number of ampere-turns under the ordinary load conditions 1s 
limited to the number of amperes flowing in the primary line. Hence these 
transformers have an accuracy suitable for metering purposes only where the 
rated current of the line is comparatively large. When the normal currents 
"i too low for satisfactory operation with a single primary turn, special trans- 
Srmers of large size, great primary current capacity and reduced accuracy are 
Sometimes used, 

A Somewhat similar case arises where the cost of current transformers for use 
b ateh-tension Circuits is prohibitive. A transformer is then placed on T 
T of an oil switch, the lead inside the bushing being the pe bonn 
Giese 2 being wound on a core which encircles the bushing. As the ae 
tively lan usually small, while the length of the magnetic circuit 1s ae m 
Daril rge, the accuracy of these transformers is low, and their use 

y confined to tripping devices or specially calibrated ammeters. 


is et oe Transformers. — The design of : potential ed rne 
LEOTE tain accura 
and small t of a small power transformer. Too te nur den: 


Dhase angle between primary and secondary voltages, 


sity in the Core should be kept comparatively low. The resistance and leakage 


ce of the Primary and secondary should be kept small. As these trans- 
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formers are ordinarily connected to the line through fuses, their insulation is ia 
sufficient if it equals that of good power transformers for the same voltage inia 


The exciting current is usually a larger fraction of the full-load current than in 
power transformers, because efficiency is a matter of no moment, and good reg- 
ulation is necessary. The no-load pbase angle, however, is roughly dependent 
on the product of the exciting current by the primary resistance; hence too 


large an exciting current or too large a resistance is undesirable. TS 


RATING AND PRECISION. — The watt or volt-ampere rating of instn- 
ment transformers as given by many manufacturers is purely formal, and has 
only the most distant relation to the characteristics of the transformer. There . 
is no general correspondence between accuracies of transformers produced by 
various manufacturers for the same load. Where transformers are designed 
with oil immersion for high-voltage circuits, their quality is less likely to be 
poor than in the small types without oil, because the proportionate difference 
in cost of manufacture between good and poor transformers is then compan: 
tively small. 


Precision of Current Transformer. — The variation of ratio and phas 
angle with the load on the secondary of two typical 2300-volt, 20: 1 ratio, cur 
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Current Transformer No. 2 


rent transformers is shown in Figs. 1 to4. Figs. 1 and 2 show curves of ratio 
and phase angle obtained from tests on a current transformer (No. 1) of low 
flux density, high ampere turns, and comparatively low secondary resistance 
and leakage reactance. Figs. 3 and 4 show the results of similar tests on 4 
current transformer (No. 2) where these values are not so strictly limited. It 


T l true ratio . i 
k etc cui ora : 3 
should be noted that the scales of aked mua and of phase angle in Figs 


and 4 are four times those used in Figs. 1 and 2. 

Each pair of curves was made with a different load on the secondary, loads 
consisting of a series of combinations of instruments, watt-hour meters, 2 
switchboard devices representing conditions in ordinary practice. Table ! 
gives the volt-amperes and power factor of the loads, designated by the letters 
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IMEEM ofthe fil 
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Geis. ae TABLE I 
eee UTC by De primary mis ie’ LOADS 
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ings are within moderate limits. Figs. 7 and 8 show the results of similar tests 
on a transformer (No. 2) of the same rating in which these quantities reach 
larger limits, resulting in inferior regulation and larger phase angle. 


GENERAL TESTS DURING MANUFACTURE. — As the last step in 
manufacture the insulation of every current or potential transformer should be 
tested at a voltage greater than that at which it is to operate, the actual volt- 
age selected being determined by the A.I.E.E. Standardization Rules. Some 
manufacturers find it desirable to apply considerably higher test voltages than 
these to insure additional safety. A sufficient number of each type should be 
given heating tests to assure safety of operation for the entire group. A check 
on accuracy should be made on all transformers to protect against errors in 
counting turns, short-circuits, etc. 


TESTING OF CURRENT TRANSFORMERS FOR RATIO AND 
PHASE ANGLE. — Where large numbers of current transformers are to be 
tested to a high degree of accuracy for ratio and phase angle, those methods 
which use primary and secondary shunts, balancing the voltage drop through a 
zero reading instrument, are most rapid and satisfactory. The care and expense 
of such an outfit is justified only where a large number of transformers must 
be carefully tested. The phase angle may also be determined by the use of 
two wattmeters or electrodynamometers. Where transformers are in use and 
require an occasional check to determine that they have not changed in char- 
acteristics, a simple method which covers most cases is to compare the ratio 
with that of a standardized portable transformer. These methods are de- 
scribed below. 

The uniformity amiong transformers of a certain type, make and size is 
usually very good; in the case of a large lot of transformers detailed tests need 
be made only on a few representative ones. 


Demagnetization of Core Before Testing. — The cores of current trans- 
formers should be demagnetized before the test for ratio or phase angle is made. 
With small low-voltage current transformers demagnetization may be carried 
out by putting at least one-half-load primary current through the transformer 
with ro ohms or more connected to the secondary in series with the instru- 
ments to be used. With large high-voltage current transformers having mas- 
sive cores the resistance should be several times greater to assure perfect 
demagnetization. This resistance should then be gradually reduced to zero by 
steps of one ohm or less. 

When however current transformers are subjected to test in order to use the 
results for the correction of observations already taken, the tests should be made 
in such a way as to avoid changing. the magnetic condition of the core before 
the test results are secured. The secondary should have no greater load than 
that used in the working condition, and especial care should be taken that 
current is not allowed to flow in the primary or the secondary while the other 
winding is open circuited. The current should be brought up to the lowest 
current point first, and raised to the higher points only after the lower readings 
have been made. 


Frequency of Test Current. — In all current-transformer work where 
results of test are to be used for correction, the frequency used in test should 
be the same as that of the circuit in which the transformer is to be employed. 
When the intention is only to check the condition of the transformer, any com- 
mercial frequency may be used. 

Shunt Methods of Testing Current Transformers. — The following is 4 
description of the details of one of these methods which has been found satis 
factory in use. 
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Apparatus, — i 

: Np erii Referring to F 
Current to the trans- 
former under test is ob- 
tained from one phase of 
the same source through 
à control resistance Ri 
and a step-up current 
transformer. “For small 
Iatios the step-up trans- 
former is omitted. Its 
Input side is wound to 
use up to the voltage of 
the supply (125 volts). 
The high-current wind- 
Ing consists of heavy 
loose cable, of which one 
of more turns may be 
wound through the large 


Re 
Fig. 9. Connections for Shunt Method 


Core opening. By suitably selecting the number of turns, currents from 
10 to 4000 amperes are obtained. The primary shunt has a resistance such 


that full rated current gives a drop of o.5 volt. It is arranged to carry 50 
per cent overload current for a short time for testing purposes. The secondary 
shunt is adjustable, and is marked in percentage of a normal resistance. By 

€ use of several interchangeable scales the normal resistance corresponding to 
100 per cent may be made 0.06, 0.075, 0.08, 0.1, 0.12, or 0.125 ohms. These 
allow the use of a primary roo-ampere shunt of 0.005 ohms resistance for trans- 
formers of 12 : 1, I5:1, 16: 1, 20: 1, 24: 1 and 25: 1 rated ratios, while still obtain- 


l true ratio 
ing a dir " — MM 
ect reading on the secondary scale of the marked ratio 


former. A set of primary shunts rated 5, ro, 20, 50, 100, 200, 500, 1000, 2000 
and 5000 amperes will thus cover all probable ratios from 1:1 to 1250: I. M is 
an adjustable calibrated mutual inductance whose current coil is in series with 
the secondary of the transformer under test, and whose potential coil is in series 
With the potential element of the sensitive electrodynamometer D, whose pues 
rent element in turn is supplied from the secondary of the phase-shifting trans- 
former mentioned above. Z is a double-throw single-pole switch. Lisa series 
of secondary loads suitable to represent the instrument combinations usually 


Procedure. — Jn making the test the procedure is as follows: The 
proper load is connected to the secondary of the transformer, and i pr Chis 
current is adjusted to the proper point by means of the resistance Ri. 3 
current may be read by an ammeter and separate current transformer a Es Z 
or by an ammeter at A4 which is short-circuited after reading. The swit s- 
io closed to the right. The mutual inductance then acts as an air-core pear 
ormer, supplying to the dynamometer potential element a voltage m e ot 
Np With the secondary current of the transformer under test. The E the 
e field current of the dynamometer is then adjusted to the point or i 
yhamometer reads zero for all positions of the mutual inductance. i B 

* position of maximum sensibility to changes in the resistance or tak ot the 
ER d The switch Z is then thrown to the left, and the resistance sd eter 
is ds ary shunt is adjusted by moving the drop contact until the dyna Mhro h 
: zero. The phase of the dynamometer field current is then shifted ve 


99 electrical degrees by moving the handle of the phase-shifting transformer & 


of the trans- 
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definite distance. This is the position of maximum sensibility to phase-angle 
variation. The mutual inductance is then adjusted until the dynamometer 
reads zero. The phase of the field current is then shifted back to the previous 
position, and a slight readjustment of the secondary shunt resistance made if 
necessary. 


Calculations. — From the reading of the mutual inductance the phase 
angle i is determined by the formula 
Bata 2 TJM 
where f is the frequency of the circuit in cycles per second, M is the mutual 


inductance in henries, and Rs the resistance of the secondary shunt in ohms. 
Then the true ratio is expressed by the formula 


n Rs I 
ange Rp ^ cos 8 


where Rpi is the resistance of the primary shunt. 


The correction factor for B = 1° is 1.00015, and for B = 2° it is 1 m 


Tasa =, 
At these values it is negligible in comparison with ordinary errors arising in 
measurement work involving transformers and instruments, If the phase 
angle is so great that this correction becomes important, the transformer is so 
inferior that it should not be used for any purpose involving accurate measure- 
ment. 


| Speed of Operation. — By this means a single operator can take about 
30 points of ratio and the same. number of phase angle per hour. Witha 
helper to perform necessary calculations and a suitable means of rapidly replac- 
ing transformers in the circuit, it is quite practicable to make from r5 to 30 tests 
of transformers including from 6 to 12 points each of ratio and the same number 
of determinations of phase angle in an eight-hour day. Checks of single points 
. can be made practically as fast as the transformers can be connected and the 
current and secondary load adjusted. 


Standardized Transformer Method for Determining Ratio of Current 
Transformer, — A portable transformer with four primary coils arranged for 
series-multiple connection, giving ratios of 5 : 1, 10 : 1, and 20: 1 will cover 
practically everything up to 100 amperes. A second portable transformer 
without primary, so arranged that one turn through the core gives a rated 
ratio of 200: 1, and more turns a correspondingly lower ratio, will cover from 
100 to 1000 amperes. Jn testing, the primary windings of the transformer 
under test and the standardized portable transformer are connected in series. 
Either ammeters or wattmeters may be used as indicating instruments, the 
latter being susceptible of giving the higher precision. 

Use of Ammeters with Standardized Transformer. — The secondary 
of the standardized transformer is connected to a standardized 5-ampere am- 
meter, and that of the transformer under test to a similar ammeter and a suit- 
able secondary load. With a sufficient current flowing to give satisfactory 
readings on the ammeters, readings are made; the ammeters are interchanged, 
and readings are repeated, to eliminate difference between the instruments. 
From the mean of the results and the ratio of the standardized. transformer, 
the ratio of the transformer under test is obtained. 


Use of Wattmeters with Standardized Translormer. — The two 
transformer secondaries are connected to the. current coils of the wattmeters 
and the potential elements are placed in multiple and supplied with a definite 
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voltage from a phase-shifting transformer. The phase shifter is adjusted at 
each point to cause the wattmeter connected to the standardized transformer 
to read a maximum. The instruments then are read as ammeters, using a 
calibration made with the same voltage applied to the potential element. By 
this means a larger deflection is obtained for low-current values, and consequently 
greater accuracy. If only transformers of moderate-current rating are tested, 
so that the current may be kept nearly in phase with the supply voltage by the 
use of series resistance, the phase-shifting transformer may be omitted and the 
wattmeter potential circuits excited from the supply voltage. 

This method requires little apparatus or care beyond that necessary for 
keeping instruments and transformers in good condition. It does not test 
phase angle, but gives a check on ratio, whose error may readily be kept within 
0.3 per cent. This includes the error of comparison, using ordinary care, and 
the error of the standard transformer. It is reasonably convenient and rapid, 
and is well adapted for use in the laboratories maintained by most companies 
supplying light and power. 

Two-dynamometer Method of Determining Phase Angle of Current 
Transformers. — Phase angle may be determined (where primary currents are 
not too great) by the use of similar types of dynamometer wattmeters whose 
current elements are connected in the primary and secondary circuits, and 
whose potential elements are supplied in multiple by a phase-shifting trans- 
former. The phase of the voltage is shifted until the primary wattmeter in- 
dicates zero, showing a quadrature relation of its current and voltage. If W` 
is the watt reading of the secondary wattmeter, E the voltage applied to its 
potential element, and J the current in its current coil 
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The sensibility of this method is very low with ordinary portable wattmeters, 
but quite satisfactory with sensitive reflecting dynamometers. It is the best 
method in use for the accurate determination of phase angle. 
Other Methods of Testing Current Transformers. — Many modifications 
of the above methods and other entirely different methods are in more or less 
satisfactory use in various laboratories. 


TESTING POTENTIAL TRANSFORMERS FOR RATIO AND 
PHASE ANGLE. — Where a large number of potential transformers are to 
be tested, the potentiometer method of testing ratio is very satisfactory. In this 
method the low-tension -voltage is balanced against a part of the drop through 
a large resistance in which current is maintained by the high:tension voltage. 
This may be combined with the two-dynamometer method of testing phase 
angle between primary and secondary voltages. -Where the number of trans- 
formers to be tested is not large, and where only a few ratios are to be tested, 
they may be compared with standardized transformers, and the phase angle 
determined by the use of the two-dynamometer method. "The ratio may also. 


be determined by the use of a voltmeter and high-resistance multiplier. ^ These 
methods are described below. l 
. Potentiometer Method of Testing Potential Transformers. — The fol- 


lowing i is a description of the apparatus and method of procedure which has 
given satisfactory results. 

Apparatus. — The general connections of such an outfit are shown in 
Fig. 10. The supply is 3-phase for the excitation of the phase-shifting trans- 
former P. One phase is connected through a voltage regulator Q to the low- 
tension side of the step-up transformer Tı, which has a sufficient number of . 
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connections to provide the range of voltages required for testing. This supply 
excites the high-tension side of the transformer Tz which is under test. n 
and fı are placed across the high-tension circuit in multiple with the high-ten- 


Fig. 10. Connections for Potentiometer Method 


sion side of the transformer under test. They consist of non-inductive resist- 
ances, containing a non-adjustable portion constituting the greater part of n, 
a middle portion re subdivided into equal steps on which a contactor C travels, 
and a third part constituting the greater part of m on which taps are brought out 
at points suited to the various voltages to be used in test. Oné side of the 
secondary winding is connected to the end of r2 and the ground G; the other is 
connected (for ratio test) through switch A, which is in the downward position, 
through a resistance and the moving element of the dynamometer Di to the 
contactor C. By suitably proportioning the resistances ri, rs and the steps of fe, 


: " i c true rati 
the outfit is made direct reading in terms of M baci of the transformer. 
marked ratio 


Precaution. — Balance can only be secured by a proper connection 
with regard to polarity of the secondary of the transformer under test to the 
primary. If the reversed connection is used, double the secondary voltage is 
applied to the circuit through contactor and dynamometer. A sufficient re- 
sistance to protect the dynamometer should therefore be inserted when trying 
out each transformer to be tested. As soon as an approximate balance is 
obtained, this resistance may be reduced to secure sensitiveness. 

Determination of Ratio. — The fixed coil of the dynamometer D: is 
excited from the low-tension terminals of the transformer under test through 
the switch B in the downward position. Other secondary load may also be 
applied to the secondary terminals. "With this load and the voltage and fre- 
quency suitably adjusted, and with the high-tension lead L connected to the 
proper tap on fı, the contactor C is moved until the dynamometer Dı indi- 
cates nearly zero. If the resistance at which the dynamometer indicates zero 
lies between two steps of the contactor, the nearest may be taken or the read- 
ings of dynamometer on both steps may be noted and the result obtained by 
interpolation. If t1 and rs are respectively the resistances from the contactor 
C to the high-tension and to the grounded lines, then 


ntn 
fa 


subject to a small error due to phase angle between primary and secondary 
voltages, which is negligible for a phase angle of 2 degrees or less, provided 


True ratio = 
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Determination of Phase Angle. — To obtain the phase angle the 
switches A and B are thrown upward. The drop of primary voltage across f» is 
thus applied to the potential element of dynamometer D», while the secondary 
voltage is applied to the potential element of dynamometer Ds, both through 
large non-inductive resistances. The current elements of the dynamometers 
are placed in series and excited from the phase-shifting transformer P. When 
the phase of the excitation is shifted so that dynamometer Ds indicates zero, 
the phase angle between primary and secondary voltages is i 


= sin"! LA ry 
i VA 
where W is the watts indicated by the dynamometer Ds, V is the voltage and 
A the current applied to its potential and current elements respectively. 


Speed of Operation. — Ratio points may be taken at the rate of one 
minute each while operating, and phase-angle points at a somewhat slower 
rate. Single-point checks can be made practically as rapidly as the trans- 
formers can be connected and the voltage, load and frequency adjusted. One 
Observer is required for ratio test, two for phase-angle test. 


Standardized Transformer Method for Determining Ratio of Potential 
Transformer. — The transformer to be tested should be placed in multiple 
with the standard transformer of the same rated ratio on the high-tension side, 
and standardized portable voltmeters should be connected to the two second- 
aries, These should be read, interchanged and read a second time to elimi- 
nate errors in calibration of the voltmeters. It is not difficult to maintain an 
&ccuracy of about o.2 per cent on ratio test by this method with carefully stand- 
ardized apparatus near the rated voltages of the transformer. More accurate 
determinations of ratio and determinations of phase angle if desired should 
be made in a thoroughly equipped laboratory, and the check results used simply 
to verify the unchanged condition of the transformer. | 

Voltmeter and Resistance Method of Determining Ratio. — Where 
two transformers of the same rated ratio and a voltmeter with suitable multi- 
Pliers are available, good checking Supply 
may be done according to the method 
shown in Fig. 11. Tı is a step-up 
transformer to furnish the voltage for 
use in test. 73 and Ts are potential 
transformers of similar ratio, Ts being 
the transformer under test. Vs; is a 
portable voltmeter. V; is a good port- 
able voltmeter or a laboratory stand- 
ard instrument. M is a multiplier of 
such resistance Rm that closing the 
iiri causes the voltmeter and T 
multiplier to read nearly the same  ,. v 
from the primary supply as the volt- Pig He PEERS anA xcd 
meter alone reads from the secondary l 
with the switch S closed. In operation the switch P is closed, and readings made 
on Vıand Vs. Then the switch P is opened and S is closed. V3 is held at the 
same reading and Vi is read. If the resistance of Vi is Ry, its first reading Ei 
and its second reading Es, 


True ratio= Ei (Rm + Ro) Snt Ra), 
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If the two readings are close together in the scale of Vi, no specially standard 
ized instrument is necessary. The reading of V2 does not enter into the re 
sult, as it is only used to hold the primary voltage at the same point for the 
two readings. The accuracy of the method depends on the accuracy of read- 
ing of the instruments: used, although the absolute values of the readings do 
not affect it. With care the error should not exceed 0.2 per cent. 


—. Mutual Inductance Method of Determining Phase Angle of Potential 
Transformer. — The phase angle may be determined by the addition to the 
ratio-testing outfit described above of a mutual inductance whose primary is 
placed in series with r1 or rz and whose secondary is in series with the circuit 
from the contactor C through the dynamometer Dı in a way similar to that 
described under current transformers. The primaries of two similar trans- 
formers may be placed in multiple, and the difference in their secondary volt- 
ages read on a low reading instrument. Where the phase angle is the same in 
both the transformers, this is an excellent method of comparison if the current 
drawn in the voltmeter is kept small by the use of a high-resistance instr: 
ment. l ED 
SPECIFICATIONS. — Heating limits, insulation test, etc., should be in 
accordance with the Standardization Rules of the A.I.E.E. (q.v.). , - 
. Ratio and phase angle under definite conditions of secondary connected 
load may, for the highest class of product, be défined substantially in accord- 
ance with Figs. 1, 2, 5 and 6. Even better accuracy than that shown in these 
figures can sometimes be secured with considerable increase in cost and amount 
of material. For less exacting service transformers of lower cost and les 
accuracy can be procured. The conditions to be fulfilled vary so much that 
definite general specifications cannot well be given. 
. For accurate work, especially with current transformers and in cases where 
much depends on the result, abridged tests covering the performance under 
operating conditions may be required in connection with each individual trans 
former. Unless very careful tests are made, however, the information from a 
curve representing the average of many determinations is apt to be more reliable 
than the results of one determination. | | 


INSTALLATION.— Instrument transformers previous to installation should 
be kept in a cool, dry place. All handling should be done in such a mannet 
as to avoid damage to the insulation, particular care being used on those 
types where the insulation is exposed.  Oil-type transformers are usually 
shipped without oil, and temporary wooden blocking is often placed in the 
tank. This blocking should be removed before installation. If the transformers 
have been stored for a considerable time, or if they have been exposed to moie 
ture, they should be thoroughly dried out before installing. (See Transformer) 
Those of the oil type should be filled with a good quality of dry oil. 

Grounding of Transformers.— Both current and potential transformers 
should be installed in a clean, dry place, preferably at the back of the switdr 
board in the case of low-voltage transformers, so that all parts, except those 
that are grounded, will clear all conducting or semi-conducting material by at 
least twice and preferably by three times the sparking distance of the normal 
line voltage. The casings and frames should be grounded. The secondary 
wiring should be grounded at such a point as will not interfere with proptt 
operation of instruments connected to the transformers. See article on Grows 

Resistance of Leads. — Secondary leads should be of low resistance end 
special attention should. be given to making all eontacts perfect in the wirin 
connected to the secondary of.current transformers. A resistance not ex 
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ing 0.2 ohm (200 feet of No. 10 wire) is usually satisfactory for the secondary 
circuit of a current transformer operating watt-hour meters or wattmeters. Con- 
siderably greater length of leads may be used where ammeters and protective 
devices only are used because of the lower accuracy required. With potential 
transformers, the error due to drop in leads is proportional to the amount of 
current passing through them, which is determined by the number and kind 
of devices operated. For ordinary circumstances the drop should be less than 
o.5 per cent; where special accuracy is desired, the lead resistance should be 
negligible, or the accuracy test of the transformer should be made with a resist- 
ance equivalent to the actual leads placed in series with the testing load. Leads 
should always be close together, enclosing as little area as possible between them. 


Fuses. — Potential transformers should be fused on the primary side. The 
fuse should be designed to protect the line from disturbance due to failure of 
the transformer, rather than to protect the transformer against secondary over- 
loads. The fuse should be of such resistance as will not cause appreciable 
errors in the ratio of transformation. 


OPERATION. — After the current transformer has been installed it should 
need no other care than being kept clean. The secondary of a current trans- 
former must never be left open-circuited. If it becomes desirable to open the 
secondary winding to insert or remove instruments, the secondary of the cur- 
rent transformer should first be carefully short-circuited. If the secondary 
has been open even momentarily while current flowed in the primary, the trans- 
former should be demagnetized; see above under Testing. Current trans- 
formers should always be considered as part of the line circuit and should never 
be handled except to change connections. Even then only the secondary leads 
should be touched. When it becomes necessary to change secondary connec- 
tions the ground connection should be inspected to assure that it is in good con- 
dition and is so made that it will not be disconnected in handling the secondary 
leads. Grounded protective cases should be used where necessary to pre- 
vent attendants from coming in accidental contact with current transformers. 

Potential transformers should receive the same care in operation as power 
transformers. No power should be drawn from them except that required for 
a suitable load of instruments and the usual switchboard devices. The same 
precautions should be used in handling as with power transformers. 


REPAIRS. — In general, replacement or repair by the. maker is to be pre- 
ferred to repairs made by the user where anything more than broken leads or 
simple external injuries are to be remedied. If repairs to core or windings are 
attempted, care should be exercised to duplicate as exactly as possible the 
original construction especially in regard to number of turns and resistance of 
windings and exact assembly of core. After repairs are completed, the trans- 
former should be carefully tested both for accuracy and for insulation strength. 


WEIGHTS, DIMENSIONS AND COSTS. — Current transformers in 
ordinary use for circuits from 110 to 110,000 volts range from 4 pounds to 1500 
pounds weight with oil, and from a maximum dimension of 6 inches to a height 
of 8 feet with a diameter of 3o inches, depending on the quality of the trans- 
former and the voltage of the circuit on which it is to operate. Potential trans- 
formers have nearly the same range of sizes. 

The cost of instrument transformers depends on the circuit voltage for which 
they are designed, and is also affected in the case of current transformers by. 
the ratio of the transformer. There is a considerable range between the prices 
Offered by various manufacturers for transformers of the same rating; the 
lower prices are, however, associated with less accuracy or with less insulation 
strength or both. 
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The approximate cost of an instrument transformer of high grade representing 
accuracies as per Figs. 1 and 2 for current transformers and Figs. 5 and 6 for 
potential transformers is as follows: 


COST OF POTENTIAL AND CURRENT TRANSFORMERS 


Voltage . Insulation 
of Circuit - Test Voltage 


Type of Transformer 


Potential 2,200 10,000 
i 3,300 16,000 
4,400 10,000 
5,500 12,500 
6,600 15,000 
11,000 25,000 
13,200 30,000 
22,000 50,000 
26,400 60,000 
"33,000 74,000 200 to 220 


50,000 112,500 PETER 
60,000 135,000 


140 to I50 


2,500 10,000 20 to 30 
15,000 50,000 35 to 45 
27,000 |. 75,000 9o 
45,000 120,000 125 

175,000 250 


Current transformers for a 2500-volt circuit with 10,000 volt jnsilbion test 
and accurate for use with a single instrument or meter, giving a ratio curve 
approximately like B in Fig. 1, cost from $14 to $18. 

BIBLIOGRAPHY. — Drysdale, C. V., The Measurement of Phase Difer- 
ences, Lon. El., 1906, Vol. 57, pp. 726 and 783; Craighead, J. R., The A pplication 
of Current Transformers to Three Phase Circuits, Trans. A.I.E.E., 1911, Vol. 30, 


p. 2167; Robinson, L. T., Precautions when Using Instrument Transformers, 


- Proc. N.E.L.A., 1910, Vol. 1, p. 948; Rosa, E. B. and Lloyd, M. G., Determina- 
tion of the Ratio of Transformation and the Phase Relations in Transformers, Bull. 
Bur. Stand., Vol. 6, p. 1; Lloyd, M. G. and Agnew, P. G., Regulation of Potential 
Transformers and Magnetizing Current, Bull. Bur. Stand., Vol. 6, p. 275; Robin- 
son, L. T., Electrical Measurements on Circuits Requiring Current and Potential 
Transformers, Trans. A.I.E.E., 1909, Vol. 27, p. 1005; Sharp, C. H. and Crawford, 
W. W., Some Recent Developments in Exact Alternating Current Measurements, 
Trans. A.I.B.E., 1910, Vol. 29, p. 1517; Drysdale, C. V., Some Measurements on 
Phase Displacements in Resistances and Transformers, Lon. El., 1906; Curtis, K. 
L., The Current Transformer, Trans. A.I.E.E., 1906, Vol. 25, p. 715; Drysdale, 
C. V., The Use of Shunis and Transformers with Alternating Current Measuring 
Instruments, Phil. Mag., 1908, Vol. 21; Wilder, E. L., Operation of the Series 
Transformer, El. Club Jour., 1904, Vol. x, p. 541; Agnew, P. G. and Fitch, T. T., 
Determination of the Constants of Instrument Transformers, Bull. Bur. Stand, 
Vol. 6, p. 281; Agnew, P. G., A Study of the Current Transformer with Particular 
Reference to Iron Loss, Bull. Bur. Stand., Vol. 7, p. 423; Maxwell, A., Measure- 
ment of Energy with Instrument Transformers, Trans. AI.E.E., 1912, Vol. 31, P. 
1545; Craighead, J. R., Potential Transformer Testing, Trans. A T.E.E., 1912, 
Vol. 31, p. 1627; Agnew, P. G. and Silsbee, F. B., The Testing of Instrument 
Transformers, Trans. A.I.E.E., 1912, Vol. 3r, p. 1635; Baker, H. S., Current 
Ratio and Phase Angle Test of Series Transformers, Elec. W., 1911, p. 236 
Toong, A. P., The Characteristics of Series Instrument Transformers, Elec. 
7^7, p. 1428. | [L. T. Rosmon] 
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TRANSIENT ELECTRIC PHENOMENA AND OSCILLATIONS. | 


— (See also Allernating Currents; Capacity and Charging Current; Electricity 
and Magnetism, Principles of; Inductance and Inductive Reactance; Transmis- 
sion Lines.) 

Establishment of a Direct Current in a Coil. — Let E be a constant 
direct electromotive force, r the resistance of the coil, L the inductance of the 
coil (assumed constant); then ¢ seconds after closing the circuit (placing the coil 
and e.m.f. in series) the current in the coil is 


i2 (i-e) (1) 


f 
where e is the base of the natural logarithms and u = T See Exponential 
Functions for values of e~. 

Time Constant of a Coil. — The time required for the exponent ut = T 
to reach the value unity, and therefore for the current to reach 63.2 per cent of 
its final value, is called the time constant of the coil, and is equal to - . The 
larger the time constant the longer the time required for the current to reach its 
steady value = . 


Decay of Current in a Coil when Coil is Short-circuited. — Using 
the same notation as above, the current in the coil ¢ seconds after short-circuit- 
ing it is 

$2 Ip eut 


where J is the current in it at the instant the short-circuit is made. 

Charging a Condenser Through a Resistance from a Source of Con- 
stant E. M.F. — Let E be a constant e.m.f., C the capacity of the condenser, 
f the resistance in series with it, and let the condenser be originally un- 
charged. Then if the conductance of the condenser and the inductance of 
the circuit are both negligible, the voltage across the condenser, the current 
in the circuit and the charge on the condenser / seconds after the circuit is 
dosed (thereby connecting the condenser, resistance and e.m.f. in series), are 
respectively 

4 = = e, (2) 
q= CE (1 EE et), 
where s -5 For values of e7 see Exponential Functions. 

Time Constant of a Condenser and Resistance in Series. — The 
time required for the exponent ui = * to reach the value unity, and therefore 
for the voltage and charge on the condenser to reach 63.2 per cent of their final 
values,is called the time constant of this circuit, and is equal to rC. The larger 
the time constant the longer the time required for the voltage across the con- 
denser to reach the value of the e.m.f. impressed on the circuit. 

Discharge of a Condenser Through a Resistance. — Using the same 
notation as above, and assuming negligible conductance in the condenser and 
negligible inductance in the circuit, the voltage across the condenser, the current 
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in the circuit and the charge on the condenser ¢ seconds after oi 


it through a resistance 7, the condenser being charged to a voltage Vo at the 


instant of short-circuit (but no current flowing), are respectively 


v= Vo e, 
i=- P cu, (3) 
q= CVo e", 
: I 
where u = —- ES 


7C 


GENERAL EQUATIONS FOR LUMPED INDUCTANCE AWD 
CAPACITY. — Let the various quantities be as designated in Fig. 1. The dif- 
ferential equations for this circuit are 


dv 
t=gv+C—, 
dt 
d (4) 
vee—ri-L = 
dt 
where 4 is the instantaneous current in the impe- . 
dance coil (equal to the total displacement and. Fig. 1. 
conduction current through the condenser), v is the 
potential drop through the condenser in the direction of the current, and e is the 
impressed voltage, constant or varying. g represents the “leakance” of the 
condenser, i.e., the power dissipated in the condenser at any instant is gv’. 
-At any given instant, say at / = o, let the impressed e.m.f. be changed from 


any previous value to a new value E sin 0, and let this impressed e.m.f. from. ' 


this instant vary sinusoidally, ie. at any instant / thereafter, let e = Esin 
(ct 4- 0), where w = 27f and f is the frequency of this e.m.f. in cycles per second. 
(The solution for a constant impressed e.m.f. E can be obtained by putting 
f =o and 0 — 7/2 in the equations below.) Let Zo and Vo be respectively the 
values of the current 4 and of the potential drop v through the condenser at 
time /— o. oand Vo may or may not be zero, depending upon the condition 
of the circuit previous to the change in the impressed e.m.f. 

Steady State Relations. — The complete solution of equations (4) shows 
that the current and voltage at any instant after impressing the e.m.f. on the 
circuit are each composed of two terms, (1) a term which dies out with time 
and (2) a term, added to the first, which represents the final or steady (alter- 
nating) state of the current and voltage respectively. The “steady state" 
solution of (4) is readily effected by the ordinary methods of alternating- 
current calculation (see Alternating Currenis), and is as follows: 


h= sin (wi + 0 — 4), 


E. (5) 
l n = z+ -e n), » 
where 
Z=- V+% ad ¢ = tant, 
| b 
R= are se iz Be (6) 
b= wC, x = wL, 


y = Vg +58 " "= tmm, 


iwi 
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Free Oscillations. — The transient terms in the complete solution of equa- 
tions (4) are as follows: 


i =" [> cos ont (2 +o) sins |, 


1 = e| pos wot (3 + es sin 21 , 


ifr g il* g 
uni (748) and q= - (7-8), 
2\L C L C (8) 


(7) 


where 


These three constants, u, q and wo are constants of the circuit, and are inde- 
pendent of the manner in which the transient oscillation is set up. The fre- 
quency of this “natural” oscillation is 

Wo I I 


Word dm ccs eu 
fo 20 2T Y LC T. 


When q? is small compared with — the natural frequency is fo= DER 
LC 2r V LC 
Due to the resistance of the coil and leakance of the condenser, these natural 
oscillations die out with time proportionally with e—“¢, or the amplitudes of 
both the transient current and the transient voltage decrease by the fraction 
€^* each second. 
The constants D and D', which determine the amplitudes of the transient 
terms (equations 7) are given by the following relations: 


D=h— 7 sin (0 — 9), 
E (9) 
D' = Vo- — sin (0 — ẹġ— n), i 
yZ 
where To is the current in the coil and Vo the voltage across the condenser at 
the instant (¿= 0) at which any change is made in the circuit conditions, i i.e., 
Switch opened or closed, or e.m.f. short circuited. 

Solution when Damping is Great. — When @? is greater than r P (LC), 
w becomes imaginary and the oscillation therefore has an imaginary frequency, 
which means that the transient terms die out without oscillating. Equations 
(7), (8) and (9) still hold in this case and will give the real solution provided that in 
equation (7) “cos” is changed to “cosh” (hyperbolic cosine), and “sin” is changed 
to “sinh” (hyperbolic sine) and for we is taken the value V/ q?— a See Hy- 
perbolic Functions for tables of “sinh” and “cosh.” The expressions for x, q, 
D and D’ remain unaltered. 

Critical Damping. — Where wo — o, that is, when g?=1+ eo equations 
(7) for the transient current and voltage become 


D'i _ 
a= [D(x -a )- ze" 
a-[2 + p: +at)] & V. 


vhere D and D' are given by equations (9). 


~ (10) 
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Complete Solution. — The complete expressions for the current and volt- 
age at any instant are in all cases 
v =n + 5, (x1) 


where 4, and * are given by equations (5) and £1 and v are given by equations (7), 
the latter changed as noted above when gQ? is greater than 1 + (LC) or reducing to 
equation (10) when g? = 1 + (LC). 

Discharge of a Condenser through an Impedance Coil. — The above 
equations may be used to obtain the solution of the special case of a condenser 
charged to a voltage Vo and short-circuited at time # = o through a coil having 
both resistance and inductance. Assume that at time £ = o the current through 
the condenser is zero. The “steady state” terms in this case are zero, and only 
the transient terms appear, viz., 


LIS 


Vo T 
= — — et sin vd, 
wL 
(12) 
9 = Voc c cout 2 sin e]. 
0 


where the values of u, g and wo are as given above, equations (8). When 
1-- (LC) is greater than g?, equations (12) apply directly; the current-time 
curve in this case is shown in Fig. 2. When 1 +(LC) is less than g? the circular 


functions become hyperbolic functions and w = g- jos the current- 


time curve is as shown in Fig. 3. When g? = 1+ (LC), equations (12) reduce to 


i V 
i= - T te—ut and v =Voe—“4(1 + qi). (13) 


i 


I 


‘ : I 
Fig. 2. a< VIČ ; Fig. 3. 1> VIC 


OSCILLATIONS IN TRANSMISSION LINES. — Oscillations similar 
in nature to those discussed above occur in a transmission line when any change 
takes place in the load connections and particularly when high voltages are sud- 
denly induced in the line by lightning discharges or when heavy currents are 
suddenly interrupted. The mathematical analysis of such cases is extremely 
involved, since account must be taken of the distributed nature of the induct- 
ance and capacity, and also of the fact that the possible periods of oscillations 
depend not only upon the line constants but also upon the constants of the ap 
paratus at the two ends of the line. See article on Transmission Lines. 


BIBLIOGRAPHY. — Steinmetz, C. P., Transient Electric Phenomena ond 
Oscillations, N. Y., 1909; Electric Discharges, Waves and Impulses, N. Y., 1911; 
Pender, H., Principles of Electrical Engineering, N. Y., 1912. 
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TRANSMISSION LINES. — (See also Capacity and Charging Current; 
Conduits and Conduit Lines, Underground; Copper; Corona, Electric; Cross Arms; 
Distribution Lines; Distribution and Transmission Systems; Inductance and In- 
ductive Reactance; Insulators for Overhead Lines; Insulator Pins; Trolley Systems, 
Overhead; Wind Pressure; Wires and Cables, Bare; Wires and Cables, Insulated; 
Wiring of Buildings.) Circuits designed for transmitting relatively large amounts 
of power from one fixed point to another are called transmission lines, while those 
for delivering small amounts at numerous points are called distribution circuits. 
The same type of construction is used for both kinds of lines when designed for 
operation at the same voltage. The formulas used in the electrical design of 
both distribution and transmission lines and in the mechanical design of wire 
spans are included in this article; see also the articles on Trolley Systems, Over- 
head, for formulas for railway distribution, and Wiring of Buildings for formulas 
for interior wiring. The construction details given in this article refer primarily 
to three-phase lines designed to operate at or above 13,200 volts; for the con- 
struction of low-voltage lines see Distribution Lines. For a discussion of the 
general features of the various types of distribution and transmission systems 
see the article on Distribution and Transmission Systems. 
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DEFINITIONS AND FUNDAMENTAL RELATIONS. — The follow- 
E definitions and relations apply to all types of transmission and distribution 
es. 
Generator End and Load End. — By the generator end of the line is meant 
the end which is connected to the source of power (either directly or through 
transformers), and by the load end is meant the end which is connected to the 


. load or substation which is supplied with power over the line. 


f Per cent Power Loss (Q). — By per cent power loss as used in this article 
is meant the percentage ratio 
total power lost in the line 


total power « delivered at load end ` 


Q = 100° 


(1) 


P ee a ———— odia 
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Hence if P is the power delivered, then the total power supplied to the line and 


load is 
TA P (E29) ty 
IOO 


Per cent Voltage Loss (D). — By per cent voltage loss as used in this article 
is meant the percentage ratio * 
, (voltage at generator end) — (voltage at load end) 
voltage at load end 


Hence calling E the voltage at the load end, the voltage at the generator end is 


ESE E uy 
100 


D =100 (3) 


The per cent voltage loss allowed under various conditions is discussed in detail 
in the article on Distribution and Transmission Systems; the allowable voltage 
loss is usually between 2 and 20 per cent, the most common figure being 10 pet 
cent. 

In the case of a direct-current line with a single load at its far end, the per cent 
power loss and the per cent voltage loss are always equal, but in the case of an 
alternating-current line the per cent voltage loss may be either greater or less 
than the per cent power loss, depending upon the constants of the line and the 
power factor of the load, or may even be negative, i.e., there may be an actual 
rise of voltage at the load end above the voltage at the generator end; see below. 

Efficiency of Transmission. — By the efficiency of transmission is meant the 
percentage ratio eee Pe ed as ees "C 

Gog » — P0Wer output of line at load end 


total power input to line at generator end 9 


'The per cent efficiency is related to the per cent power loss Q as follows: 
mE 1000 
"M | 1090+ Q 

ELECTRICAL DESIGN OF DIRECT-CURRERT LINES. —Two types 
oí problems arise: (x) given a definite line with known constants, what is the 
power loss and voltage loss for a given load, and (2) to transmit a given amount 
of power a given distance with a given allowable loss, what will be the size and 
weight of the conductor required? In the following paragraphs are given the 
necessary formulas for the several cases..  - | 


Two-wire Line; Concentrated Load at Far End. — Let 
E = volts between wires at the load end of the line, _ 
P- as kilowatts taken by load, —— 

1000 


(6) 


`- Per cent efficiency = 


1000 P 


I= = amperes taken by load, 


j = length of each line wire in feet, 
f = ohms per 1000 feet of conductor; see tables in article on Wires and 
Cables, Bare, 


R= = = total resistance of line (both conductors), in ohms. 


* In the case of an alternating-current line the difference in the numerator of this ratio 
ie the algebraic difference between r.m.s. values of the two voltages, not the vector difer- 
ence. 


De i 


Transmission Lines; D-C. Calculations 1659 


The following relations then hold: 


ilowatts lost ^ = p = — = —— = —~_, 

Total kilowatts los b ee ee B (7) 
lI IP 
Total volts lost = y= RI = 1 = -3 (8) 
500 E 

100 p rin 200 rl P 
Per cent power loss =Q= P xp ue (9) 

IOO 0 ril 200 rl P 

P l = D= -—- = — , 

er cent voltage loss E SE B (10) 
Resistance of each con-|  , _ 5000 — Qm DP (11) 
ductor per 1000 feet | lI 200/P 200 IP P 


Calculation of Size and Weight of Conductor for Concentrated 
Load. — From the value of r calculated from any one of the relations given in 
equation (11), the size of wire may be found from the tables in the article on 
Wires and Cables, Bare; the next larger size of wire (next smaller gauge number) 
should usually be chosen when the calculated resistance lies between that of two 
commercial sizes. The wire selected must also have sufficient current-carrying 
capacity; see Wires and Cables, Bare; Wires and Cables, Insulated; and Wiring 
of Buildings. For outside lines, however, the current-carrying capacity will in 
general be ample unless the allowable voltage loss is excessive. For an outside 
overhead line a wire smaller than No. 6 A.W.G. (or B. & S.) gauge is seldom used, 
chiefly on account of its lack of mechanical strength. 
Let w = weight per 1000 feet of the wire finally selected, then 
Total weight of conductor in pounds = W = = (12) 


Direct Calculation of Total Weight of Conductor (W); Two-wire 
Line. — For preliminary estimates it is sometimes convenient to calculate the 
total weight of conductor directly, without reference to a wire table. The total 
weight of conductor for a two-wire line with concentrated load at its end is given 


by the formula 
KP { iX 
W= Q (z) pounds, (13) 
where P is the power taken by the load, } the length of the line (length of each 
wire), E the voltage at the load, Q the per cent power loss ( — per cent voltage 
drop for 2-wire d-c. line) and K a constant depending upon the material of the 
conductor and the units in which P, / and E are expressed, viz., 


VALUES OF K IN FORMULA 13 


B in volts, l in B in kilovolts, 
Material feet, P in kilo- l in mites, 
watts P in kilowatts 


Copper (98 per cent conductivity)....... 380 

Aluminum (61 per cent conductivity)...| ` : 185 

Any material of specific gravity ô havingl 3940 å 
aconductivity of c per cent at 20° C. . .| c 


Nore. — The values of K given for copper and aluminum are about 5 per cent greater 
than their theoretical values to allow for stranding, higher working temperature, etc.; 
100 per cent conductivity corresponds to 1.724 microhms per centimeter cube at 20° Ç. 
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Example: Two-wire D-C. Line, Concentrated Load. — A load of 
roo kw. is to be transmitted over a two-wire line to a motor operating at 230 
volts, the motor being 1000 feet from the power-house switchboard. Fors 
10 per cent power loss or voltage drop in the line, the approximate total weight 
of copper required is, from equation (13), NE: 


I3.5 X 100 (oe 


2 
W =-= a um ) = 2550 pounds, 


From equation (rr) the resistance per 1000 feet is 
l " Io X (230)? 


= 0.0264 ohm per 1000 feet. 
200 X 1000 X 100 | 


The nearest even circular mil size is 400,000 circular mils (stranded), which has 
a resistance of 0.0270 ohm per 1000 feet at 77? F. (see Wires and Cables, Bare), 
and a weight of 1240 pounds per 1000 feet. From equation (12) the total weight 
of conductor is then 

m 1240 X IOOO 


500 


This wire, if bare, weather-proofed,-or insulated with paper or varnished cambric 
will safely carry the required current of 100,000/230 = 435 amperes, but if rubbet 
insulated and mounted indoors, a larger wire should be required, viz., 600,000 dr- 
cular mils, according to the National Electric Code (see Wires and Cables, Bare). 


Calculation of Two-wire Direct-current Line in Terms of Voltage at 
Generator End.— When the volts Eo at the generator end are given instead of 
the volts E at the load end, the calculations for a line of given total resistance 
of R ohms with a concentrated load of P kilowatts at the load end may be made 
in the same manner as above by first finding the volts E at the load by the 


formula 
Eo 4000 RP 
cee Eesti N 14) 
2 [: T V: E? 


For an efficiency of transmission of less tham 5o per cent, the sign before the 
radical should be — instead of +, but an efficiency of less than 5o per cent 
practically never occurs in power transmission. It is of interest to note that 
for an efficiency of 50 per cent P = Ex + (4000 R) which is the maximum power 
which can be delivered at the far end of the line for a given impressed voltage 
at the generator end. 

When E has been calcu- 
lated by this formula (x4), 
the formulas (7) to (13) above 
may be applied directly. 


W = 2480 pounds, 


Two-wire Line; Distrib- 
uted Load. — When a line sup- 
plies a number of loads at dif- 
ferent distances from the gener- 
ator end, the voltage loss to the 
far end of the line is the same 
as would be produced by a load, Fig. 1. 
concentrated at the “center of 
gravity" of the line and taking a current equal to the total current taken by all the loads. 
The center of gravity of the line is defined as follows: Let 11, I5,I;, etc., be the currents 
taken from the line by the various loads, Fig. 1, and let R,, Re, R, etc., be the total line 
resistances (both wires) from the generator end to the respective loads, and put 


I=h+ht+h+... m 
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Then the center of gravity is that point between which and the generator end of the line 
the total line resistance is 
Re aatan taht TRE (16) 


When the line conductor has the same cross-section throughout its length, then the 
center of gravity is at the distance, 


la Mt bh taiton (16a) 


from the generator end, where h, h, J;, etc., are the distances of the respective loads from 
the generator end. l 

The total voltage loss to the far end of the line is then í 

LE RI = rol x (17) 
500 

where the distance /, is in feet and r is the resistance of the conductor per roco feet, the 
second relation in (17) holding only when the conductor has the same cross-section through- 
out its length. 

The total kilowatts lost in the line are 


oe (Ralat + Rala? + Rolat +» . J (18) 
IO00Q 


where, referring to Fig. 1, Ra = total resistance (both wires) from o to 1, Ry = total 
resistance (both wires) from x to a, etc., and Ia —744-734- I+ . . . = the current in the 
line from o to 1, Js = I, +I, -+ . . . = the current in the line from 1 to 2, etc. When 
the cross-section of the line conductor is the same throughout its length equation (18) 
may be also written 


i= r (fatat halt + balat + oe ) (18a) 


500,000 


where the distances ki, hs, 43, etc., are as shown in Fig. 1, and are measured in feet, and 
f is the resistance of the line conductor per 1000 feet. 


Calculation of Size and Weight of Conductor for Distributed Load. — For 
& conductor of the same cross-section throughout, the required resistance per 1000 feet 
for a given voltage loss of v volts to the end of tbe line may be calculated from the formula 


pe P (19) 


where ly, expressed in feet, and J are given by formulas (16a) and (15). The size and 
weight of conductor can then be found by reference to the wire tables in the article on 
Wires and Cables, Bare. 

_ When the loads are far apart and the smaller loads are farthest from the generator, 
it is sometimes advisable to use different sizes of conductors for the various portions of 
the line. For a given voltage loss v to the end of the line, the minimum weight of conduc- 
tor is obtained when the volts lost per unit length of conductor in each section of the line 
is proportional to the square root of the current in this portion of the line. For minimum 
total weight of conductor then, referring to Fig. 1, the resistance per 1000 feet of wire 
for the section between 1 and 2, say, must be 


ME Se ee ee ee 
Vig ha Via ths Vls ths Vin +... 


where the lengths are in feet; and similarly for the other sections. The weight of wire 
for each section may then be found by reference to the wire tables in the article on Wires 
ond Cables, Bare, and the total weight W can then be computed. Vice versa, for a line 
proportioned in this manner the voltage loss to the end of the line for a given total weight 
of copper will be a minimum. 

A line proportioned in this manner, however, does not give minimum power loss for 
the total weight of conductor used. For a given total weight of conductor the total 
power loss will be a minimum when the power loss per unit length of conductor in each 
section of the line is directly proportional to the current in this section, i.e., when the 


fis 


(20) 


pr 
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voltage loss per unit length in each section is the same, which means that the weight pet 


unit length of each section must be proportional to the line current in this section. Whence . 


letting W be the total weight of the conductor in pounds, then the power loss will bea 

minimum when the section from 1 to 2, say, has a weight in pounds per 1000 feet of 
vi I Soo M (a) 

"fala + hale + halay 3 


where the lengths are in feet; ‘and similarly for the other sections. The size of wire for 
each section may be obtained from the wire tables in the article on Wires and Cables, 
‘Bare. When the sizes as found by the two formulas (20) and (21) differ considerably, 
the choice will depend upon which i is the more important, minimum power loss or minimum 
voltage loss. 


Three-wire Direct-current Line. — When a three-wire circuit is — 
balanced, i.e., when the loads between each of the two outer wires and the neu- 
tral are the same and are connected to the neutral at the same point or points, 
no current flows in the neutral wire. The formulas given above for a two-wire 
line then apply directly to the case of a balanced three-wire line, noting how- 
ever that the E (= volts between wires) in these formulas is to be taken as 
the volts between the eu/er. wires, and that the weight as calculated by the 
above formulas is the weight of the two outer wires. The neutral wire is 
usually made equal i in size to each outer wire, but when only slight unbalancing 
is expected it is sometimes made smaller. "When the neutral is made equal in 
size to the outer wire the total weight of the three conductors will be 5o per cent 
more than that given by formula (13), when E in this formula is taken equal 
to the volts between the outer wires. 

The exact calculation of the voltage loss and power loss wis the loads on the 
two sides of the system are different and are connected at different points is 
somewhat, complicated, but can always be effected by the application of Kirch- 
hoff’s Laws for an electrical network; see cid and Magnetism, Principles 


of. 


SIZE AND WEIGHT OF CONDUCTORS FOR ALTERNATING- 
CURRENT LINES. — As a rough guide in fixing upon a preliminary design, 
the following facts should be noted; complete formulas for the various calcula- 
tions required are given later. 


I. A power loss of. approximately. Io per cent of the delivered power is usually 
allowed. 

2. A line voltage of approximately 1000 volts per mile of line is common 
practice for long-distance lines not over 150 miles in length; that is, for a ro-mile 
line a line voltage of 10,000 volts would be employed; for a 100-mile line a line 
voltage of 100,000 volts would be used. The maximum line voltage at present 
(1914) employed is 150,000 volts and the maximum distance of transmission is 
240 miles. : 

3. On the basis of 1000 » volts per mile of line, unity power factor at the load, 
a IO per cent power loss, and copper at 15 cents per pound, the cost of the 
copper required for a three-phase line is $4.00 per kilowatt delivered, and for à 
single-phase or two-phase four-wire line $5.33 per kilowatt delivered. 


. Calculation of Total Weight of Conductor for A-C. Lines. — The size 
and total weight of the conductor required for any conditions * of length, power 
delivered, power factor, line voltage and power loss may be calculated as follows: 


* These formulas are based on the assumption that the charging current is negligible 
in comparison with the load current, which condition is practically realized in all but the 
longest high-voltage lines; formulas for power loss taking the onan current into ac 
count are given later. 


NU 
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Let 


E = voltage between wires at the load end of the line, 
P = total power taken by all phases of the load, 
cos $ = power factor of load, as a decimal, 
}= length of line ( = length of each line wire), 
Q = allowable total power loss in per cent of delivered power. 


Then the total weight of all conductors is given by the formula 


: PO 
W = Q^ ^ on ;) pounds» (22) 


where K is a constant depending upon the number of phases and wires, the mate- 
rial of the conductor and the units in which the various quantities are expressed, 
viz., 


VALUES OF K IN FORMULA 22 
Single-phase or | 
Material and units balanced Balanced 
4-wire 2-phase* 3-wire 3-phase 


Copper (98 per cent conductivity): 


E in volts, J in feet, P in kilowatts ... 13.5 10 

Ein kilovolts, l in miles, P in kilowatts 380 285 
Aluminum (61 per cent conductivity): 

E in volts, lin feet, P in kilovolts.... 6.5 4.9 

Ein kilovolts, lin miles, P in kilowatts 185 140 


Any material of specific gravity ô having 
a conductivity of c per cent at 


20? C.: 
i : NN I4I 6 106 ô 
E in volts, | in feet, P in kilowatts.... —— ibique 
c ts c 
A i i oð o 6 
E in kilovolts, lin miles, P in kilowatts Epis 295 l 
€ c 


Nore. — The values of K given for copper and aluminum are taken about 5 per cent 
greater than their theoretical values to allow for stranding, higher working temperatures, 
eas per cent conductivity corresponds to 1.724 microhms per centimeter cube at 
20 V. 

* For a 3-wire 2-phase system with the middle conductor having a cross-section equal 


to V2 times the cross-section of either outer wire multiply these constants by o.85, tak- 
ing for E the voltage (volts or kilovolts) between the middle wire and either outer wire. 


Calculation of Commercial Size of Conductor and Corresponding Total 
Weight. — Formula (22) takes no account of the available commercial sizes 
of wire. These sizes differ successively by approximately 25 per cent in cross- 
section. The weight can also be determined by calculating the resistance of 
the required conductor per rooo feet or per mile, and taking from the wire 
tables in the article on Wires and Cables, Bare, the nearest commercial size. 
Neglecting the charging current, the required resistance per unit length of wire 
is 


" K:0 (E cos $)* 


hms ? 
IP o (23) 


where K; is a constant depending on the number of phases and wires and the. 


units in which the other quantities are expressed, as given in the table below. 
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From the wire table the corresponding weight (w) per unit length of conductor 
having a resistance nearest to that calculated by formula (23) is obtained; the 
total weight of conductor, including all wires, is then 


W = Kowl pounds, (u) 


where Ke is a constant depending upon the number of phases and wires and the 
units in which w and / are expressed, as given in the table below. 


VALUES OF K, AND K, IN FORMULAS 23 AND 24 


Single- Balanced | Balanced 
Units 


4-wire 3-wire 
phase a-phase* | 3-phase 


E in volts, } in feet, P in kilowatts, r in 
ohms per 1000 feet and w in pounds per 
Iooo feet. 

E in kilovolts, J in miles, P in ods Pa 


K,=0.01 |K; =0,01 
Ky = 0.004 | K, = 0.003 


Kı= 10 = |K,=10 


rinohms per mile and w in pounds per 
dis zu " K= 4 K:= 3 


mile. 


* The values of K, given in this column when used in formula (23) will give the resist- 
ance per 1000 feet or per mile of either outer wire in a 3-wire 2-phase system; the middle 
wire should, for the same energy loss per pound, have a cross-section 41 per cent greater 
than either outer, but when commercial sizes (B. & S. gage) are used, either a wire one 
gage number smaller (25 per cent greater cross-section) or two gage numbers smaller 
(60 per cent greater cross-section) may be used; in the first case the corresponding value 
of K3 is 0.81 times the values given in this column and in the second case 0.90 times 
the values given in this column. 


Current per Wire; Heating of Line T — — The size of wire 
as determined from formula (23) must be ample to carry the required current 
without overheating. Heating of the line conductors is seldom a limitation in 
outside overhead lines, but for inside wiring or underground cables the temper- 
ature rise may set a limit to the size of wire which may be used. It is therefore 
always wise to determine the current which the conductor must carry, and 
make sure that the wire is sufficiently large not to overheat; see articles on 
Wires and Cables, Bare; Wires and Cables, Insulated; and Wiring of Buildings, 
for tables of current-carrying capacity under various conditions. 

"The current per line wire in amperes may be calculated from the following 
formulas, in which E is the kilovolts between wires at the load end, P the tolal 
kilowatts (all phases) delivered to the load, and cos $ the power factor of the load 
as a fraction. 


P 
Singl hase: = —————. 
ingie-pn Eoud 
Two-phase,* 4-wire, balanced: [= meee (25) 
2 E coso 
Three-phase, 3-wire, balanced: J = ee eee 
V3E cos $ 


Example: Calculation of Weight and Size of Conductor for 4 
Three-phase Line. — A load of 20,000 kilowatts is to be transmitted by means 


> Eis here the volts between the two wires of the same phase. This formula also gives 


the current in each outer of a balanced 2-phase 3-wire line, E being the kilovolts between - 


either outer and the middle wire; the current in the middle is V2 times the current in each 
outer. 


Fa for 
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W = 


285 X see 50 


2 
= 618, ds. 
IO oe) a 


From formula (23) the required resistance per mile of conductor is 
: IO X 10(60 X 0.8)? 
mo 1-2 MM AS DIT 


=0.231 ohm per mile. 
50 X 20,000 


The nearest commercial size is 250,000 circular mils (stranded), which has a 
resistance of 0.228 ohm per mile at 77? F. (see Wires and Cables, Bare), and a 
weight of 4080 Pounds per mile. From formula (24) the total weight is then 


W = 3 X 4080 X 50 = 612,000 pounds. 
The current Corresponding to the given load is, from formula (25), 
20,000 
V3 X 60X08 


Which will give a negligible temperature rise in the wire. See section on'Current- 
carrying Capacity in article on Wires and Cables, Bare. 


Calculation of Size and Weight of Conductors for a Given Per cent 
Voltage Loss. — The voltage loss in an alternating-current line depends not 
only upon the resistance of the line, but also upon the line reactance, and in the 
case of long lines upon the electrostatic capacity of the line. It is therefore 
impossible to express directly in a simple formula the size or weight of the wire 
in terms of the voltage loss. The most practical method of making such calcula- 
tions is to assume first that the per cent power loss is equal to the given per cent 
voltage loss, and calculate the size by formula (23); then using this size of wire 
calculate the per cent voltage loss by the formulas given below. If this cal- 
culated voltage loss differs appreciably from the given voltage loss, choose the 
next larger or smaller size of wire (accordingly as the calculated loss is greater 
or less than the given loss) and recalculate the voltage loss, and so on, until the 
Proper size of wire has been found. 


FACTORS WHICH AFFECT THE VOLTAGE AND POWER LOSS 
A-C. LINES. — Due to the inductance and electrostatic capacity the per 
cent voltage loss in an alternating-current line is not so easily calculated as the 
Voltage loss in a direct-current line and is in general different from the per cent 
Power loss, by an amount dependent upon the inductance and capacity of the 
line, the frequency and the power factor of the Joad. 


Determination of Line Constants. — The four fundamental line constants 
are the resistance (r) and inductance (L) of the line conductors per unit length 
and the capacity (C) and leakage conductance (G) per unit length. For all but 
the shortest transmission lines the mile is usually the most convenient unit of 
length, and this unit will be used throughout the remainder of this article unless 
tinctly stated otherwise. Tables of resistance, inductance and capacity 

th per mile and per 1000 feet are given respectively in the articles on Wires 
and Cables, Bare; I nductance and Inductive Reactance; and Ca pacity and Charging 


I= = 241 amperes, 


Wrrent. From the inductance and capacity per mile or per 1000 feet may be . 


calculated for any given frequency the reactance x (= 2mfL) and the capacity 


I 


Í- et wu. ve 
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susceptance * b (= -22fC) for the corresponding unit of length. In the last 
two articles just mentioned are given full tables of reactance and of capacity 
susceptance per mile for frequencies of 60 and 25 cycles per second; dividing the 
numerical values given in these tables by 5.28 will give the corresponding quan- 
tity per 1000 feet. For any other frequency of f cycles per second, multiply 
the numerical values given in the tables for 25 cycles by the ratio f/25; i.e, for 
40 cycles the reactance is 1.6 times the reactance for 25 cycles. 


Allowance for Skin Effect in Conductors. — For non-magnetic wires 
the increase in the conductor resistance due to the so-called skin effect is equal 
to 2 per cent when the quotient 


(cycles per sec.) + (ohms per mile of conductor) = 485. (26) 


For smaller values of this quotient the increase of resistance due to skin effect 
diminishes very rapidly; see article on Skin Effect.. The skin effect is therefore 
practically negligible at 25 cycles for all copper conductors smaller than 1,000,000 
circular mils, and at 60 cycles for all copper conductors smaller than 450,000 
circular mils. The corresponding limiting sizes for aluminum are about 30 pet 
cent larger. The skin effect is quite appreciable in copper or aluminum cables 
with a steel core; it is usual to neglect the conductivity of the steel core entirely 
in calculating the resistance of such cables. 


Apparent Resistance and Reactance in Unsymmetrical Arrangements of 
Wires. — When the three wires of a three-phase line are so arranged that they form the 
three edges of an equilateral prism the reactance of each wire is the same as for one wire 
of a two-wire line. However, when the wires are arranged all in one plane, as is frequently 
done, the unequal mutual induction sets up a reactive electromotive force in each outer 
wire which is not in quadrature with the current in this wire; see equation (20) in the 
article on Inductance and Inductive Reactance. As a result, both the apparent resistance 
and the apparent reactance of each outer wire is different from its true resistance and 
reactance. Let r = the true resistance per mile of each wire in ohms, x = the reactance 
per mile of each wire in ohms, as given in the tables in the article on Inductance on 
Inductive Reactance; and f = the frequency in cycles per second, then the apparent 
resistances and reactances per mile of the three wires, No. 2 being the middle wire, are: 


rı =r +0.00121f, n 7 f, f; =r — o 00121 f, l 


(27) 
% = X — 0.00070f, X =r, ts = % — o.ooogof. 


The changes in the apparent resistances do not indicate any change in the power disi- 
pated as heat in the wires but a transfer of energy from one wire to the other by the 
magnetic field surrounding the wires. These relations are deduced from equation (20) 
in the article on Inductance and Inductive Reactance, assuming sine-wave currents equal 
in effective value and differing in phase by exactly 120°. The assumption that the 
currents are exactly balanced cannot be strictly true, since the inequality in the apparent 
resistances and reactances of the three wires tends to unbalance the system, but the values 
just given may be taken as a fair approximation when the voltage loss in the line is not 
over ro per cent, say. When the line wires are transposed these mutual inductance 
effects are eliminated from the line as a whole, though the apparent impedances of the 
three wires in any one “exposure” of the transposition will be different; the transpos 
tions, however, keep the currents balanced. 
Similar effects take place in a two-phase three-wire line, see p. 1671. 


Leakage Conductance. — The leakage current, even at very big 
voltages, is usually negligible in power transmission lines, but for telephone 
lines, the leakage is much greater, due to the large number of small insulators 
used, and has a very appreciable effect on both the attenuation and distortion 
of the voice currents. McMeen (see article on Telephone Lines) gives the fol 

* The capacity susceptance to neutral as given in the tables (i.e., in micromhos ptf 
mile) is equal to the charging current in amperes per mile per million volts between wirt 
and neutral; the charging current for any other voltage to neutral is in proportion. 


EV 


E 
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lowing values of the leakage conductance of telephone lines, the conductance 
being from one wire to neutral, 


Very dry £ = 0.004 micromhos per mile. 
Average § = 0.08 micromhos per mile. (28) 
Very wet §=1.0 micromhos per mile. 


The leakage conductance from one wire to the other is one-half these values. 
Note that A megohms per mile equals 1/A micromhos per mile. 

When the voltage is sufficiently high on a power line to cause the formation of 
corona (see article on Corona), an appreciable leakage current passes from one 
wire to the other. Even for à sine-wave voltage this leakage current is by no 
means sinusoidal, since its instantaneous values are practically zero except 
during the peak of the voltage wave, and consequently the corona loss cannot 
be accurately represented by a constant leakage conductance. Roughly, how- 
ever, calling pe the average value of the corona loss from each wire in watts per 
mile, corresponding to the given line voltage, the leakage conductance to neutral 
in micromhos per mile duc to the corona may be taken equal to 


£c = fe, (29) 


where V is the effective (r.m.s.) kilovolts to neutral. 


Rise of Voltage at Load End of Line on Open Circuit. — In every 
alternating-current transmission line the voltage at the load end when this end 
is open is higher than at the generator end, although in short low-frequency 
lines this rise is inappreciable. In overhead lines for which the product 


(cycles per sec.) x (length of line * in miles) < 10,000, (30) 


this no-load rise as a percentage of the delivered voltage is, to a close approxima- 
tion when the resistance of the wire is less than that of a No. o B. & S. copper 


; 2 
wire, equal to (£ ) , where f is the frequency in cycles per second, and / the 


length of the line in miles. For example, in a 25-cycle line 160 miles long this 
no-load rise is 1 per cent of the delivered voltage, in a 6o-cycle line of the same 
length the ‘no-load rise in voltage is 5.8 per cent of the delivered voltage. The 
relation expressed by the above formula under the conditions stated is inde- 
pendent of the value of the delivered voltage and of the size and spacing of 
the wires, at least for all practical cases. 

his rise, which is due to the charging current taken by the line, may be looked 
Upon as present at all loads, but when the load is appreciable the voltage drop, 
due to the load current, unless leading, more than offsets this voltage rise. A 


leading current may increase the rise in voltage at the load end as the load 
comes on, 


Use of Synchronous Condensers (or Phase Modifiers) to Maintain 
Constant Voltage at Load End. — By making the line current at the load 
end of the line lead the line voltage by the proper phase angle, it is possible to 
compensate entirely for the change in the load voltage which normally takes 
Place as the load current increases. An overexcited synchronous motor con- 
nected in parallel with the load is sometimes used for this purpose, as described 
in detail in the article on Motors, Synchronous. A synchronous motor so used 
1S commonly called a synchronous condenser, since the current taken by it leads 
the voltage impressed on its terminals. A striking example of the use of syn- 

Onous motors for this Purpose is in connection with the 150,000-volt, 240-mile 


* Length of each conductor. 
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line from Big Creek, Cal., to Los Angeles, constructed in 1913. Two separate 
lines are used, the total generator output is 70,000 kilovolt-amperes, and the 
voltage at the load end is controlled by two 15,000-kilovolt-ampere overexcited 
synchronous motors. 


METHODS OF CALCULATING VOLTAGE AND POWER LOSS IN 
A-C. LINES. — The absolutely rigorous calculation of an alternating-current 
line requires that the distributed nature of the inductance and capacity be con- 
sidered, i.e., that the line be considered as made up of an infinite number of sec- 
tions such as shown in Fig. 7. However, simpler approximate methods may be 
employed for nearly all power lines such as are now used, and give results suf- 
ciently accurate for all practical purposes. The accuracy of these approximate 
methods depends primarily upon the frequency and length of the line; the less 
the value of the product of these two quantities the simpler is the method which 
may be employed. Accurate calculation of even a short a-c. line with dis- 
tributed load can be effected only by rather complicated network equations; 
see under Kirchhoff’s Laws in the article on Alternating Currents. 


Limitations of Approximate Methods of A-C. Line Calculations. — The 
approximate methods of calculating a-c. lines, in the order of their simplicity, 
may be designated as (1) the simple impedance method; (2) the single end- 
condenser method; (3) the middle condenser or “T” method and (4) the split 
condenser or “r” method; the “q” method is also called the “U” method. For 
short low-voltage lines, the simple impedance method, which neglects entirely 
the charging current, is usually sufficiently accurate. The single end-condenser 
method takes the charging current into account in a manner usually sufficiently 
accurate for all but the longest high-voltage lines. The * T " and “r” methods 
are still more accurate, but for exact calculations the rigorous method given o 
p. 1681ff should be used. In fact, it is always well to check an approximate 
solution by this exact method. 


Fundamental Assumptions on which Formulas Given Below are 
Based. — All the formulas given below are based on the assumptions of pure 
sine-wave currents and voltages and a perfectly balanced * system. By using 
the voltage to neutral instead of the voltage between wires, the formulas are 
also put in such shape that they may be applied directly to either a single-phase, 
a two-phase four-wire line or to a three-phase three-wire line, a two-phase 


four-wire line being considered as two separate single-phase lines, The funda- 


mental idea in this method of treatment is that each line wire is considered as 4 
separate circuit. The return wire shown in the various diagrams is therefore to 
be considered as having no impedance. This method of treatment of balanced 
polyphase circuits is strictly accurate (see Alternating Currents), but when the 
system is not balanced the circuit must be treated by the more general methods 
of network calculations; see section on Kirchhoffs Laws in Symbolic Notation ia 
the article on Alternating Currents. Also, when the voltage and current waves 
are not sinusoidal, each harmonic must be treated separately as described in 
the article on Alternating Currents. The calculation of a two-phase three-vire 
line is treated separately, p. 1671. 


SIMPLE IMPEDANCE METHOD.—This method is based upon the 
assumption that the electrostatic capacity of the line may be neglected entirely, 
and that the line may be considered simply as an impedance in series with the 
load, this impedance having a resistance equal to the total resistance of the line 
conductor and a reactance equal to the total inductive reactance of the line 


* The meaning of a “balanced” system is fully explained in the article on Adernating 
Currents (q.v.)- 


iiy 
Cnr 
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conductor. Fig. 2 is a diagram of the circuit, and F ig. 


2a is a complete vector 
-°= diagram of the current and voltage. 


When the wires are unsymmetrically ar- 


—* ranged transpositions are assumed. 
UH 

a ri xl 

mE om Vo V 
x a | 

un End End 

RÀ Fig. 2 Fig. 2a. 
i AH =], BC=Vsing, CE =a, 
E AC=V, — CD-dL "+ AR =V,, 
mie B=Vcos¢, DE = all, FE-VW-V 
i > Let Væ volts to neutral at load end of the line ( = volts between wires divided 
£s by 2 in case of a single-phase line, and volts between wires divided 
ie by V3 in the case of a three-phase line), 

I = amperes per wire; see formula (25) above, 
m = length of each line wire in miles, 
ne Z= 72m “equivalent” impedance of the load per mile of line, 
E Cos $ = power factor of the load at end of line, 
sing = Vz — cos? @ = the reactive factor of the load ; Sin $ is to be taken 

gt! Positive for a lagging and negative for a leading current, 
ps Vo= volts to neutral at the generator end of the line, 
zi ` f conductor resistance per mile of line in ohms; see tables in article 


on Wires and Cables, Bare, . 


* = conductor reactance per mile of line, in ohms; see tables in article 
on Inductance and Inductive Reactance, 


Z= V724 x2 = conductor impedance * per mile of line, in ohms, 
Q = per cent power loss, as a percentage of delivered power, 
= per cent voltage loss, as a percentage of delivered voltage. 


From the vector diagram it is evident that the voltage at the generator end is 


Vo= V(V cos + ri + (V sin $ + xi, : (31) 


" E . s a: . . 
À convenient way of calculating an expression of the form Va? + b? is to write it 


" 
8 lr + : ) orb À / i (2 accordingly as a is greater or less than 5; the expression 
under the radica] will then always 
Will be experienced vith decimal 


lie between the numbers 1 and 2, and no difficulty 
points. When b/a is less than 0.3, then the expression 


@ + §2 = a 4- — with an error of less than 0.1 per cent, and when a/b is less than 0.3, 
26 


then Vat + pa 


2 f 
=b + - with an error of less than o.1 per cent. The error in the ap- 
2 


Droximate expressions, diminishes very rapidly as the ratio of b/a or a/b, as the case may 
be, decreases, being only 0.02 per cent when the ratio is 0.2. 


Ed ud 
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A 


which may also be written 


Vo= V V (estt ;j* (sing + ar (32) 


where r and x are per mile of line. 
The current at the generator end is the same as at the load end. 
The per cent power loss is | 
100 rl] IOOf 
(53) 


(y coso Z coso 


and the per cent voltage loss is 


pu 0-9 c s (oso 2 (92) a] a 


The power factor at the generator end is 


cos do = (m cos $. (35) 


Relation between Impedance Drop and Voltage Loss.— The total 
impedance drop, which is z// volts, should be carefully distinguished from the 
voltage loss, which is v = Vo — V volts. The vector diagram, Fig. 2a, will make 
the difference clear. For a given impedance drop of, say, A per cent, the voltage 
at the load end of the line may be anything from A per cent less than the voltage 
at the generator end to A per cent greater than the voltage at the generator end. 
The determining factor is the difference between the power-factor angle (9) of 


the load and the power-factor angle (< = tan— z) of the line; only whene ~ġ=0 


are the voltage loss and impedance drop the same. When e— 6 is greater than 
` 9o? (which may occur for a leading current, since $ is then negative) the voltage 
at the load end will in general be higher than at the generator end although the 
impedance drop in the line may be very large. As a fair approximation, when 
the impedance drop is less than 20 per cent, that is, when 3/Z i is less than 02, 
the percentage voltage loss may be written 


D = E A = cos (e—¢), (36) 


z and Z being the impedances of the line and load respectively, and e and ¢ the 
power-factor angles of the line and load respectively. 

Example of Calculation by Simple Impedance Method. — Take the 
case of a three-phase, 6o-cycle line 5o miles long, the wires being No. 0000 A.W.G. 


(or B. & S.) stranded copper spaced symmetrically with 6 feet between centers, - 


and let the load be 15,000 kilowatts at 60,000 volts between wires and at a power 
factor of 80 per cent with lagging current. The voltage to neutral is then 
60,000 + V3 = 34,600 and the current per wire 15,000 + ( V3 X 60 X 0.8) = 180 
amperes. ‘The resistance of each wire per mile is o. 269 ohm at 77? F., and the 
reactance 0.728 ohm. The equivalent impedance of the load per mile of line 


is Z = 34,600 + (50X 180) = 3.84. Cos$ — o.8 and sing= Vias - o8 = 0.6, 
Whence 
100 X 0.269 


Per cent power loss = Q = s 84X 0.8 = 8.76 per cent, 
2 
Per cent voltage loss =D = 100 iv o.8 Qm 2] +(06 m 4| = 17.570 
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100 + 8.76 


Power factor at generator end = cos = ( 
TOOT TS 


) X 0.80 = 74.1 per cent, 
160 Vode osa 
SS ae = 20.2 per cent. 

3. 

Graphical Determination of Voltage Loss; Mershon’s Chart (Fig. 3). — 
The voltage loss may also be determined by means of the chart shown in Fig. 3, 
which was devised by R. D. Mershon. This chart is nothing more than a 
means of solving equation (32) graphically. To use the chart calculate 
Ioo// 


Per cent impedance drop = 


the per cent resistance drop = r : (37) 


(38) 


and from the point on the curve marked “o” where this curve cuts the vertical 
ine corresponding to the load power factor lay off horizontally the per cent 
resistance drop, and from the end of this horizontal line lay off vertically upward 
the per cent reactance drop; the per cent voltage loss is then given by the num- 
ber on the circle through the end of this vertical linc. 

ing the same example as given in the preceding section, (100 I7) + V = 
(100 X 50x 180) + 34,600 = 26.0, whence the per cent resistance drop is 0.269 X 
26.0 = 7.0 per cent and the per cent reactance drop is 0.728 X 26.0 = 18.9 and 
therefore from the chart the per cent voltage loss is 17.6 per cent. 


10077 
the per cent reactance drop = x E ^ 


Calculations in Terms of Voltage at Generator End. — When the volts to neutral 
Vo at the generator end are given instead of the volts to neutral V at the load end, the 
calculations for a line of total resistance of R ohms per wire, and total reactance of X 


2 
ded PIE EE m 
41 cos? $ 
OV Ab cost” 


where A= Vy: tooo P (R cos + X sin 4$) 
i : 2 Ve cos ġ 

The plus or minus sign in the formula for V arists from the fact that for a given amount 
of delivered power and given voltage at the generator end two different voltages at the 
load end are possible; for an inductive load the voltage corresponding to the minus sign 
will in general be less than so per cent of the voltage at the generator end, and the “minus 
sign” solution is therefore usually of no practical importance. The maximum power 
Which can be delivered at the load end for a given voltage at the generator end is 


| 2000 (V R? + X? + R cos$ + X sing) 
Voltage and Power Loss in Two-phase Three-wire Line. — Take the usual 
Case of the three wires in the same plane, with the common wire midway between the 
two outers. Lety be the resistance per mile of each outer, and r; the resistance per mile 
of the common wire, taken from the tables in the article on Wires and Cables, Bare, and 
* and x the corresponding reactances per mile taken from the tables in the article on 
nductance and Inductive Reactance, for a spacing equal to the distance between the middle 
Wire and each outer. Let E be the voltage between each outer and the middle wire, I 
€ amperes in each outer, cos ¢ the power factor of the load, and / the length of the line. 
Assuming a balanced load, then the voltage between the two outers is V2 E and the 
Current in the middle wire is V2 I » and the total power delivered to the load is (2 EI cos 
$)+ 1000 kilowatts. The per cent power loss is then 
Q= I9" tr) iH 
E cos $ 
i Calling P, the total kilowatts delivered to the load, then P = P;/2 for a single- 
Ne line, P = P,/3 for a three-phase line and P = P,/4 for a two-phase four-wire line, 


(40) 
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Fig. 3. Mershon’s Chart for Calculating Drop in A-C. Line 


Digitized by Google 


us Transmission Lines; A-C. Calculations 1673 


The equivalent resistances and reactances of the line for the two phases, 
currents in the two outer wires to 
by exactly 90°, are 


Ri = (r +n —2, + 0.0014 /) 1, Xy = (x +4, 4- 0)1, 
Ry = (r +r H- 3, — 0.0014) |, X» = (x +x, —)l, 


where f is the frequency in cycles per second. 
term 0.0014 f in the expressions for R, and R, g 


o out, the other terms in the R’s and X’s 


Temaining unaltered. The voltages at the generator end for the two phases are then 


M at the generator end for the two 
» 2 AM \2 
Be EA (emo + BEY (ano SE 
E 9 2 d 2 
An Pam EV [eco t L) Gn x) 
E Of course, if the voltages E, and FE, are maintain 


usually the case, the assumptions of equal currents ; 


ances of the two phases renders the two-phase three-w 
es In which the voltage loss i 


unbalancing therefore small. 


across the line at the load end the capacity of this condenser being taken equal 
~~ to the tota] capacity of the line. This method gives too low a voltage at the 
7 generator end by approximately the same amount that the straight impedance 


ZEON 


2 Fig. 4. 


Fig. 4a. 

: AH = I, AB = V cos op 
1 AC =F, BC = V sin ġ, 
AG = I cos ¢, CD = fil, 

E GH = I sin $, DE = zil, 
HJ = WV X 10-4, CE = al, 
» JK = glV X 104, AE = Vo, 
HE = yiV X 10%, FE =», 
AK = 1, = 1, 
method gives it too high, and also gives the power loss too low by approxi- 
^| mately the 


same amount that the straight impedance method gives it too high. 

Y averaging the losses obtained by the two methods a close approximation to 
^ their true values is obtained. ` 

E ig. diagram of the circuit and Fig. 4a is a complete vector diagram of 

the Voltage and Current; voltages are shown by full lines and currents by dotted 

€s. The diagrams and formulas are for the general case of a line with leakage, 

but for nearly all practical cases the leakage may be neglected. 


assuming the 
be exactly equal in effective value and to differ in phase 


When the wires are transposed only the 


a 
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The effect of the electrostatic capacity of the line is to change both the 
numerical value and the phase angle of the line current. Or, the condenser and 
the load may be looked upon as forming together an equivalent load taking a 
current J; at a power factor cos ġı differing from the actual current and power 
factor of the load. Let | | 


V = volts to neutral at the load end of the line, 
I = actual amperes per wire at the load end, 
cos @ = actual power factor at the load end, 
sing = Vri-— cos! $ = actual reactive factor at the load end, 
l= length of each line wire in miles, 
b = capacity susceptance to neutral per mile of line, in micromhos, see 
tables in the article on Capacity and Charging Current, 
g= leakage conductance to neutral per mile of line in micromhos, usu- 
ally taken equal to zero in power lines, as explained above, 
.y = Vg2+ D$ = dielectric admittance to neutral per mile of conductor, 
in micromhos. Note that for no leakage y = b. 


The total leakage current, total charging current and total exciting current of 
the line are then respectively M 
Ig 2 glVX Io 4, Io;—-UVx IO $, Ij VIP I. (42) 


The total line current, i.e., the resultant of the actual load current and the excit- 


ing current, is E 
2 2 
nor (oso) + (ino - 5. (43) 


On the assumptions of this method of calculation J; is also the current at the 


generator end. : ; 
The power factor of the equivalent load formed by the actual load and the 
condenser is then 


weg e EN (u) 
i h 
and the reactance factor of this equivalent load is 
sin oi = ELLE aue . (45) 


lh 


The formulas given above for the straight impedance method are then directly 
applicable, using for Z, cos $ and sin $ in those formulas the values of J1, cos 
and sin $i just calculated; i.e., the straight impedance method is to be applied 
not to the actual load but to the equivalent load formed by the actual load and 
a condenser having an admittance equal to the total admittance of the line. 


Example of Calculation by Single End-Condenser Method. — Three- 
phase line, 50 miles long, No. oooo A.W.G. stranded copper, 6 feet between œt- 
ters, frequency 60 cycles, load 15,000 kilowatts, 60,000 volts between wires at 
load end, 80 per cent power factor at load. This is the same example as 
above for the straight impedance method. Then V = 34,600, I = 180, cos $ - 05 
sin $ = 0.6, l= 50, b= 6.03, g= o, r= 0.269, x = 0.728. Then, 


` Charging current = J, = 6.03 X 50 X 34,600 X 1075 = 10.4 amperes, 
2 
` Resultant current = J; = 180 Ve» + (os — E ) = 174 amperes, 


180 X 0.8 
174 


: Power factor of equivalent load = coso: =. 0.828. | 
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180 X 0.6 — 10.4 


Reactive factor of equivalent load = sing; = T = O.561, 
f ,6 
Impedance of equivalent load per mile of line = Zi = ECCLE 3.98, 
5o X 174 


“100 X 0.269 
Per cent power loss = Q = ——— ——  —— = 8.16 per cent, 
P Ue Ex oS vs 


Per cent voltage loss 2 D i 


. 0.269 Y? 0.728 M l 
= 100 0828+ —— J +| 0.561 +=- ] —1 | = 16.30 per cent, 
3-98 3.99 


100 + 8.16 i 
Power factor at generator end = cosġo= | —-——.- | X 0.822 = 76.4 per cent. 
100 + 16.3 


The per cent power loss and voltage loss obtained by the straight impedance 
method neglecting the line capacity are respectively 8.76 and 17.6 per cent. As 
noted above the single end-condenser method gives these losses too low (for 
inductive loads) by approximately the same amount that the straight imped- 
ance method gives them too high, whence closer approximations to the true 
losses are: per cent power loss = (8.16 + 8.76) + 2 = 8.46 and per cent voltage 
loss = (16.3 + 17.6) + 2 = 17.0. 


Calculation of Effect of Synchronous Condenser. — Formulas (43) to 
(45) apply directly to the calculation of the effect of a synchronous condenser 
at the end of the line taking a current having an in-phase or energy component 
equal to 7, and a quadrature leading component equal to Ze. Fig. 4a then repre- 
sents the vector relations of the currents and voltages, the vector JK being the 
in-phase component of the current taken by the synchronous condenser and HJ 
the quadrature component. 


tort hat Krl xl 


MIDDLE-CONDENSER OR 
"T" METHOD. — This method 
assumes that the line may be con- 
sidered equivalent to the circuit 
shown in Fig. 5, which represents 
àsingle condenser, having a ca- 


pacity and leakage conductance Generator Load 
equal respectively to the total End End 
capacity and leakage conductance Fig. 5. 


of the line, shunted across the 
line at its middle point, the resistance and inductance on each side of this condenser 
being equal respectively to half the total conductor resistance and inductance. 

An inspection of Fig. 5 will show that the half of the line nearest the load is represented 

by a straight impedance in series with the load. Hence the voltage, current and power 
factor at the middle point of the line may be figured by the straight impedance method 
given above. Then, considering the voltage, current and power factor thus calculated 
as forming a load at the middle point of the line, the second half of the line may be cal- 
culated by the single end-condenser method just described. 
_ By assigning proper values (which are somewhat complicated functions of.the actual 
line constants and the frequency) to the constants of the “T” circuit shown in Fig. 5, 
this circuit may be made exactly equivalent, as far as the relations between the voltage, 
current and power at the two ends are concerned, fo a line of any length and for any fre- 
quency; the “corrected” constants are entirely independent of the voltage, current and 
power taken by the load; see p. 1633. 


Solution of the “ T” Circuit in Symbolic Notation. — The solution of the circuit 


shown in Fig. 5 is also given below in terms of complex quantities (see under Symbolic 


Notation in the article on Alternating Currents). Let 


æ æ bn 
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V = numerical value of volts to neutral at the load end of the line, 

I = amperes per wire at the load end of the line, taken as the vector of reference, 

cos $ = power factor at the load end of the line, 

V = V cosó -F jV sin 9 = volts to neutral at the load end of the line, referred to 
T the current at the load end, 

z = f + jx = conductor impedance in ohms per mile of wire, r being the resistance 
° per mile and x the reactance per mile, 

y = g + jb = dielectric admittance, one wire to neutral, in micromhos per mile of 
À line, where g is the leakage conductance per mile and b the capacity suscept- 

ance per mile, 
] = length of each wire in miles. 


Put 
M = 10 6 y = [(gr — bx) +j (br + gx)] 108P. (46) 
Then the current at the generator end, in symbolic notation, is 
I, = (1 +%M)I +10 ylV, (47) 
and the volts to neutral at the generator end, in symbolic notation, are 
Vo = (1 TAM) T My. | (Q9 


Calling Ij and Ij" the real and “j” components respectively of the current J), and Vj 
and V" the real and “j” components of the voltage Vo then the numerical values of the 


current and voltage at the generator end are 
Ig = VG)? + P, ad Vo = VET QV, (49) 


and the power input per wire at the generator end is 
Po = Vo Th + Vo" Ig’. (50) 


In applying this last formula particular attention must be paid to the signs of the quan- 
tities involved, e.g., if Vo = 1000 + j 300 and I, = 100 — j 20, then Vd = 1000, Vy" = 
300, Ij = 100 and Ij" = — 20, and P, = 1000 X 100 — 300 X 20. The power factor 
at the generator end is 


P, 
gn 702 


SPLIT-CONDENSER OR “T” OR “U” METHOD. — This method assumes 
that the line may be considered equivalent to the circuit shown in Fig. 6, which represents 
a single impedance in series with the 
load, the resistance and inductance 
of this impedance being equal re- 
spectively to the total conductor 
resistance and inductance of the 
line, and a condenser shunted across 
the line at each end, each con- 
denser having a capacity and leak- 
age conductance equal respectively 
to half the total capacity and half 
the total leakage conductance of the Fig. 6. 
line. 

An inspection of Fig. 6 will show that the calculation of the line up to the point 4 st 
which the condenser at the generator end is connected is exactly the same as for the 
single end-condenser method described above, except that the capacity and leakage of 
the end condenser are taken respectively as half the total capacity and half the total 
leakage of the line. The voltage at the point A is the same as the voltage at the generator 
end, but to find the current J) at the generator end the exciting current J,’ of the condenser 
shunted across the line at the generator end must be added (vectorially) to the current 
I, at A. Using the same notation as in the section above on the single end 
method, the total generator current is then 


2 Id 2 . L/\2 
ne ET n ET 


where , 
45 =¥slVyX10% and Z’ =16d1V, X 10% 
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As in the case of the “T” circuit, a “x” circuit, such as shown in Fig. 6, may be given 
such "corrected" constants as will make it exactly equivalent for any one frequency, as 
far as the terminal conditions are concerned, to a line of any length whatever no matter 
how high this frequency may be; see p. 1683. 

Solution of the “aw” Circuit in Symbolic Notation. — Using the same notation 
as in the section above on the Solution of the “T” Circuit in Symbolic N olalion, and cal- 
culating the quantity M bv the same formula, viz., equation (46), the current and voltage 


at the generator end in symbolic notation are respectively 


Ij = (1 E $6 M)I t 1051 (1 +34 M) V, (52) 
Vo = (1 + 35M) V + ail. (53) 


The numerical values of these quantities, the power and the power factor are then to be 
calculated in the same manner as for the “T” circuit, viz., by formulas (49) to (51). 


EXACT CALCULATION OF A-C. LINES OF ANY LENGTH AND 
FREQUENCY.* — The charging current (and also the leakage current) for any 
element of a transmission 
line passes through only 
that portion of the line 
conductor between the 
given element and the 
generator end. The ex- 
act determination of the 
line current, voltage and 
power at any point there- 
fore requires that this 
fact be taken into ac- 
count; in other words 
the capacity and leak- 
age of the line are dis- 
tributed and not lumped 
as assumed in the above 
methods of calculation. 
In Fig. 7 are shown three 
Successive elements of 
one wire of a line, a re- 
turn or neutral of zero 


epi being also Fig. 7a. 

own to complete the in Wk. — Acal 
circuit. This method of ae E m MES = 5 "at^ 
treating separately each MK =A f HN. = I di 
wire of a line is fully MH aH i,K, = YV 
explained above, p. 1668. e AE 


In order to make clear the physical meaning of the various terms employed, 
the general solution is first given in terms of instantaneous values. Following 
this are given the working formulas (x) in terms of exponentials, viz., € and e—*, 
(2) in terms of real hyperbolic functions, and (3) in terms of hyperbolic func- 
tions of complex angles. 


General Equations of Transmission Line. — Let / = the distance in miles of any 
Point along a transmission line, measured from any arbitrarily chosen point (say from 
the load end); let ¢ = the instantaneous current in amperes in the conductor at this 
Point, taken positive in the direction opposite to that in which / is measured (i.e., positive 
when /eward the load end); let » = the potential drop in volts between this point and the 
neutral; and let r = the conductor resistance in ohms per mile, L = the inductance of 
the conductor in henries per mile, C — the capacity to neutral in microfarads per mile 


* This section is abstracted from the lecture notes of Dr. H. Pender. 
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and g = the leakage conductance to neutral in micromhos per mile. The following 
relations then hold at any point along the line, / being time in seconds measured from any 
erbitrarily chosen instant: 


do 2 di . 
pat AERE HLZ, 
^d A di G0 
di dv 
Cam tc. 
108 go+ l (55) 


If the circuit is composed of two or more sections of different constants (e.g., an overhead 
section and an underground section, or a circuit formed by a step-up transformer, trans- 
mission line and a step-down transformer) then a similar set of equations holds for each 
section of the circuit, the constants r, L, g, and C being in general different for the sev- 
eral sections. 

The complete solution of any two equations of the form given by (54) and (55) consists 
of an infinite series of terms for both v and i, corresponding terms in the two series having 
the following values: 


i = Vz e 07 P (A sin (ot +l 4-0) + Be sin (ot — Bl + 2], (s6) 


M 
= us — (u— st [4e sin (wt + Bl + 6, —y) — Be— al sin (wt — Bl +6 -)] (s) 


Physical Interpretation and Names Given to the Various Constants. — The 
constant w in equations (56) and (57) is equal to 2 zf, where f is the frequency of the 
oscillation represented by these equations. In the most general case any change in the 
circuit conditions, such as closing or opening a switch, or a lightning stroke in the vicinity 
of the circuit, may set up an infinite number of oscillations of different frequencies, their 
frequency being determined by the initial conditions at the instant the change is made. 
'The current and voltage set up by each oscillation is represented by a set of terms of the 
form given by (56) and (57), and the resultant current and voltage will be respectively 
the sum of all the current terms and the sum of all the voltage terms. The oscillation of 
any given frequency, however, may be considered separately, as it is uninfluenced by the 
presence of the other oscillations. Moreover, in the case of a composite circuit, consisting 
say of a step-up transformer, transmission line and step-down transformer, if an oscilla- 
tion of frequency f is set up in one part of the circuit it will also appear in all other sections 
of the circuit, though it may be greatly damped in these sections and therefore produce 
no appreciable effect. 

Attenuation Constant (a), Wave Length Constant (8), Wave Length 0) 
and Velocity of Propagation (U). — Referring to equations (56) and (57) each oscilla- 
tion sets up in each section of the circuit two waves, each of which has a wave length 
A= 3 ; the constant 8 is therefore called the “wave length constant;” it isa function 
of the frequency and of the constants r, L, g and C of the circuit. The two waves travel 

& [6] 
along the line in opposite directions each with a velocity U = 8 ; in a composite cir- 


cuit this velocity U is in general different for each section of the circuit. One wave may be 
looked upon as the "incident" and the other as the “reflected " wave. The amplitude 


of each wave diminishes by the factor e% as the wave travels unit distance; the factor 7 
is called the “attenuation factor" and the constant a is called the “attenuation constant." 
The attenuation constant is a function of the frequency and the constants r, L, g ani l 
of the circuit; see p. 1680. 

Surge Admittance (Y) and its Power-factor Angle (¥).— The constant 
Y, which is equal to the quotient of the amplitude (or r.m.s. value) of the incident current 
wave by the incident voltage wave, is called the “surge admittance” and its reciprocal 
is called the “surge impedance"; it is a function of the frequency and the constants f, 
L,gandC of the circuit; see p. 1680. The constant y, which is equal to the angle by which 
the incident current wave leads the incident voltage wave, is called the "power-factor 
angle of the surge admittance”; it is a function of the frequency and the constants f, 
L, g and C; see p. 1680. 

Amplitude Constants (A and B) and Phase-Angle Constants (6, and &J. — 
The constants are equal to the amplitudes of the incident and reflected current waves 
at the point from which the distance / is measured, and the constants 6, and 6s give the 


T 
EX 
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phase of these two waves at this point (1 = o) at the instant from which time is measured 
(| 20). Note that the incident current wave at / = o leads the reflected current wave 
by the angle 8 = 0 — 6. The determination of these constants for steady state condi- 
tions is given on p. 1681. 


Natural Damping Constant («), Energy Transfer Constant (s) and Com- 


posite Damping Constant (u — s). — In the general case of a natural oscillation in 
a composite circuit the amplitude of each wave diminishes in unit time by the factor 
e this factor is called the “composite damping factor," and the constant (u — s) 
is called the "composite damping constant." ‘The composite damping constant, like 
the frequency f, is the same for all sections of a composite circuit. In the case of a line 
of uniform constants throughout, not connected to any terminal apparatus, it can readily 
be shown that 5 — o, in which case the amplitude of the oscillations diminishes in unit 


time by the factor e“; this factor is therefore called the “natural damping factor” and 
the constant #, which for a section having the constants r, L, g and C per unit length, 


is equal to 
_ f/f £ 8 


is called the “natural damping constant.” Any section of a composite circuit for which the 
actual damping eU is less than the natural damping e" must receive energy from some 
other section; consequently a positive value of s for a given section means that energy 
is transferred into this section from some other section of the circuit. Similarly, a nega- 
tive value of s for a given section means that energy is transferred from this section ta 
Some other section. The constant s may therefore be called the “energy transfer con- 
stant.” Since the voltage and current in the circuit cannot increase indefinitely the 
energy transfer constant s can never have a positive value greater than s. 

Since the composite damping constant (u — s) is the same for all sections of a circuit, 
it follows that the transfer of energy from onc section to another by oscillations in a com- 
posite circuit will always be into the section in which u is the larger from the section in 
which # is the smaller. Neglecting the leakage conductance g, this means that energy will 

f f. 
be transferred into section 1 from section 2, when È is greater than L » that is, energy 


LJ *. L 
is transferred from the section of the larger “time constant" ^n to that of the smaller 
2 


"time constant" & . When the resistances are small, this means that in the limiting 


case all the energy (= 14 L,1*) of the magnetic field of the second section may go into 
electrostatic energy {= 15 C, V2) in the first section, producing therefore a very high volt- 
age at the junction point when the inductance L4 of the second section is large compared 
with the capacity C; of the first section. This accounts for the very high voltages some- 
times set up during switching operations at the junction point of an overhead line with 
an underground line, or in a transformer connected to a long overhead line. 

“Steady State " Conditions in a Transmission Line. — From the above discussion 
it is evident that when a sufficient time (usually a small fraction of a second) has elapsed 
after any change in the circuit conditions, the only terms left in the general equations 
of a transmission line for a given impressed sine-wave voltage of frequency f are those 
for which s = v, viz.,* 


Pay [a sin (ot +l) + Be" 9 sin (ot — at —0)], l (59) 
se YA [Ae sin (ot + Biy e sin (ut e0], (60) 


The effective value of the current at any point is then equal to the sum of two vectors 


having the lengths Ac’ and Be 95 the former leading the latter by the angle (2 8/ + 8), 
and the effective value of the voltage is equal to the ditference of these same two vectors 
divided by Y. The phase angle between the voltage and current is equal to the phase 
angle between the sum and difference of the A and B vectors less the angle y. 


*F or steady state conditions time may be counted from any arbitrarily chosen interval, 
Le., ĝi in equations (56) and (57) may be put equal to zero, and for convenience — 0 may 
be used for 6g. 


— o — 09 
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Notation for Steady State Coriditions. — These relations are clearly 
shown in the vector diagram, Fig. 7a, which is a complete vector diagram of a 
transmission line with distributed capacity and leakage. The four constants 
-a,B, Y and y are constants of the line, independent of the load, and are ex 
pressed in terms of the ordinary line constants as follows: Let 


f = frequency in cycles per second, 

f = conductor resistance per mile, i in ohms; see tables in article on Wire 
and Cables, Bare, 

% = 27fL = conductor reactance per mile, in ohms, corresponding to the 
impressed frequency f; see tables in article on Inductance and In- 
ductive Reactance, 

g= Vr? + x? = conductor impedance per mile, in ohms, 

g = leakage conductance to neutral per mile of line, in micromhos; see 
above, p. 1667. For power lines g is usually taken equal to zero, 

b= 2 mfC = capacity susceptance to neutral per mile of line, in micro 
mhos, corresponding to the impressed frequency f; see tables in 
article on Capacity and Charging Current, 

y= Vg?+ b? = dielectric admittance per mile, in micromhos; when 

g= o, then y= b, 


1 / —b 
a= 10? BE = the attenuation constant; for r and g small 
-—53 
compared with x and b this reduces to —— ( vs +g "B 


bx — 
B= 107? Vee = the wave length constant; for r and g small 


respectively compared with x and b this reduces to 2 xf X 107% V. LC, 
2Tf 


180,000. 


which for an overhead line equals approximately 
Y 2107? vi = surge admittance; for r and g small respectively compared 


with x and b, this reduces to 107? "d The reciprocal of the 


surge admittance is called the “ surge impedance," 
y2— bx — rg 
—1 EE LANE Eos 
vn pue yz- bx t rg 

taken positive for gx <br and negative for gx» br. For r and f 


= the power-factor angle of the surge admittance, 


small compared with x and b, then y = 28.7 — s) degrees, 


U = ali = velocity of propagation in miles per second; for a frequency / 
sufficiently high to make r negligible compared with x, and g negligible 
IO 
— 1 d line 
VIC! which for an overhea | 
with wires far apart is equal to the velocity of light in air, Vi 
180,000 miles per second, approximately, 
U 
A= - m = wave length of each wave in miles; for a frequency f suf- 


ciently high to make r negligible compared with x, and g negligible 


compared with 5, this reduces to 


X Tee oe FS 
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ro? 


compared with 5, this reduces to IVIC , which for an overhead line 


2 i 1800000 . , 
is equal approximately to s im miles. 


In the vector diagram and in the formulas given below, let 

‘= length of the line in miles, i 

I = effective (r.m.s.) value of the amperes per wire at the load end, 

V = effective (r.m.s.) value of the volts to neutral at the load end, 

$ = the power-factor angle at the load end, i.e., cos œ is the power factor 
at the load end. $ is taken positive for a lagging and negative for 
a leading current, 

Io Vo, ġo = corresponding quantities at the generator end. 

Solution by Vector Diagram (Fig. 7a). — Having calculated the con- 
stants a, B, V and y, and knowing the current 7, voltage V and power-factor 
angle $ of the load, 

Lay off MN = I as the base line, and bisect it at G, 

At the angle (6 + V) ahead of MN lay off the line UK equal in length to 

Y V, so that it is also bisected by G, 

Then measure off MK = A and MH = B, 

Lay off at the angle 57.3 Bl degrees ahead of A the line MK; equal in 

lengtht to Ae 

Lay off at the angle 57.3 Bl degrees behind B the line MZIc equal in length 

to Be~ 2, 

Then the line MV; = 2 MGois equal to the current at the generator end, 

The line HK, divided by Y is equal to the voltage at the generator end, 

The angle between GoVo and GoKo less the angle y is the power-factor 

angle at the generator end. 

Note that the voltage at the load end if drawn in the diagram would be at 
the angle y behind the vector GK, and at the generator end would be at the 
angle y, behind GoKo. 

Algebraic Solution for Steady-state Conditions. —The vector dia- 


gram may be solved algebraically as follows: Calculate first the constants A, 
B and 0 from the formulas: 


Az, Vi?+ (YV)?+ 2 YVI cos (6 4- V), (61) 

B4, vn--(YV?*—2YVI cos (6 4- V), (62) 
_, [2YVIsin($- V) 

0 = tan (Sar : (63) 


Note that sin 0 has the same algebraic sign as the numerator of this fraction 
and cos 0 has the same algebraic sign as the denominator of this fraction; this 
the quadrant in which @ lies. 

fut 


Ao» Ae, and By Be. (64) 


K The above formulas for s, y, a, B, Y, y, U and à also hold for the transient or free 
oscillations in a single circuit, and also for each section of a composite circuit, provided 
In these formulas r; = r (s — s) L is substituted for r and g, = g + (u — s) C is substi- 
tuted for g. 

T See the table in the article on Exponential Functions for values of e” and «^*, where 
* 1s any number. 


d 
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The current, voltage and power-factor angle at the generafor ed are, then; 
expressing all angles in degrees, 


I= VAê+ Bo + 2 AB cos (114.6 Bil + 0), (65) 
[^ - x V Ad -- Bé — 2 AB cos (114.6 Bl 4- 6), (66) 
| 2 AB sin (114. AR D 

dem tani a EEO] y 6n 


Note that the quadrant in which (gad: V) lies is determined by the algebraic 
signs of the numerator and denominator of the fraction in the brackets, just as 
in the case of the angle 6. 


Solution of Steady State Conditions in Terms of Hyperbolic Functions.* — 
The above expressions for the current, voltage and power factor at the generator may 
also be put in the form, 


cosh EO Ey) oos (114.6. 66i +8) | ie 
In = (68) 
' cosh y + cosó 


Mm (2al +y) — cos (114. 661+ 0) | (69) 
cosh y — cos@ - 
2 sin (114.6 Bl + 0) 
| vem fn burns sinh (2 ai +) p E n «9 
where 0 and y are given by the forciilas 
y = tanh-t | o) YVI cos (9 + ] : (r1) 
I?4-(YV) 
@= tan-1 [iein . (72) 
—(YV)? 


The other quantities are as above defined. Note that 0 is the same angle as given by 
equation (63) and the quadrant in which it lies is to be determined as described in the 
note under (63). Also note that the constant. y given by (71) may be expresicd { in terms 
of A and B, given by (61) and (64), by means of the formula l 


A 1 
= loge (4) = 2.302 logio (5) ; | (73) 


Formulas for Open Circuit and Short Circuit at Load End. — When the 
line is open at the load end, J = o, whence from equations (61) to (63), A = 43 YV, 
B = Va YV, and @ = 180° (since the denominator of the fraction is negative). When the 
line is short-circuited at the load end, V =o,andA = l4 I, B = WI, and 0 = 0° (since 
the denominator of the fraction is positive). The current, voltage and power-factor 
angle at any point along the line may then be found in either case by substituting these 
values in equations (65) to (67) which reduce to the simple hyperbolic forms: 


On open circuit | . . On short circuit 


= YV Vsinh? (al)+ sin? (57.381) Ib = + sinh? (al) — sin? (57.361) 


Vo = V Vi-+sinh? (al) — sin? (57.361) | V ET Veiis (al) + sin? (57.380) 


^ sin (114.680) sin (114. sa 
—— —1| ——————— — EN picis tin A pido 
oo on | sinh (2 al) 4 y Gy tan sinh (2 al) 


* Tables of hyperbolic functions are given in the article on Hyperbolic Functions. 
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Solution of Steady-state Equations in Complex Hyperbolic Functions.* — 
Expressing all quantities other than the length / in symbolic notation (see Alternating 
Currents), the equations of the transmission line for steady state conditions only, may 
be written 

j on (lV yz+ B) (24) 
7 * sinh BO 


cosh (ly yz + B) 
Va -V———À——-, (75) 
$ cosh B 
where the symbols other than B have the same meanings as above, except that they are 
all expressed as complex quantities and 


V sy 
B =tanh i " +}. (76) 


The real part of V y: is the attenuation constant and the imaginary or “j” part is the 
wave length constant. 


Rigorously Equivalent ** T " and ** 4r ” Circuits. — As noted above the middle 
condenser or “T” circuit, Fig. 5, or the split condenser or “x” circuit, Fig. 6, is rigorously 
equivalent to the actual transmission line when proper Valdes are assigned to the constants 


of these circuits. The corrected values z/ and y’ of the impedance per mile and of the - 


admittance per mile are, in symbolic notation, as follows: 


“T” circuit “ar” circuit 


sinh (lV yz) 


sinh (l Vy) 
y a 


In Dr. Kennelly’s tables above referred to are given tables of these correction fractions. 


FACTORS AFFECTING THE MECHANICAL DESIGN. — In design- 
ing a transmission line the following factors, in addition to the line losses, must 
be considered: (1) right-of-way, (2) telephone circuits, (3) ground wires, (4) 
clearances, (5) type of supporting structure, (6) type of insulators, (7) con- 
ductors, (8) temperature range, (9) collection of ice, (10) wind velocity and wind 
pressure. The requirements imposed by these several conditions are noted be- 


dow in the order mentioned; this is followed by the formulas and curves neces- 


sary to make the required calculations. 


Location and Width of Right-of-way. — The right-of-way should be as 
short and as straight as practicable. Its width for a single line should be equal 
to the width of space over which the conductors normally hang, plus twice the 
side swing of conductors under maximum wind, plus twice the safe clearance 
from. conductor to possible buildings adjacent to the right-of-way. In com- 
puting the side swing allowance must be made for swing of suspension insula- 
tors. Side swing of conductor should be based on the longest span ordinarily 

* Complete tables and charts of such functions have recently been published by Prof. A. 
E. Kennelly, Tables of Complex Hyperbolic and Circular sla a Harvard University 

:1914. 
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used, and extra width should be secured wherever extraordinarily long spans are 
made. For telephone lines on separate poles extra width will be required unless 
the power wires are high enough to swing safely over them. Where two power 
lines are on one right-of-way the towers for the two lines should be located 
directly opposite each other, especially on long spans, since the two lines may 
then be placed close together with less danger of the wires of the two lines 
swinging together. However, it is usually desirable to have the lines far enough 
apart so that the towers of one line may fall without striking those of the other 
line. The right-of-way should be passable (or at least accessible) for patrolling 
as well as for construction. 

When it is necessary that the right-of-way cross railroads, roads or other 
lines the length of crossing should be reduced to a minimum by making the 
crossing at as near right angles as practicable. Rights-of-way through swamps 
often require expensive road building and expensive tower foundations, though 
small swamps (up to about 1000 feet across) can often be crossed in a single span. 
Steep side hills require extra expense for foundations and tower extensions, and 
introduce a hazard of injury to tower from sliding earth, rocks, trees or snow. A 
right-of-way through forests requires expensive clearing. 

It is usually advantageous to own and fence the right-of-way. However, 
when the right-of-way passes through farm lands, it is sometimes advan- 
- tageous not to fence it in, but to have it cultivated and kept free from brush. 
Instead of purchasing a right-of-way, it is often sufficient to obtain easements 
covering the location of towers and suspension of wires. Easements should 
include the right to remove and trim trees under and adjacent to the line. 


Telephone Circuits for Power Lines. — When the line voltage does not 
exceed 66,000 volts, the telephone circuits are usually carried on the same poles 
or towers as the power circuits, being placed below the power.conductors. À 
separate line of wooden poles on the same right-of-way is usually employed when 
the voltage is higher than 66,000. 

Where the telephone wires are on the same supporting structure as the powet 
wires, sufficient clearance between the power and telephone circuits must be 
allowed to make the telephone line accessible for repairs and also to prevent the 
two circuits touching under abnormal conditions. On wood pole lines of short 
span (1oo to 125 feet) the vertical clearance at the poles or towers ranges from 
4 feet for 22,000 volts to 6 feet for 66,000 volts. On long span lines greater 
spacing is necessary to allow for safe clearance in the middle of the longest span 
due to the change in the sag of the power and telephone wires under all condi- 
tions of unequal ice loading and all variations of side deflection due to wind. 

Telephone wires are ordinarily of copper, though copper-clad steel is sometimes 
used for long spans. For spans up to 125 feet No. 1o B. & S. copper may be 
used (though No. 8 is preferable) while for longer spans larger sizes (usually No. 
8 or No. 6 or even No. 4) are necessary to allow for sleet load. A spacing of 
12 inches between wires may be used for 125-foot spans, but a wider spacing is 


necessary for longer spans. Where inadequate spacing is used the telephone . 


lines will frequently become ¢rossed by the wind, unless they are strung with 
little sag, in which case they are overloaded and broken by sleet. With wide 
spacing and large sag higher poles must be used. 


Ground Wires. — Grounded cables or wires are placed above the transmis 
sion line circuits to protect the latter from lightning discharges (see Lightning 
Protectors). They are usually grounded at each supporting structure except 
where short spans are used. The same care must be exercised to obtain dear- 
ances between conductors and ground cables or wires, as outlined above under 
telephone circuits. For tower lines having flexible towers and single-circuit 
towers having conductors arranged in a horizontal plane, two ground cables are 
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preferable, but for double-circuit tower lines either one or two may be used. As 
a general rule a line drawn through the ground cable and any conductor should 
not make an angle of more than 45 degrees with the vertical. 


Clearances. — The following clearances require determination: conductor 
to ground; to edge of right-of-way; to tower; to ground wire; to telephone 
wire; to other conductors. 

The minimum clearance from the high-voltage wires to the surface of the 
ground is ordinarily 20 feet or more, and from the telephone wires on towers 
used for high-voltage wires is 18 feet to ground. The minimum clearance from 
the wires to the edge of the right-of-way or to the tower, under maximum swing 
of insulators and cables in the wind, should exceed the striking distance corre- 
sponding to the arc-over voltage of the insulators used. The minimum clear- 
ance between conductors, under extreme conditions of unequal ice loading (see 
below), should exceed the striking distance of the normal voltage by a factor of 
safety of at least two. The normal clearance between conductors should be 
much greater than this, and is ordinarily from 10 inches to 1 foot per 10,000 volts 
between wires. 


Type of Supporting Structure. — (See also Poles for Overhead Lines; Cross 
Arms; Towers.) Wood poles are usually the cheapest form of supporting 
structure for lines up to about 66,000 volts. Most lines of voltage over 66,000 
and some lines of lower voltage are supported on stecl towers. 

A single line of poles or towers may support one, two and occasionally more 
circuits. Where several circuits are required two or more single-circuit tower 
lines with conductors arranged in a horizontal plane have the advantage that 
the effects of an accident will usually be confined to one circuit, and that one 
circuit may safely be repaired with another circuit alive, but this arrangement 
requires the maximum width of right-of-way. Where it is important to use the 
right-of-way economically two-circuit towers having the conductors of each cir- 
cuit arranged in vertical planes on each side of the tower are used. 

Wood poles are ordinarily placed from xoo to 200 feet apart and steel towers 
from 400 to 800 feet apart. The span for steel tower lines is ordinarily chosen 
so as to render the sum of the costs of all of the items a minimum, and is usually 
found to lie within the limits mentioned. 

The poles or towers ordinarily used where the line is straight are designed to 
resist the weight of the conductors with sleet and the side pressure of wind on 
them, but not to resist the tension in the conductors which is assumed to be 
wholly or partially balanced. Such towers are called standard, straight line 
or suspension towers. Heavier towers designed to resist the unbalanced tension 
of all of the cables (which may occur if the cables are broken on the other side of 
the tower), called anchor or dead-end towers, are used at intervals of from 
five to ten spans where the line is straight. Heavier towers designed to resist 
the unbalanced lateral resultant of the tension in the cables are also used at 
angles and are known as angle towers. For economy in design and manufac- 
. ture anchor and angle towers (for any angle up to about 60°) are usually made 

interchangeable. Where towers are not very high, economy is often secured by 
using flexible towers intermediate between square anchor and angle towers. On 
wood pole lines extra strong poles guyed or braced in all four directions, with 
double cross arms and double pins and insulators, are used for anchoring the line 
and at angles. 


Type of Insulators. — (See also Insulators.) Pin insulators are usually used 
for voltages up to 50,000 and suspension insulators for higher voltages. Suspen- 
sion insulators are sometimes used for lower voltage where a high factor of safety 
IS desired. For the lower voltages the cost of the line is usually less for pin than 
for suspension insulators. The suspension insulator requires a higher tower 
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than the pin insulator, for the conductor is below the cross arm, and a longer 
cross arm is also required to allow for the swing of the insulators in the wind. 


Conductors for Overhead Linés. — (See also Wires and Cables.) Copper, 
aluminum or steel, or combinations of the two former with steel, are used for line 
conductors. The use of an all-steel conductor is limited to those cases where 
great mechanical strength is required, although some economy is claimed for it 
when high voltages are used and a conductor of large diameter is required on 
account of corona (see Corona). Conductors consisting of a steel center with 
copper or aluminum outside are used where long spans are desirable and mechani- 
cal strength of conductor is required, and may also be used where large diameter 
is required to prevent corona formation. The maximum stress in wires and 
cables should not exceed the elastic limit. This condition is ordinarily met if a 
factor of safety of two, based on the ultimate strength, is used. 


Distribution of Stress in Stranded Conductors. — Conductors for long 
spans are usually stranded when larger than No. 6 B. & S. gage, on account of the 
tendency to crystallize at the points of support, due to swinging in the wind. 
However, the maximum size of solid conductor which may be used is dependent 
largely upon the kind of support; if these are designed to prevent sharp bending, 
solid conductors, larger than No. 6, may be used. One difficulty in the use of a 
stranded cable is that for a given total tension in the cable the wires in the various 
layers are not all stressed equally. In particular, the center wire or core, if of 
metal, takes more than its share of the tension. On this account the actual 
sag in the cable when suspended may differ from that calculated, unless an 
allowahce is made for the unequal tension in the various wires composing the 
cable. One method of avoiding this difficulty is to stress the cable, before string- 
ing it, to a tension per square incli « orresponding to the elastic limit of the com- 
ponent wires; the center wire will then be given a permanent set and when the 
cable is again stressed each of the component wires will tend to take the same 
proportion of the total tension. 

Cables having centers or cores of a different material ihi the outside strands 

should be so designed that both materials are stressed to their elastic limit at 
the same time at the particular temperature at which maximum stress of con- 
ductors will occur. The two materials should also share the stress over the 
operating range of temperatures, to such extent as is possible. 

The distribution of stress among the wires of which conductors may be com- 
posed applies more particularly to long spans where clearances are important 
and it is necessary to use small deflections compared to lengths of spans. Tor 
all ordinary construction, having spans of 509 to 600 feet or less, a very slight 
change in either thickness of ice or amount of wind pressure on the conductor vill 
affect results as much as the error resulting from not taking. into consideration 
the distribution of stresses in conductors. 


Mechanical Characteristics of Conductor Materials. — For purpose 
of design both elastic limit and modulus of elasticity of cables should be obtained 
from tests on samples of the cables actually to be used, since errors in these 
materially affect the accuracy of the calculations of deflections in spans. The 
modulus of elasticity of cables varies widely with the number of wires and their 
pitch or lay in the different layers, Table I shows the values of these quantities 
and also of the other mechanical properties of conductors commonly used in 
design, when specific test results are not available. See also the articles on 
Aluminum; Copper; Sirength and Elasticity; Wires and Cables, Bare. 


Temperature Range. — The maximum and minimum air temperatures 
which have occurred in any locality for a period of years can be obtained from 
the records of the United States Weather Bureau, or from similar records for 
other countries. The minimum air temperature recorded (which may be as 
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TABLE I 
MECHANICAL CHARACTERISTICS OF WIRES AND CABLES 
Steel 


Item Copper | Aluminum 


Ulti „i : ; 
imate strength, in lb. per lso, bos 

SOG Iss NOE RE CURED J 

Elastic limit, in lb. per sq. in..| 30,000-35,000 

Modulus of elasticity, in 

pound-inch units............ 


60,000-80,000 


25,000-50,000 


11,000-14,000 | 35,000-40,000 


j12X10f-16X 108 | 7X108—10X108 | 22x 105-28 X 106 


Coefficient of linear expansion 


j9.6X10-* I2.8X10—$ 6.6x10—? 

Weight in pounds of a 1-ft. 
length having a cross sec- 
tion of 1,000,000 circ. mils 


(stranded) eoe VR 


2.67 


Eus 
| 


low as— 40° F. in some of the northern states) will be the minimum temperature 
which the conductor may be expected to reach. However, since the conduc- 
tors are exposed to the direct rays of the sun, they will reach a maximum temper- 
ature in the summer considerably in excess of the Weather Bureau records, 
which give the temperatures in the shade. | 

Another important temperature which should be determined is that of the 
wire when coated with ice. As noted below, a sleet storm is usually followed by 
a fall in temperature, and although the ice forms at 32? F., the wire may reach 
a much lower temperature while the íce is on it. 

The following temperature ranges have been used in the design of certain 
lines: 


Maximum Minimum 
Eastern Canada.......... + 120° F. — 40° F. 
Mississippi Valley........ + 120° F. — 20° F. 
Southern California...... + 140° F. + 10° F. 


Collection of Ice on Wires. — Investigation of the records of the Weather 

Bureau leads to the conclusion that sleet and ice storms are generally followed by 
falling temperatures and high winds, and transmission lines should be designed 
to meet these conditions. Records indicate that under. favorable conditions ice 
and sleet will collect on wires and cables to the same amount in any climate where 
freezing temperatures are obtained. Mild, moderate and cold climates differ 
in the frequency with which conditions are favorable. In general, sleet storms 
are most frequent in the moderate climates, since precipitation takes place more 
often at freezing temperatures. Destructive sleet storms occur in the eastern 
part of the United States at least as far south as Atlanta. One-half inch 
thickness of solid ice on wires and cables is generally assumed in designing 
transmission lines, but thicknesses of one-quarter and three-quarter inch are 
also assumed in the more favorable and unfavorable localities. 
. Ice and sleet generally collect quite uniformly on wires throughout their 
length. The collection ís sometimes ín the form of icicles but more often is 
egg-shaped in cross section, with the wire in the small end of the section. It 
frequently falls off non-uniformly in sections. 

Clear solid ice weighs 57 pounds per cubic foot or 0.033 pound per cubic inch, 
but sleet or frozen snow such as often collects on wires weighs much less, some- 
times as little as 8 pounds per cubic foot. 
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Effect of Surface and Electric Potential on Collection of Ice.— 
Local observations of single ice or sleet storms have shown that ice will some 
times collect on one wire or cable and not on an adjoining one. This has led to 
the conclusion that ice will not collect on certain kinds of wires, but more exten- 
sive observations indicate that ice will collect on any kind of wire under favorable 
conditions. Observations on wires carrying sufficient current to heat them and 
wires having potential near the critical corona voltage are not sufficiently ex- 
tensive to warrant the conclusion that they will not collect ice and sleet. 


Wind Velocity and Wind Pressure on Wires. — As noted in the article 
on Wind Pressure, the records of the United States Weather Bureau give nominal 
average velocities for five minute intervals, the true average velocities differing 
from the recorded velocities as follows: 


Recorded velocity in miles per hour 20 | 30 | 40 | 50 | 60 | 70 | 80 | go [100 
Actual velocity in miles per hour 17.8|25.7/33.3/|40. 8|48.0|55.2|62.2]69.2/76.2 


The Weather Bureau records give no indication of the “gust” velocities which 
may occur during the five minute periods, and which may greatly exceed the 
average velocity. Tests with a Dines pressure tube anemometer have shown 
that the extreme maximum is about 50 per cent greater than the average for 
short periods. 

The extreme maximum wind velocity observed in Chicago in the whole thirty- 
six year period from 1873 to 1910 was 84 miles per hour (uncorrected) in Feb- 
ruary, 1894. A velocity of 76 miles per hour (uncorrected) was observed once in 
November, 1898, and a velocity of 72 miles per hour (uncorrected) was observed 
seven times. During the ten year period from 1894 to 1903 the maximum wind 
velocity in a few other representative localities was as follows, all velocities being 
the observed or uncorrected velocities: Bismark, N. D., 72; Eastport, Me., 78; 
Buffalo, N. Y., 90; New York City, N. Y., 78; Galveston, Tex., 84; Savannah, 
Ga., 76; Salt Lake City, Utah, 60. All the maxima range between 6o miles and 
go miles per hour. 

The wind pressure on a cable is usually calculated from the formula 


p= Ky, (1) 


where ? is the pressure in pounds per square foot of the projected area of the 
cable (including sleet and insulation, if any), and V is the actual velocity of the 
wind in miles per hour blowing perpendicularly across the span. The projected 
area, in square feet, of a one-foot length of cable is equal to the over-all diameter 
in inches divided by 12, where by over-all diameter is meant the diameter over the 
ice and insulation, if any. Buck’s formula (see article on Wind Pressure) gives à 
value of 0.0025 for the constant K, whereas a value of 0.002 derived from the 
work of the Weather Bureau and experiments of Borda is also used. 


Maximum Loading. — There is considerable difference of opinion as. 


to what should be taken as the maximum loading in designing a transmission 
line. The Committee on Overhead Line Construction of the N.E.L.A. have pro- 
posed three different loadings, viz.: (A) No ice and a wind pressure of 15 pounds 
per square foot; (B) ice 14-inch thick and a wind pressure of 8 pounds pet 
square foot; and (C) ice 84-inch thick and a wind pressure of 11 pounds pet 
square foot. Class B loading gives greater stress than Class A loading for all 
sizes of wire in use. "The difference is greatest for small sizes. 

Several important lines have been designed on the assumption of a maximum 
loading of 4 inch of ice and wind pressure at 6 pounds per square foot, the tem- 
perature corresponding to this loading being taken as o? F. In these same lines 
the clearance under unequal loadings was calculated on the assumption of five 
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spans between anchor towers, with no ice on the third span of the lower con- 
ductor, and no ice on the first, second, fourth and fifth spans of the upper 
conductor, but with a loading of % inch of ice on all other spans the tempera- 
ture being taken as 32° F. and no wind assumed. 


VERTICAL AND TRANSVERSE FORCES ON A SUSPENDED 
WIRE. — The resultant force acting on one foot of a suspended wire is in gen- 
eral made up of three components, viz.: 

c= weight of the conductor (including insulation, if any) per foot length, in 

pounds; 

i = weight of the ice coating per foot length of the conductor, in pounds; 

h = wind pressure per foot length of the conductor, in pounds. 


The weight of the conductor per foot length may be taken directly from the 
tables in the articles on Wires and Cables, Bare, as can also the diameter of the 
conductor (over the insulation, if any). Let d be this diameter in inches and let 
1 be the thickness of the ice coating, then the weight of the ice coating per foot 
length of the conductor is 

$= 1241 (d4 8). (2) 


Let ? be the wind pressure per square foot of projected area, assumed or calcu- 
lated from equation (1); then the wind pressure per foot length of the conductor, 
l.e., the horizontal component of the resultant force, is 
_ (d 2t) 

12 


h (3) 


The vertical component of the resultant force per foot length of conductor, which 
Is equal to the resultant force for no wind, is 


v=c+i. (4). 


Values of v and % for various ice thicknesses and various sizes of wires are given 


in Table II. The values of 4 are given in the table for a wind pressure of 10 * 


pounds per square foot; these values of k are designated ho; for any other wind 
pressure of say p pounds multiply these values by 2. ‘Knowing v and & the 


resultant force w for any combination of wind and ice loads is readily determined 


by the formula 
w= Vpt. (5) 
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TABLE Il. VERTICAL AND HORIZONTAL LOADING FORCES* 
Pounds per Foot of Conductor 
The horizontal component ho is given for a wind pressure of 10 1b. per sq. ft.; 


for any other wind pressure of p lb. per sq. ft., k= —. 


10 
The resultant force for any ice thickness and wind pressure is w = Vy +k 


Wire, size, l4-inch ice 44-inch ice 34-inch ice 
B. & S. PE OT: a a CEU EE a 
(A. W. G.) 7 1 ° Ver- Hori- 
and circular i i 
mils 


Aluminum, 
stranded 


500,000 
450,000 
400,000 
350,000 
300,000 
250,000 
211,600 
167,800 
133,100 
105,500 

83,690 

66,370 

52,640 

41,740 


090900909009! 


0000 
000 
co 

o 

I 

2 
pou 
4 


Copper, 
stranded 


500,000 
450,000 
400,000 
350,COO 
300,000 
250,000 
211,600 
167,800 
133,100 
105,500 
83,690 
66,370 
52,640 
41,740 
33,100 
26,250 | 


E 


38 


5000.10 9.9.0.0 O7 TOn O^ ES ^i TER 
o 
& 


EI: 


A 


* This table is in agreement with the Report of the Committee on Overhead Line Cor 
struction, Proc. N.E.L.A., May, 1910, Vol. r, p. 472; the diameters used are slightly 
greater than those given in the article on Wires and Cables, Bare. 


ESE a n | ee e e 


= 
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TABLE II. — VERTICAL AND HORIZONTAL LOADING 


Wire, size, 
B. & S. 
(A. W.G.) 
and circular 
mils 


Copper, 
solid bare 


211,600 
167,800 
133,100 


107,500 
83,690 
66,370 


52,640 
41,740 
33,100 
26,250 


nomm 


Copper, solid, 
triple braid, 
weatherproof 


211,600 
167,800 
133,100 
105,500 
83,690 
66,370 
52,640 
41,740 
33,100 
26,250 


0000 
000 
00 

o 

I 

2 

3 
A4 
5 

6 


Steel, 
stranded, 
galvanized 


FORCES — Conlinued 


14-inch ice 


Ver- 
tical 
v 


Hori- 
zontal 
ho 


44-inch ice 


Ver- 
tical 
v 


Hori- 


zontal 
ho 
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34-inch ice 


Ver- 
tical 


Hori- 
zontal 


—— E S E E d|———— | —————À—— | ——— ——— —— (pee 


No ice 
Ver- | Hori- 
tical {zontal 

V ho 
0.641 | 0.383 
0.509 | O.34I 
0.403 | 0.304 
0.320 | 0.271 
0.253 | 0.241 
0.202 | 0.215 
0.159 | O.I9I 
0.126 | 0.170 
O.IOO | O.ISI 
0.079 | 0.135 
0.767 | 0.533 
0.629 | 0.494 
0.502 | 0.429 
0.407 | 0.417 
0.316 | 0.378 
0.260 | 0.364 
0.199 | 0.338 
0.164 | 0.299 
0.135 | 0.287 
0.112 | 0.273 
I.540 | 0.730 
1.336 | 0.677 
1.138 | 0.625 
0.958 | 0.572 
0.791 | 0.522 
0.668 | 0.469 
O.5IO | 0.417 
0.415 | 0.364 
0.295 | 0.312 
0.210 | 0.260 


0.91I 
.713 
594 
498 
420 
359 
308 
267 
234 
207 


000909299090 


1.888 
1.666 
1.448 
I.249 
1.062 
0.920 
0.742 
0.628 
0.489 
0.384 


0.950 
O.9II 
0.846 
0.834 


0.795 
0.781 


0.755 
0.716 
O. 704 
0.690 


1.147 
1.094 
1.042 


0.989 
0.939 
0.886 
0.834 
0.781 
0.779 
0.677 


1.476 
I. 309 
1.133 
1.029 
0.909 
0.843 
0.763 
0.698 
0.660 
0.627 


2.393 
2.15I 
1,903 
1.694 
1.489 
I.392 
I.I32 
0.998 
0.839 
0. 715 


O O m wm 
© 
oc 
en 


lE ME ME NN ME EMT 
$ * 


.563 
.510 
459 
. 406 
354 
. 393 
.250 


.198 
. 146 


1.094 


= = St to 


Lo MN m m 


.591 
443 
.323 
.223 
I42 
.073 
016 
.969 
.930 


Loo = et 


O O m k mt rm om 


Bé obo oM Fono MH N 
we , 
e 
- 


1.783 
1.744 
1.679 
1.666 
1.627 
1.614 
1.588 
1.549 
1.536 
1.523 


1.980 
1.927 
1.875 
1.822 
1.772 
1.719 
1.667 
1.614 
1.562 
I.5I0 


een 


1692 Transmission Lines; Mechanical Design 


CALCULATION OF SAG AND TENSION. — A wire or cable suspended 
between towers takes the form of a catenary curve. In transmission-line prac 
tice the maximum deflection or sag is always small compared to the span, that 
is, the curve is very flat. The shape of such a flat catenary curve does not differ 
appreciably from a parabola and, as the approximate parabolic formulas are 
much simpler than the more exact catenary formulas, they are used instead. 
The flatness of the curve allows of some further simplifications even in the pata- 
bolic formulas, viz., (1) the tension is considered uniform throughout the span, 
the slight excess of tension at the ends over that at middle being neglected; (2) 
the change of length of the wire due to elastic stretch or temperature expansion 
is taken as equal to the change of length of a wire equal in length to the bori- 
zontal distance between the points of support. 


Notation Used in Sag-tension Formulas. — The following notation, listed 
alphabetically, will be used throughout the discussion of sag and tension: 


A = cross section of the conductor (actual metal cross section) in circular 
inches = square of diameter in inches; r circular inch = 1,000,000 
circular mils. 

a = coefficient of linear expansion of the conductor per °F.; see Table I 
above. i 


. D =deflection, in feet, of the lowest point of the conductor when suspended 


from two points of support at the same elevation and at a distance L 
apart. (D is measured in the direction of the resultant transverse 
force.) - 

e = difference in elevation of the two points of support, in feet. 

F = longitudinal horizontal component of the stress in the conductor, in 
pounds. (The resultant stress in the wire at the insulator is equal to 


V F?+ H? + V?, where V is the weight of the conductor and ice from 
the insulator to the lowest point of the span, and H is the total wind 
pressure on half the length of span; H and V in this expression are 
usually negligible compared with F.) 

h = wind pressure in pounds per foot length of conductor assumed perpen- 
dicular to the vertical plane through the two points of support; see 
equation (3) and Table II above. 

L = length of span in feet, i.e., the horizontal distance between the two points 
of support in feet. 

} = length in feet of the arc of the curve in which the conductor hangs, i.e., 
the length of stretched conductor between the two points of support. 

M = modulus of elasticity of the conductor in pound-inch units; see Table I 
above. 


S= = = sag of the lowest point of the conductor below the horizontal line 


through the lower point of support; for no wind S = D. 
To = maximum allowable tension in the conductor in pounds per square inch 
of its cross section; «To is usually taken as one-half the ultimate strength 
of the conductor; see Table I. 
v «vertical force in pounds on a one-foot length of the conductor, including 
the weight of conductor and the weight of the ice, if any, on it; see 
equation (4) and Table II above. 


w= V -+ k= resultant load in pounds on a one-foot length of the con- 
ductor. 


Z= “ = side swing, in feet, of the middle point of the conductor, measured 
perpendicularly to the vertical plane through the two points of support. 
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Tbe various symbols with the subscript ‘‘o” will be used to designate the 
values of the various quantities under the conditions of maximum assumed 


loading; see paragraph above on Maximum Loading. 


Fundamental Equations of a Wire Span. — As noted above, a perfectly 
flexible wire suspended between two points of support hangs in a catenary. 
The assumption that the wire hangs in a parabola instead of in a catenary is 
sufficiently accurate for all practical calculations of wire spans, the error in the 
sag calculated on this assumption being less than 2 per cent of its true value 
when this sag is less than 0.06 times the length of the span (e.g., less than 60 feet 
in a 1000-foot span), and the error in the length of the wire calculated on this 
assumption being less than 0.002 per cent of its true value for the same limiting 
conditions. The formulas given below are all based on the assumption of a 
parabola. 

Deflection, Sag and Side Swing. — For a given length of span L, 
loading w, and stress F, the deflection D for the points of support at the same 
elevation is given by the relation 

72 
s — del (6) 


When there is no wind this is also equal to the vertical sag, that is S= D. When 
there is wind, w is greater than the vertical loading v, and the vertical sag for the 
points of support at the same elevation is 


vD 8 vL (y) 


D in equation (7) has the value given by equation (6). When one point of 
support is at an elevation e above the other, then the vertical sag of the lowest 


point of the conductor below the lower point of support is 
Ses zit). 
ud an a (8) 
where S is given by equation (7). The horizontal distance of the lowest point 
of the conductor from the lower point of support is 


um 2 (1-4), | o 


The side swing Z of the middle point of the conductor, which is the point 
which is deflected the maximum distance from the vertical plane through the 
two points of support, is 


LADO AD = 
= w 8F x 


D in equation (1o) has the value given by equation (6). 

Length of Stretched Conductor. — The length of conductor between 
the two points of support for a given length of span L, loading w, stress F and 
difference of elevation e, is 

8 p? e? 


Ls ncc 

L NE L'3iI aL. (11) 
where D has the value given by equation (6), that is, D is the deflection for the 
same length of span, loading and tension, but for the points of support at the 
same elevation. 


a iere 
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Effect of Changes in Loading and Temperature. — When the load- 
ing or the temperature changes, the stress in the conductor will change to some 
new value, Fo say, and the deflection will change to some new value, say Dy. 
Let the new loading be wo and the new temperature be zo, the initial tempera- 
ture being /; also let a be the coefficient of linear expansion, M the modulus of 
elasticity, and A the cross section of the conductor in millions of circular mils. 
Then, when the points of support remain fixed, the following relation must 
hold 


s B p- Fo). (12 


a (D! — D) = a t- to) tf 


The D’s in this equation are the same as given by equation (6) for a loading of 
w and w respectively and stresses of F and Fo respectively. Note that equation 
(12) is independent of the difference in elevation of the two points of support; 
also that the two sets - 
of symbols, with and 
without the subscripts, 
refer to any two Sets «5 
of conditions. 

000 


d 
Stress - Deflection 8 x 
Charts (Fig. 8). — In 25500 
order to apply the £ 
above equations to 3 500 
the calculation of clear- £ 4500 
D 


ances under various 


HL rb Lp 


conditions equation (6), 4000 
namely $600 cod ii 
2 i on a nA 7 1 
QUEE. A ud NENENNNNBAE- 
8F po EEE 
: Deflection in feet 
and equation . (12) Fig. 8. Stress-Deflection Chart for a 300,000-Circular-Mil, 
which may be written 19-Strand Copper Conductor on an 800-ft. Span 
2.10 MA M4a ,^» ` 210MA 
F-Fy————— Dè —> i—i —— p 
0 Ta o 12 (4 — to) + Ta D, (14) 


may be plotted for any given length of span as shown in Fig. 8, with deflection 
D as abscissas and the stress F as ordinates. 


: Pull-up Curves. — The curves representing the relation between D 
and F in equation (13) are equilateral hyperbolas, as many of these curves being 
drawn as there are loadings to be considered. These hyperbolas may be called 
“ pull-up” curves, since they give the stress to which the wire must be pulled up 
for any given deflection. In Fig. 8 four pull-up curves are shown, one for the 
conductor only (w —0.915), conductor coated with %4 inch of ice but no wind 
(w = 1.19), conductor coated with % inch of ice but no wind (w= 1.61), and 
conductor coated with 15 inch of ice and a wind pressure of 6 pounds per foot of 
projected area of wire (w = 1.807), this last being taken as the maximum lo 


Loading Curves. — The curves representing the relation between Dand 
F in equation (14) are parabolas with vertical axes, as many of these curves 
being drawn as there are temperatures to be considered. These parabolas may 
be called “loading curves,” since for a change in loading (at constant temper- 
ature) they give the relation which must exist between the new stress and new 
deflection produced. In order to plot these curves it is necessary to assume à 
maximum allowable tension, say To pounds per square inch, a maximum load 
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ali 
& di 
ix 
hae 
uin 
Gp 


Transmission Lines; Mechanical Design 1695 


ing w, and the minimum temperature fo at which this loading is assumed to 
occur. Then 


A To wol? 
D = , 
1.273 ane 17 8 Fo 


and for any given temperature / all the terms in the right-hand member of (14) 
are constants except the last term, which varies as D*. In Fig. 8 the maximum 
allowable tension To is taken as 30,000 pounds per square inch, the maximum 
loading w as 1.807 pounds per foot length, and the minimum temperature under 
maximum loading as o? F. Then Fo = 7065 pounds and Do = 20.5, which fixes 
one point on the o? loading curve, and the other points on this curve are calcu- 
lated directly from (14) by putting ¿= o. For any other temperature, equation 
(14) gives the same shaped parabola as for o°, but each point of the curve is 


a . 
for each degree increase of tempera- 


Fo = 


MA 
shifted vertically downward a distance ~ 
ture. Hence it is only necessary to calculate the o? loading curve, and the load- 
ing curve for any other temperature can be readily plotted by the use of a pair 


of dividers. 
Stringing Stresses and Deflectíons. — In stringing cable it is essential that 
the stress or deflection be correct for tbe stringing temperature, otherwise the 


maximum stress will be Sicca a 
ress In pounds 
Be eon e 8600 3800 4000 4200 4400 4600 4800 
EE RETE UE 


clearance to ground less 

than safe due to maxi- | Ex pq qo TA 
mum deflection exceed- PREF T LI LLLI T ey es 
ing the designed amount, E 
PIS XE 


To insure proper string- E 
Ing, curves of tempera- P 
ture-sag and tempera- 2 
turestress are plotted & 
from the stress-deflection 3 "N 
curves. Thesecurvesare £ 50 
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for no wind and no ice. 
Fig. 9 shows such curves 
for the 8oo-foot span 
plotted from Fig. 8. For 
example, if the cable is 
strung at 70? F., then it 0 
should be given a deflec- 10 
tion (vertical sag) of ~ 
19.25 feet, provided the ^ 
Pon of nn are at ain in ate 

e same elevation, or at i ingi 
id eee Fig. 9. Stringing Chart 
this stress being independent of the difference of elevation of the two points of 
Support. If there is a difference of elevation of 30 feet, say, between the two 
Points of support, then from equation (8a), the cable should be drawn up until 
the sag of the lowest point below the lower point of support is 


AJ 
ELA LLLLLLLLNR 
PEPE EEE RE 


28 


30 y f 
— ————-] = 7. eet, 
4 X 19.25 mw 
and the stress will then be 3800 pounds. 
Stress and Deflection in Spans of Unequal Length. — By stringing cables 
according to the stress determined for each particular length of span, the maxi- 


S’ = 9.25 ( I 
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mum allowable tension will be reached in all spans under maximum loading 
conditions. Under other loading conditions the tension will be unequal where 
span lengths are not the same. This is shown in Fig. 10 which is plotted for the 


same conditions as stated in the title of Fig. 8, but for spans of from 600 to — 


goo feet in length. Fig. 11 shows the corresponding deflections. 

The unequal stresses on the two sides of the insulator will tend to bend the 
tower or insulator pin, but any motion of the point of support will tend to equalize 
the stresses. When suspension insulators are used, the stresses are practically 


equalized, since the 
fee hea Ne eae! 


insulator is free to 
move. It should be 


noted that the motion 

of the insulator neces- & 800 Eee INI NEL 
Aeon a ae oa EE SO 
stresses issmall. When & ATIC NTIN NEZ 
suspension insulators E 700 bw 
DOREM Tt Th SE 


therefore strung at a 
tension corresponding 600 
to the average length 
of span. When the 
cable is thus strung 
‘the tension under min- 
imum temperature and — 
maximum loading will "d 
usually exceed the as- 
sumed tension in the 
shorter spans and be 
less than the assumed 
tension in the longer 
spans. Similarly, under 
maximum temperature 
conditions, the longer 
spans will have a sag 
in excess of the value 
calculated on the as- Deflection in feet 

sumption of the maxi- Fig. 11. 

mum allowable tension 

being reached with maximum loading, and the shorter spans will have a 54$ 
less than the calculated value. The actual stresses and deflections can be 
calculated by the method given in the following section. 


Calculation of Stresses in Unequally Loaded Spans.* — When susper 
sion insulators are used, any tendency of the stresses in two adjacent spans to 
become unequal will produce such a deflection of the insulator, in the directio 
of the span with greater stress, as will establish equilibrium in the line. This 
state of affairs will occur (z) when adjacent spans carry unequal ice loads, (2) 
when the wire on one side of the insulator breaks, and (3) toa slight extent with 
changes in temperature when the adjacent spans are unequal in length, as no 
above. The following method of calculating the “equilibrium” stresses in 
wires and corresponding sags is applicable to all cases of initially un 
stresses, irrespective of their cause. The method may also be used to calar 
late the stress and sag in spans supported on pin insulators, provided the mo- 


Mi 


re] | Kel Del | NT 


Span in feet 


ee NN 


ment of bending of the pin and of the pole or tower is known or can be calculated 


* From lecture notes by Dr. H. Pender. 
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Change of Stress Due to Change in Length of Span. — When 


..- the length L of the span (i.e., distance between points of support) increases by A 


inches, due to a horizontal displacement of the insulators (without slipping of 
the wire), the stress in the wire is increased by the same amount as would be 


produced by a fall in temperature of 


or l =t (15) 


, 
12a0L 12 aL 


degrees Fahrenheit, where ¢ is the actual temperature and /' may be called the 
"equivalent" temperature corresponding to the change in length A. In this 
equation À is the actual increase in the distance between the points of support 
in inches, a the temperature coeflicient of linear expansion per ° F., and L the 
original length of the span in fect. For example, in an Soo-foot span of copper 
wire an increase of r inch in L corresponds to a drop of temperature of 
I+ (12 X 9.6 X 1079 X800) = 10.85 degrees, and an increase in length of A 
inches corresponds to a drop of temperature of t— /' = 10.85 À degrees. 

Hence the stress-detlection chart for any given length of span, see Fig. 8, may 
be used directly to determine the stress in the wire after any change in the length 
of the span, due to the deflection of the insulator. For example, consider an 800- 
foot span of 300,000-circular-mil, bare, copper conductor, at 32? F., without ice 
or wind, initially stressed to 4170 pounds, and let the length of the span be in- 
creased 4 inches as the result of the deflection of the insulators by this amount. 
This increase in length of span will then give the same stress in the wire as would 
be produced if the temperature fell from 32° to ¢’ = 32 — 4 X 10.85 = — 11.4°. 
The point at which the loading curve (Fig. 8) corresponding to a temperature 
of — 11.4? crosses the pull-up curve for conductor only gives the new stress, 


viz., 4700 pounds. 
Horizontal Pull of Insulator. — Referring to Fig. 12, let m = the hori- 


zontal distance in inches (measured along the span) which any insulator is . 


deflected from the vertical, taken positive when to the right, say, and negative 
when to the left. Let x = the length of the insulator string in inches, i.e., dis- 
tance from point of attachment to tower to point of attachment to wire; 
V = total weight of wire and ice between the lowest point of the wire in the 
span to the left of the insulator and the lowest point of the wire in the span to 
the right of the insulator plus one-half the weight of the insulator; H = total 
wind pressure on the length of wire between the middle points of the two adja- 


cent spans, plus half the wind pressure on the insulator; and put W = V V?+ H*, 
Then the horizontal component of the pull of the insulator toward the left along 


the line of the span is * 
Pa——-W. (16) 


For example, consider two adjacent spans of 300,000-circular-mil copper, each 
800 feet long and with points of support at the same elevation. Let the span 
to the left be free of ice and let the one to the right have a 14-inch ice coating; 
assume the insulator to be 60 inches long and to weigh roo pounds. Then for 
no wind H = o, V = 1.19 X 400+ 6.915 X 400 + 100/2 = 892 pounds. Whence 
for deflections of the insulator of less than 12 inches the horizontal pull of the 
insulator is P = (892 X m) + 60 = 14.9 m, or 14.9 pounds per inch deflection. 


* When as is less than 20 per cent of x this may be written, with an error of less than 
2 per cent, 
m 
P= * W. (16a) 
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Stressés in t Series of Spans When Points of Support are not 
Fixed. — Referring to Fig. 12, let the left-hand end of span No. x be anchored, 


and assure the insulator at the right-hand end to be deflected a Horizontal dis- 


tance of m inches, due, for example, to a change in the loading on the stcceeding 


dew 
Conductor only 

Fig. 12. 
Sparis (or to á change in temperature when the spans are of unequal length). 
Froin equation (15) calculate the “equivalent” temperature A’ cotresponding 
to this change in length, and from the pull-up curve in Fig. 8 corresponding to 
the assunied loading wt of this span find the stress on this curve correspotiding 
to a temperature of 4’ degrees; call this stress Fr’. 

Next calculate the transverse and vettical loads on the insulator, viz., Hi and 
Vi, and the resultant load Wi = V Vit-- Zh, as explained in the preceding sec 
tion. Then from equation (16) or (162) calculate the horizontal pull P, of the 
insulator. The stress in the second span, assuming the value of rin chosen at 
the start is cottect, must then be 

Fy = Fi + Fi. (17) 
te’ is then determined from Fs’ on the pull-up cutve. From equation (15) the 
corresponding inctease ih the length of span No, 2 must then be 


A= 12ala(t—t), | (18) 


where Ls is the length of the second span. The corresponding deflection of the 
insulator at the right-hand end of span No. 2 must then be 


. ine = ti + Xs, (x9) 
always taking the insulator deflection positive when to the right, say. 


Ci 
Conditetor and ice 


Using the values of As and st thus found, calculate the As and ms in exactly 


the same mantet as Ay ahd ma were calculated, and similarly for the succeeding 
spans until the next afichor towef is reached. For the anchor tower at the right 
hand end of the n-th span; say, the deflection of the insulatot must be zero, ity 


pij = ò. (20) 


If mn as calculated comes out greater than zero, then the assumed value of m is i 
too great; if mn comes out less than zeto the assumed value of m is too smal. . 


By calculating mn for two or three assumed values of mi, and plotting tts 35 
ordinates against mı as abscissas, the correct value of mm will be where this 
curve crosses the axis of abscissas. Using this correct value of m, the stresses 
and deflections in each span may then be accurately calculated by the process 


just given, using the Stress-Deflection Chart, Fig. 8. The complete process S. : 


best shown by an example. 


Example. — Consider tlie case of three spans bétween anchor towers . 
(Fig. 12) all of the same length, 800 fect, and all supports at the satne elevation. 
300,000-circular-mil copper being used for the conductor. Let the temperature 7 
be 32° F, and let the middle span have a 44-inch ice coating but the other two. | 
spans have no ice on them; also assume no wind. "TheStress-Deflection Chat | 
given in Fig. 8 then applies directly, provided the wires are strung in accordance ` 
therewith. Assume that each insulator weighs 100 pounds and has a length af i 
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“kyr 60 inches. Then for an increase of A inches in the length of any span, the 


"of “equivalent” temperature is, from equation (15), 
= l = 32—10.85) 


PES 


or if the equivalent temperature rise /' is known 


A = 0.092 (32 — 7’). 
The horizontal pull of any insulator for a deflection of m inches (small com- 


pared with the length of the insulator) is, from 
equation (16a), 
P = 14.9 m. 


In the following table are given the calcula- 
tions for assumed values of m of 1, 2, 3 and 4 
Inches, and in Fig. 13 are plotted the correspond- 
ing calculated values of ms against mı. It is 
seen that the relation between ms and m is 
practically a straight line cutting the horizon- 
tal axis at m= 2.4, which is therefore the 


. correct value of mı. The calculations for mi = 


2.4 Inches are given in the last column of the 
table. Hence the stresses and deflections in 
the two end spans (without ice) are Fy’ = Fy’ = 
4460 pounds and Di’ = D;’ = 16.3 feet respec- 
tively, and the stress and deflection in the 
middle span loaded with 14-inch of ice are 
Fi = 4496 pounds and D» = 21.1 feet respec- 


m 
3 


tively, the deflections being read directly from Fig, 8 corresponding to the 


proper stresses and loadings (w). 


mi | = assumed I a 
ty! m 32 — 10.85 ttt 2I.I 10.3 
Fy From Fig. 8 (w = 0.915) 4300 4410 
Pr |214.9m I5 3o 
F? | =F) +P, 4315 4440 
1y From Fig. 8 (w = 1.19) IOS 9o 
M | 0.092 (32 — h’) —6.72 | —5.33 
fh | =m tM —5.72 | —3.33 
P, |m14.9ms —85 —50 
Fy | = Fy! + Py 4230 | 4390 
t’ From Fig. 8 (w = 0.915) 26 13 
M | = 0.092 (32 — ty’) 0.55 | 1.75 
My | = m thy —5.17 | ~1.58 


T MM | —Á——d ————] —————— 


2.39 
0.01 


LOCATION OF TOWERS AND DETERMINATION OF CLEAR- 


. | ANCES, — The height of towers is determined so as to give some specified mini- 


mum clearance from conductor to ground for some length of span chosen as a 


{ nominal standard on the basis of level ground. In practice the ground is rarely 


level and the towers are actually located to conform to the irregularities of the 


- .| ground. In locating towers of a given height the spans are made as long as 


__| Possible consistent with maintaining the ground clearance. The irregularities of 
. ;| the ground are ordinarily advantageous and permit of slightly longer spans on 


| the average than could be obtained with the same height of towers on level 


~ 
^ 
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Profile and Plan of Right-of-Way. — In order to locate towers properly 
it is necessary to have a profile of the right-of-way. Profiles are conveniently 
plotted on standard ruled profile section paper to a vertical scale of 20 feet to the 
inch and a horizontal scale of 200 feet to the inch. Three profiles are desirable 
one along the center of the tower line and one on each side, say at each edge of 
right-of-way, as shown on Fig. 14 at 4, B and C. The two side profiles indicate 
the amount and direction of the slope of the ground across the line, which mut 
be allowed for in determining ground clearance and foundation or tower 
extensions. 

A plan of the right-of-way is of course also necessary for determining the con- 
struction at angles in the line, and the clearances from the conductor to the edge 
of the right-of-way when the conductor is deflected horizontally by the wind. 
Such a plan is shown at the bottom of Fig. 14. 


Templates for Locating Towers. — Three templates are required, one for 
ground clearance with maximum sag, marked M in Fig. 14, one for uplift at 
times of minimum sag, marked N, and one for maximum side swing, marked Z. 
These are cut from thin celluloid and are to the same horizontal and vertical 
scales as used for the profile and plan of the right-of-way. 

Since the curvature of the catenary or parabola in which the wire hàngs de 
pends only on the tension and loading and not on the length of the span or o 
the difference in elevation of the points of support, all spans having the same 
tension and loading can be drawn (for any one predetermined scale) from a 
single template, irrespective of their lengths or of the differences in elevation of 
the points of support. However, when the elevations of the points of support 
are not the same, the lowest point of the curve is shifted from the middle of the 
span toward the lower support, but the axis of the curve remains vertical. 


Construction of Maximum Sag Template M.— The maximum sag 
is found from the Stress-Deflection Chart, Fig. 8, and may be the deflection 
corresponding to the maximum temperature, and conductor only, e.g., 214 feet 
in Fig. 8, or may be the deflection corresponding to 32° F. and the maximum 
ice loading. Wind will increase this deflection but will not increase the wriicd 
sag. ` Call Sm this maximum sag. Then the equation of the maximum sg 


template, or template M, is 
y= (s) xt, (21) 


where L is the length of the particular span for which the maximum sag is Sm 
and the origin of the curve is its lowest point and the axis of y is vertical; al 
dimensions are in feet. Three parabolic curves are given by this template; the 
top curve represents the position of the cable and is drawn on the basis of the 
average span under the maximum load; the middle curve is a similar para 
below the upper curve a distance equal to the minimum allowable clearance to 
ground; the bottom curve is another similar parabola below ‘the upper curve, 
by a distance equal to the height of cable above ground at the support. 


Construction of Minimum Sag Template N. — The minimum sag 8 
also found from the Stress-Deflection Chart, and is "usually the deflection or 
responding to the minimum temperature and conductor only, e.g., 15.1 feet i 
Fig. 8. Call this sag Sn; then the equation of the minimum sag template, of 


template JV, is 
4 Sn 
y= (s) xt. (22) 


Construction of Maximum Side-swing Template Z. — The mat 
mum side swing occurs at time of maximum wind pressure and may be at T! 
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maximum temperature or may be at 32° F. when oie with ice. In the 
latter case the side swing depends on the shape (circular or elliptical) of the 
ice covering and its specific gravity. For a circular covering of solid ice one 
particular thickness (usually but not necessarily the maximum thickness) gives 
the greatest side swing. For example, in Fig. 8, the maximum side swing occurs 
at D = 21.7 and w = 1.807, and its value is, see equation (10), Z = (0.815 X 21.7) 
> I. 807 = 9.8 feet, 0.815 being the wind pressure per foot of wire. Calling the 
maximum side swing Zm, then the equation of the side swing template, or tem- 


plate Z, is 
Z 
y= ( tim) at, | (23) 


Locating Towers by Means of Template M.— Choose a starting point, as 
shown for example in Fig. 14, at station o + 00, elevation 500.0 feet for the first 
tower location. The template M is then placed over the profile and shifted until 
its axis is vertical and the lower curve is at station o + oo, elevation 500.0 feet, and 
the middle curve is tangent to the ground profile as shown. The proper loca- 
tion for the second tower is at the point where the lower curve again intersects 
the ground profile, or at station 8+ oo, elevation 506.0 feet, in the example. 
The operation is then repeated for the next tower. Adjustments in length of 
span are usually necessary to meet local conditions, in order to avoid focating 
towers in roads or swamps and to bring towers at angle points. Adjustments 
which increase the ground clearance are of course allowable. 

The position of the conductors with maximum sag may be drawn on the profile 
from the top curve of the template. 


Uplift on Insulator; Use of Template N.’— An insulator sustains the 
weight of the lengths of conductor from the insulator to the lowest point of the 
span on each side. If the conductor leaves the insulator horizontally on one 
side, the lowest point of that span is’ at the insulator, which then sustains no 
weight due to that span. If the conductor has an upward inclination where it 
leaves an insulator, it is exerting an uplift equal to the weight of a length of 
conductor extending from the insulator along the span produced in the reverse 
direction to the lowest point of the parabola. Where the conductor has a down- 
ward inclination on one side and upward on the other side of the insulator, there 
will be a weight or, uplift on the insulator equal to the difference between the 
weight of conductor on one side and uplift on the other. 

. Suspension insulators when used hanging downward to sustain weight are 
incapable of resisting uplift. Where uplift occurs the conductor may be dead 
ended or may be tied down or weighted down. 

The method used for locating towers ordinarily precludes uplift under the 
loading which gives maximum sag, but uplift may occur when the loading is less. 
To determine this the minimum sag is drawn on the profile with template N. 
The minimum sag curve is drawn between points of support, keeping the axis 
of the parabola vertical as before. 

Side Swing of Suspension Insulators. — Let /, = the length of conductor 
between the lowest point in the span to the left of the insulator and the lowest 
point in the span to the right of the insulator, and let } = the distance between 
the middle points of these two spans, both in feet. Also let v= the weight of 
the conductor and ice per foot length, and k = the wind pressure per foot length 
(see Table II). Then the vertical pull on the insulator is vh and the transverse 
horizontal force is A». ` Also let vı = the weight of the insulator and A= the 
total wind pressure on it. Then the insulator is deflected sidewise from the 
vertical by approximately the angle 


hh + o.5 h 
0 = tan"! RC IERG E EE ELE e. 
th + 0.5 4 (u) 
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Usually the weight of the insulator and the wind pressure on it are negligible 
compared with the weight and wind pressure on the conductor, in which case 

hl» 

9 = tan^! e ) . (aga) 


1 


When the points of support are at the same elevation A = h and 
h 
0 = tan^! v. (24b) 


Calling X the length of the insulator in feet then the transverse horizontal de- 
flection of the insulator is X sin 6 feet. ‘ 

For example, consider the side swing of the third insulator (from the left) in 
Fig. 14. Then h= 470, 2 = 850/2 + 600/2 = 725, v= 1.61 (for 300,000-cir- 
cular-mil conductor with 14 inch of ice), and 4 = 0.82 (for wind pressure of 6 
pounds per square foot). Whence, neglecting the weight of the insulator and 
the wind pressure on it, 

0.82 X 725 = 23°, 


0 = tant 
1.61 X 470 


If the insulator is s feet long, the transverse horizontal deflectian ig then 
§ Sin 38° = 3.1 feet. 

If the angle of swing as thus determined is excessive the cables and insulators 
will be lifted up into the cross arms at times of low temperatures and high winds, 
The remedy is the same as in case of direct uplift. 


Side Clearance; Use of Template Z. — Where a right-of-way of definite 
width is obtained it is necessary to determine whether the conductor will swing 
. beyond the edge of the right-of-way. "Therefore after the towers have been 
located by the use of the profile they should be marked on the plan and the side 
swing marked in from template Z, as shown in Fig. 14. In determining side 
swing, the swing of the insulator (if suspension type) must be allowed for, as well 
as the side swing of the conductor. Adequate margin should be allowed be- 
tween the extreme position of conductor and the edge of the right-of-way, so 
that a safe clearance will be preserved from any structures erected adjacent 


thereto. Where extraordinarily long spans must be used, an adequate extra 


width of right-of-way should be obtained in the first place. 


Loss of Clearance Between Conductors Due to Unequal Ice Loading.— 
Where one span is loaded with ice and the one immediately below it is not, the 
clearance is reduced. This condition may sometimes arise due to the ice falling 
off the lower wire before it falls off the upper wire. Where the wires are directly 
over each other the normal clearance must be great enough to prevent the cross- 
ing of wires under these conditions. For ice loading without wind, clearance 
under unequal loading is most easily obtained by offsetting the wires horizon- 
tally for the required clearance instead of increasing the vertical clearance. 
However, to prevent crossing of the unequally loaded wires when deflected by 
wind pressure, this horizontal offset must be considerable, as the clearance must 
then be obtained between the wires in their inclined positions. 

If the conductors to which Fig. 8 refer are normally ro feet apart vertically 
on an 8oo-foot span, the sag would be 17.5 feet without ice at 32? F., 19.9 feet 
with 14-inch ice, and 20.9 feet with 14-inch ice at 32° F. Consequently, if two 
cables are used one above the other, and ice should form on the upper but not 
on the lower, then, assuming fixed points of support (pin insulators), the cleay- 


ance would be reduced by 3.4 feet for 14-inch ice, and 1.5 feet for 14-inch ice, 


making the clearances 6.6 feet and 8,5 feet respectively, instead of to feet. 


~ 
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Where suspension insulators are used the reduction of clearance from unequal 
ice loading is greater. If one span is loaded with ice and the adjacent spans of 
the same wire are not loaded, the sag of the loaded span will be increased because 
the insulators will swing toward that span. Similarly if one span is unloaded 


and adjacent spans are loaded, 
the sag will be decreased. The i 
minimum clearance occurs where 


only one span of the upper wire 
is loaded and is immediately 


over the only unloaded span of EOM FY 
the lower wire. The actual re- 
duction is readily calculated by x LF X A4 


the method given above in the 
section on Calculation of Stresses 


in Unequally Loaded Spans, p. 

1696. The amount of reduction jl oe Tey ee ee 
depends on the number of spans Z 

between anchor towers, and the p ÁÁ SJA 
distance from the anchor towers . 

at which the unbalanced loading Fig. 15. 

occurs. For a 300,000-circular-mil copper cable on 800-foot spans at 32°F. 
with unequal loadings on sections of one, two, three and five spans (see Fig. 15) 


the assumed conditions of unequal loading and the loss of clearance are as 
follows: 


Number of spans between anchor towers 


Upper conductor; }4-inch ice on spans Nos.:*. . 
Lower conductor; 14-inch ice on spans Nos.:*.. 
Sag of middle span of upper conductor, feet.... 
Sag of middle span of lower conductor, feet..... 
Loss of clearance in middle span, feet 


* The other spans assumed to have no ice load. 


Stresses and Deflections Due to Broken Conductors. — When a con- 
` ductor breaks in a span supported by suspension insulators, the insulators ad- 
jacent to the broken span swing up into line with the cable, throwing incr 
slack into the unbroken part of the cable equal to the length of the insulator. 
This slack divides between the unbroken spans, increasing the deflection of 
each. The stresses and deflections of the unbroken spans may be determined 
by the method given above in the section on Calculation of Stresses in Unequally 
Loaded Spans, p. 1696, calling the span in which the break occurs span No. 1. 


ERECTION OF TRANSMISSION LINES. — The preliminary work in 
constructing a transmission line includes the clearing of the right-of-way, mov- 
ing of buildings (if necessary), building roads, bridges, fences, gates, etc., t? 
make the right-of-way passable. If the telephone line is to be supported on 
separate structures, this is generally built in advance of the main line and used 
during the rest of the construction. 

After the towers are in place and the insulators placed, the wires and cables 
are strung. The reels are distributed and spaced according to the length of 
cable on each. The reels of heavy cable are supported on reel jacks. The 
lighter wire and cable is usually drawn out on the ground and carried or hauled 
up on thesupporting structures. Heavy cables are drawn over rollers or sheaves 
attached to the towers at approximately the final point of support. The pulling 
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out of wires and cables is usually done with horses, but under favorable condi- 
tions a traction engine or hoisting engine can be used. Where lines parallel 
railroads they have been pulled out successfully with locomotives. Care should 
be taken in drawing out the cable so as not to scratch or injure it by sharp bends 
or faulty cable grips, or by dragging it over sharp stones. See also the article 
on Wires and Cables, Bare. 

After the cable is drawn out and is in place on the sheaves on the towers, it 
should be adjusted to the proper sag by using dynamometers for measuring the 
tension. In order to have uniform tension in all spans when pulling several at 
one time, the cable should be free to move at all points of support. Wires and 
cables should be clamped or tied in place while under the proper tension corre- 
sponding to the temperature at time of stringing. Wind loads on cables or wires 
are generally not of an amount during wire stringing to require allowance for 
additional tension. Splicing sleeves are twisted by hand wrenches in the smaller 
sizes and by splicing machines for the larger sizes. 

At anchor towers loose jumpers must be bent to shape and not left so that they 
may ground on the tower due to twist of cable, pressure of wind or weight of 
sleet. i 

Where ground wires or telephone wires are also on the tower, it is equally 
important that they be strung at the proper tension; otherwise they may cross 
and ground the conductors. 

Suspension towers (i.e., those intermediate between the dead-end towers) are 
ordinarily not strong enough to stand the strain of dead-ended cables during 
high winds and heavy sleet storms; consequently care must be used if cables 
are temporarily dead ended on them during construction. 


Transposition of Transmission Lines. — (See also Telephone Lines.) 
Transpositions are not necessary for the proper operation of an isolated trans- 
mission line, but are used to diminish the inductive effects of the transmission 
line on neighboring circuits. The number of transpositions required depends 
principally on the sensitiveness and proximity of other circuits, especially 
telephone lines and on the distance that such lines parallel the transmission 
line, and also to a lesser degree on the current and voltage of the transmission 
line. 

Where the voltage of transmission is 2200 or less the length of exposure 
(i.e., distance between two successive transposition points) is usually insufficient 
to require transpositions and, when the voltage is over 60,000, the lines are 
often at sufficient distance from nearest telephone line to make transpositions 
unnecessary. For voltages above 2200 and not over 60,000 a telephone line is 
ordinarily run the whole distance on the same poles or towers with a trans- 
mission line, thereby making transpositions necessary.  Transpositions on such 
transmission lines are ordinarily located three miles or more apart, the tele- 
phone line also being transposed every 500 or 600 feet. 

Each transposition of a three-phase line ordinarily consists of a spiral of 
one-third of aturn. Three transpositions give a complete spiral and bring the 
phases back to their original position. A line is ordinarily transposed by giving 
it one or more complete spirals, the transpositions being located so as to divide 
the line into approximately equal sections. For one complete spiral two 
transpositions dividing the line into thirds are sufficient, though the equivalent 
of a third transposition is necessary at one end if the phases are to have the 
same relative position in the station wiring at each end. 

Special poles or towers are usually necessary at transposition points. 


TESTS AND INSPECTION OF TRANSMISSION LINES. — Tests 
on transmission lines include testing of the several parts; conductors, insulators, 
pins, clamps, ties, towers, etc., and are described in the articles on Wires and 
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Cables; Insulators for Overhead Lines; Poles for Overhead Lines, Cross Arms 


Towers. The efficiency and other electrical characteristics of transmission lins 
can be computed with such certainty that tests are not necessary to determine 
these features, though the calculations are occasionally checked by observation 
made during actual operation. 

When a line is completed it should be carefully inspected to see that all joints 
have been shade, all insulators put on, etc. Moreover, before starting continu- 
Gs Gueralion, it is advisable to apply voltage in order to make sure that th 

line is not open circuited, short-circuited or grounded. 
- Where two or more transmission dines are to be in parallel, or where a new fine 
connects two points already connected by other lines, it is necessary to test out 
to find corresponding phases before oo ia multiple, especially if any of 
the lines have transpositions. 


OPERATION. — Patrolmen are = located between ten and twenty 
miles apart, depending on the character of the country. The codperation of 
people living along the line must be obtained in order to prevent damage by 
breaking of insulators, throwing wires over the conductors, blasting rocks er 


stumps near the line, etc. Patrolmen should inspect the line regularly and keep ` 
weeds, brush and inflammable material away from the poles and towers. They . 


Should hote the-condition of the foundations, towers, poles, insulators and con- 

a In addition they should make minor and emergency repairs on the 
ne 

. Section switches are often installed at each patrolman's house. By manip 

lating these switches any section of line may then be tested for faults. 

The proper maintenance of a line includes resetting foundations that have 
settled; covering of foundations with earth to proper depth after heavy rains; 
repainting of towers before they are affected by rust; tenewal of rusted ground 
cables; replacement of ctacked or pattiafly defective insulators that have not 
failed; correcting sag of any cable where sag has changed due to stretch of cable, 
change of length during emergency repairs, etc. 

"l'élephone Connections. — A good telephone line is essential and the patrol 
men should report by telephone at regular intetvals. As a convenience in 

operation, telephones are installed or connections are provided for a portable 
telephone set at intervals of three or four miles along the fine. For the higher 
potential limes protection must be provided for the person using telephone. 
The usual protection includes insulated stools, telephone insulating transformers, 
drainage coils, telephone lightning arresters and fuses. 


COSTS OF TRANSMISSION LINES. — To obtam an accurate estimate 
of the cost of a transmission line the ost of the various elements should be sepa- 
rately determined. The following over-all costs are given as a tough guide in 
preliminary estimating. 

Cost of Right-of-Way. — The cost of the right-of-way for a low-voltage line 
ranges froth a nominal amount for a fine on public roads, to $10,000 per mile ot 

more fot a private right-of-way in thickly settled districts. A right-of-way 100 
feet wide requires approximately 12 actes per mite, which for farming land at 
$200 pet acte, amounts ‘to $2400 per thile. Land values may be cer to 
average considerably Higher fot right-of-way than for farming, especially if a 
strip of land is ‘desired crossing a fatm diagonally. 

The right-of-way for high-voltage tower Ines should be estimated Therally a 
such lines shold have tong spans and few angles, and cannot be diverted around 
expensive praperty and obstructions es readily as short-spaa woaden-pele hinc. 


Dect of Size and Cost of Conductor on Total Cost. — The size and 
cost per pound of conductors gtewtly affect the cost of a Hino. A droat of } 
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No. oooo cables costs about $1500 per mile with copper at 14.4 cents per pound 
and $2000 per mile at 19.2 cents per pound. The cost of smaller cables is pro- 
portionally less; No. o being about one-half, No. 3 about one-fourth and No. 6 
about one-eighth the cost of No. oooo. "Thus the copper cost of a three-wire 
line will range from about $200 per mile for No. 6 at 15.6 cents per pound to 
$2000 per mile for No. oooo at 19.2 cents per pound. 

For the same power loss in the line aluminum conductors usually cost about 
10 per cent less than copper. 

Total Structural Cost of Wooden Pole Lines. — The structural cost of a 
wooden-pole transmission line ordinarily ranges from about $1500 per mile for a 
11,000-volt line with 3 No. 6 wires to about $4000 per mile for a 55,000-volt line 
with 3 No. oooo wires, excluding the cost of right-of-way. To the structural 
cost and cost of right-of-way should be added the charges for engineering, 
contractor's services, superintendence, tools and equipment, etc., which may 
amount to from 20 to 40 per cent of the structural cost. 


Total Structural Cost of Tower Lines. — The cost of light tower lines for 
55,000 volts with 3 No. oooo wires may be as low as for a wooden pole line, i.e., 
about $4000 per mile. For 110,000 volts with three 300,000-circular-mil wires 
the cost may be about $8000 per mile or more. The cost of towers proper varies 
greatly according to the views of the designers as to what risks are proper in 
design, that is, the severity of assumed wind and ice loadings, and the factors 
of safety. The cost of foundations is very small when simple steel stubs are 
used in very firm ground, but foundations add greatly to the cost of a line when 
concrete or steel structures are used, so designed as to make the strength, rigid- 
ity and holding power of the foundations actually equal to the strength of the 
tower under reasonably unfavorable conditions of ground. See article on 
Towers for Transmission Lines. 
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TRIGONOMETRIC FUNCTIONS. — (See also Derivatives; Integrals; 
Series, Mathematical; Trigonometry.) The trigonometric functions of an angle are 
the ratios to one another of the various sides of a right triangle having the given 
angle as one of its angles. Referring to Fig. 1, let B, P and H be the three sides 
of a triangle. Then the trigonometric functions of the angle x are 


. i B 

sine of x, abbreviated sin x = H cotangent of x, abbreviated cot x = p 
| ; B : H 

cosine of x, abbreviated cos x = T secant of x, abbreviated sec x= 7 
P H 


tangent of x, abbreviated tan x = cosecant of x, abbreviated csc += pP 


"B M 
When B, P and H are limited. to the three sides of a right triangle, the above 
definitions are directly applicable only to angles lying between o and 90°. The 
definitions, however, may be extended by considering the point A (Fig. 2) as 


Fig. 1. Fig. 2. 


describing a circle of radius OA with the center at O. Let X X' be the horizontal 
diameter and Y Y' the vertical diameter of this circle, and call P the perpendicu- 
lar distance from A to the line X X' and B the horizontal distance from A to 
YY’. P is to be considered positive when A lies above XX’, negative when 
below. B is considered positive when. A is to the right of YY’ and negative 
when to the left. “The four quarters of the circle are called quadrants, and are 
designated as the first, second, third and fourth quadrants as indicated. The 
angle is said to lie in the quadrant in which the point A lies. In Fig. 2 the 
angle x is in the second quadrant. 


ALGEBRAIC SIGNS OF THE FUNCTIONS 


Cosine Tangent 


Angle ín first quadrant 
Angle in second quadrant 
Angle in third quadrant 
Angle in fourth quadrant 
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Period. — From the above definitions it is evident that adding 27 radians or 
360° to an angle does not change the value of any of its functions, that is, these 


: functions repeat themselves every time the angle increases by the 27 radians 


or 360°. They are therefore said to have a period equal to 2$ radians or 360°. 


Functions of Angles in Any Quadrant in Terms of Angles in First 
Quadrant.— 


sin ( — x) = — sin x, sin (9o + x) = cos x, 
cos (— x)=  cosx, cos (9o + x) = — sin x, 
tan (— x) = — tan x, tan (9o + x) = — cot x, 
sin (180 — x) = sin x, sin (180+ x) = — sin x, 
cos (180 — x) = — cos x, cos (180+ x) = — cos x, 


tan (180 — x) = — tan x, tan (180+ x) = tan x, 


sin (270 — x) = — cos x, sin (270 +x) = — cos x, 
cos (270 — x) = — sin x, cos (270 +x) = sin x, 
tan (270 — x) = cot x, tan (270 4-x) = — cot x. 


Table of Trigonometric Functions. — By making use of the above relations 
the functions of any angle may be obtained from a table giving the values of the 
functions for angles between o and 90°. Such a table is given below. For the 
cot, sec and csc take the reciprocals of the tan, cos and sin respectively. 

Example of Use of Table.— sin 21.6? = 0.3681, cos 21.6? = 0.9298, 
tan 21.6? = 0.3959; sin 107° = sin (180? — 107°) = sin 73° = 0.9563, cos 107° = — 


COS 73? = — 0.2924, tan 107° = — tan 73° = — 3.2709. sop fe TE 


[ 


TRIGONOMETRIC FUNCTIONS 0.0°-6.9° 


eres | ee eee | ene | —— | — | ne | ef ee | ee | —— 


0.0000} 0. 0017) 0.0035} 0.0052] 0.0070} 0.0087) 0.0105 0.0122]0.0140) 0.0157 
1.0000] I . 0000| I, 0000! I .0000! 1 . 0000] T .0000/ 0.9999 0.9999!0.9999! 0.9999 
0.0000|0.0017|0.0035|0.0052/0.0070| 0.0087 Mas des 0.0140|0. 0157 


0.0175|0.0192]0.0209/0.0227|0.0244|0.0262/0.0279/0.0297 0.0314/0.0332 


0.9998/ 0.9998! 0.9998; 0.9997] 0.9997] 0.9997/0.9996;0.9996,0.9995/0.9995 
0.0297/0.0314/ 0.0332 


0.9989 


0.999410.9993/0.9993.0.9992/0.9991] 0.9990. 0.9990 0.9988) 0.9987 
0.0349|0.0367|0.0384|0.0402|0.0419 Mui ose 0.0472/0.0489/0.0507 
0.05230. 0541 0.0558|0.0576 0.0593} 0.0610,0.0628,0.0645/0.0663|0.0680 
0.9986! 0.9985|0.9984) 0.9983) 0.9982] 0.9981/0.9986; 0.9979} 0.9978] 0.9977 
0.0524|0.0542/0.0559|0.0577,0.0594| 0.0612/0.0629/0.0647| 0.0664! 0. 0682 
0.0698 0.0715|0.0732]0.0750' 0.0767] 0.0785} 0.0802}0.0819}0.0837/0.0854 
0.9976 0.997410.9973/0.9972. 0.9971] 0.9969; 0.9968/ 0.9966] 0.9965] 0.9963 
0.0699! 0.0717/0.0734|0.0752/ 0.0769] 0.0787/0.0805/0.0822/0.0840,0. 0857 
0.0872/0.0889/0.0906 2/0924 00007 0.0958)0.0976/0.0993/0, LOTITO. 1028 
0.9962 0.9960 0.9959 |0.9957 0.9950 0.9954/0.9952)0.9951/0.9949,0.9947 
0.0875, 0.0892 0.0910 0.0928 0.0945 d AG 0.099810. 1016/0. 1033 
0.104510. 1063 91:1090 ace! O.I115|O.1132,0. 1149/0. 2167/0. 118410. I20I 
9.9945 0.9943 0.9942 0.9940,0.9938| 0.9936 0.9934 0.9932,0.9930 0.9928 

1069 o. 10860, 1104 o, 1122 O.I139:0. 1157|0. 1175,0. 1192]0. 1219 


2.I051,0. 
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TRIGONOMETRIC FUNCTIONS ¥7.0°-209' 


rte | -— fete |. tte e | —À | —— aa | — 


0.1219 0. 1236] 0. 1253] 0. 1271/0. 1288] 0, 1305] 0, 1323] 0.1340] 0.135710. 1374 
©.9925| 0.9923] 0.9921) 0.9919} 0.9917] 0.991410.9912/0.9910] 0.9907|0.9%5 
.[0.1228/0. 1246/0. 1263} 0. 1281/0. 1299|0. 1317|0. 133410. 1352/0. 1370/0. 1388 
0. 1302/0.1409 0. 142610. 1444] 0. 1461|0. 1478|0. 1495|6. 15130. 1530/0. 1547 
0.9903] 0.9900! 0. 9898] 0.9895] 0.9893}0. 9890) 0. 9888! 0. 9885] 0. 9882) 0.9880 
O. 1405] 0. 1423, 0. 1441/0. 1459/0. 1477] 0. 1495/0. 15120. 1530] 0, 1548/0. 1560 
0. 1564/0. 1582/0. 1599/0. 1616] 0. 1633]0. 1650] 0. 1668) 0. 1685 0.170210. 1719 
9.9877] 0.9874] 0.9871) 0.9869] 0.9866; 0.9863] 0.9860; 0.9857] 0. 9854)0.985! 
- [0.1584] 0. 1602/0. 1620] 0. 1638] 0. 1655] 0:1673] 0. 1691/0. 1709/0. 1727] 0.1745 
0.1736]0.1754|0.1771)0.1788] 0. 1805|o. 1822/0. 1840! 0. 1857] 0. 1874/0. 1891 
0.9848] 0.9845] 0.9842] 0.9839} 0.9836]0.9833/ 0.9829! 0.9826] 0.9823) 0.9820 
0.1763|0. 1781/0. 1799, 0.1817] 0. 1835] 0. 1853] 0.1871] 0. 1890] 0. 1908] 0.1926 
0. 1908/0. 1925] ©. 1942/0. 1959} 0. 1977]0. 1994] 0. 2011/0. 2028) 0. 2045/0. 2062 


0.9816] 0.9813} 0.9810] 0.9806) 0.9803/0. 9799] 0.9796] 0.9792] 0.9789) 0.9785 
_[0.1944]0. 1962/0. 1980] 0. 1998 0.2016 ©. 2035/0. 2053) 0. 2071/0, 2089) 0.2107 


0.9781|0.9778|0.9774|0.9770, 0.9767]0.9763) 0.9759] 0.9755/0.9751)0.9748 
©, 3126/0. 2144/0. 2162] 0. 2180] 0.2199] 0. 2217/0. 2235/0.2254 0.2272)0.2290 
0.2250|0. 2267) 0. 2284/0. 230010. 2317|0. 2334/0. 2351/0. 286810.2985|0.2402 
©.9744|0.9740/ 0.9736] 0.9732] 0.9728]0.9724|0.9720 0.9715/0.9711/0.9701 
0.2309| 0. 2327/0. 2345| 0.236410. 2382/0. 2401/0. 2419/0. 0.24560. 2475 
0. 2419/0. 2436.0. 2453|0. 2470| 0. 2487] 0. 2504/0. 2521/0. 2538|0. 25540-2571 
0.9703| 0.9699] 0.9694/0.9690] 0.9686]0.9681/0.9677| 0.9673] 0. 9668]0.9604 
0. 2493] 0.2512] 0.2530]0. 2549/0. 2568] 0. 258610, 2605) 0. 2623/0. 2642/0. 2661 


0.9659|0.9655/0.9650/0.9546/0.9641|0.9636|0.9632,0.9627/0.9622/0.9617 
0.2679 0.26980. 2717 0.2736|0. 275410.2773|0. 2792/0. 2811/0. 2830,0.2849 
0.2756/0.2773,0.2790|0.2807/0.282310.2840|0. 2857.0. 2874/0.2890 0.2907 


0.9613/0.9608/0.9603/0.9598/0.9593]0.9588|0.9583/0.9578/0.9573/0-9598 
0.28670. 2886/0. 2905]0.2924|0.2943[0. 2962/0. 29810. 300010. 3019}0. 398 
0.9563/0.9558/0.9553|0.9548|0.9542]0.9537|0.9532,0.9527 0.9521,0.9516 
0.3057] 0. 3076/0. 3096) 0. 3115/0. 3134|0. 3153/0. 3172/0. 3191/0. 3211/0.3239 
0.3090|0. 3107|0. 3123) 0. 3140,0.3156|0.3173 0.3190 0.3206 eee 
0.9511|0.9505/0.9500/0.9494|0.9489]0.9483/0.9478,0.9472,0.9465 0.9461 


|o-9397|o-9391]o.9385|0-9379,0.9373]o.9367/0.9361/0.9354 0.9348 0.931 
©. 3640] 0. 3659] 0. 3679/0. 36990. 3719]0. 37:39 |o. 3759 o. 3779|0. 3799/0. 3519 


©. 2079] 0. 2096 0. 2113/0. 21300.2147|0.2164'0.2181/0.2198/0.22150.2232.. 


0.2588] 0. 2605/0. 2622/0. 2639/0. 2656]0.2672]0.2689,0.2706/0.2723,0-214). - 


à 


m 


Angle; Name 
in de-| of func- 
grees| tion 


ein 
cos 
tan 
sin 
cos 
tan 
ein 
cos 
tan 
sin 
cog 
tan 
sin 
coa 
tan 
ein 
coa 
tan 
sin 
cosg 
tan 
sin 
cos 
tan 
sin 
cos 
tan 
sin 
cos . 
tan 
sin 
cos 
tan 
sin 
cos 
tan 


n 


ESEE 
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21.0°-34.9°? 


Value of funetion for each tenth of a degree 


o.3584!0. 360010. 361610. 3633/0. 3640 
0.933610.933010.9323/0.9317,0.9311]o 
©. 383910. 3859/0. 387910. 3899/0. 3919 fo 
0.37460. 376210. 3778/0. 379510. 3811, fo 
0.9272|0.9265:0.9250/0.9252!0.0245]0 
0.4040|0. 4061/0. 408110. 4101|0. 4122 

0. 390710. 3923/0. 3939/0. 3955]0. 3971 

0.92051o0.9198:0.910110.918410.9178 

6.4245|0.4265|0. 4286/0. 430710. 4327 

o. 406710. 408316. 400010. 41 tS|o. AT at 

6.913510.9128:0.9121:0.9114/0.09107]1o 
0.445210. 4473|0. 449410. 4515|0. 453010 
0.422610. 4242/0.4258/0. 427410. 4289 fo 
0.906310.905610.904810.904t|0.9033]o 
0.466310.468410.470610.472710.4748]o 
0. 438410. 439910. 4415/0. 4431 |o. 4446]o 
0.8988/0.8980/0.8973(0 806510 8957 f0 
0.487710. 489910. 4921/0. 4942/0. 4964 fo 
0.454010. 455510. 457110. 45860. 4602 fo 
©. 8910/0. 8902/0. 8894/0. 8886/0. 8878 fo 
0.509510. 511710. 5139/0. 5161/0. 5184 fo 
0. 4695/0. 4710/0. 4726/0. 474110. 475610 
0. 882910. 8821/0. 8813/0. 8805/0.8796 ko 
0.531710. 5340/0. 5362/0. 538410. 5407 0 
6.484810. 486310. 487910. 4894/0. 4909 fa 
0.874610.8738/0.872910.8721]0.8712]o 
0.5543/0. 5566/0. 5589/0. 5612|o. 5635 [o 


.9171[0.0164:0.9157 
4348/0. 4369/0. 4300 
.4147/0.4163/0. 4179 
.9100/0.9092/0.9085; 
.455110.4578|0. 4599 
. 430510. 4321 |0. 4337 
.902610.09018;0.9011 
.4710/0.4791|0. 4813 
.446210. 4478/0. 4403 
.8949/0.894210.89341 
.4986|0. 5008/0. 5029 
.461710. 463310. 4648 
.8870/0. 8862/0. 8854 


. a665:0. 3682110. 3607 
.9324/0.0208'0.9201 
- 3939 0. 3959/0. 3979, 
p bn 
.9239/0.924210.9225; 
.414210. 416310, 4183 

. 398710. 4003/0. 4019 


0.371410. 3730 
0.9285|0.9278 
O.4000j0. 4020 
0. 3875/0. 3891 
0.9219}0.9212 
0.420410. 4224 


0. 4035/0. 4051 
0.9150/0.0143 
0. 4411|0. 4431 
0.4195|0.4210 
0.9078}0.9070 
0. 4621/0. 4642 
0. 4352/0. 4368 
0.000310. 8996 
o. 4834/0. 4856 
O. 4509/0. 4524 
0.892610. 8018 
0.5051/0. 5073 
o.4664|0. 4679 
0. 8846/0. 8838 


. 5206/0. 5228/0. 325010. §272/0. 5295 
-477210 . 478710. 4802/0. 4818/0. 4833 
.8788/0.8780|0.8771,0.8763]0.8755 
.$430/0, 5452/0. 5475/0. 5498/0. 5520 
492410. 4939/0. 4955/0. 4970/9. 4985 
.8704/0.8695,0. 8686/0. 8678/0. 8669 
.5658|0. 568110.5704/0.$72710.5750 


0.5075|0.5090|0. 5105/0. 5120|0. 5135 


0. $150lo. 5165/0. 5180 0. 519510. 521olo 


0$.857210.8563/0.855410.8545|0.8536]o. 
.6128|0.615210.6176/0.6200|0.6224 


.8373]|0. 5388/0. 5402/0. 5417|0. 5432 
.8434/0.8425/0.8415/0.8406/0.8396 
.$371|0.639510.642c|0.6445/0. 6469 
. 551910. 55340. 5548|0. 5563/0. 5577 
.8339/0.8329/0.8320|0.8310|0.8300 
.661910.6644/0.6669/0.6694]0.6720 
.5664|0. 5678/0. 5693/0. 8707|0. 5721 
.8241]o0.8231/0.8221,0.8211|0.82302 
.6873|0.689910.6924/0.6950|0.6976 


9.6009/0.6032|0.6056/0.6080|0. 6104]o 
9.5299/0. 531410. 532910. 5344|0. $358 10 
0.8480|0. 8471 0.8462/0.8453]0.8443[c 
0.6249|0.6273|0.6297|0.6322|0.6346]c 


0.544610. 5461|0. 5476/0. $4900. 3505 |o 
0.8387|0.8377|0.8368$|0.8358|0.8348]o 
6.649410.6519|0.654410.6569|0.6594]0 
0.5592|0. 5606/0. 5621|0. 5635/0. 5650]c 
©.8290)0.8281/0.8271/0.8261/0.8231 
0.674310.6771|0.6796)0. 6822/0. 6847 fo 


.8616}0. 8607/0. 8500/0. 85900.8581 
. 5890/0, 5914/0. 5938 0. §961}0. 5985 
.5225/0. 524010. 5255/0. $270|0. 5284 


8526/0.851710. 8503'0. 8499] 0. 8490 


m deccm ras morem 


a Se 


- -r = - 


M em m E T cl 


-o ee, A en eA 
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TRIGONOMETRIC FUNCTIONS 35.0%489° — 
Value of function for each tenth of a degree a je 
1 inde 


0.5 | 0.6 | 0.7 | 0.8 | 0.9 


—— | ee | ——— | eS | —— ns | es | ee | eee | 


0.5736) 0.5750|0.5764|0.577910. 5793|0. 5807/0. 5821/0. 5835] 0. 5850| 0.5864 
0.8192]0.8181/0.8171/0.8161|0.815110.8141| 0. 8131/0.8121|0.8111]0.8100 49 
0, 7002! 0. 7028] 0.7054] 0. 7080] 0.710710. 7133] 0. '7159| 0. 7186/0. 7212|0.7239 
0.5878/0.5892! 0. 5906] 0.5920] 0. 593410. 5948] 0. 5962/0. 5976/0. 59901 0.6004 

0.8090] 0. 8080| 0.8070] 0.8059] 0. 8049]0. 8039] 0.8028] 0.8018) 0. 8007/0.7997 p 
0.7265] 0.7292] 0. 7319] 0. 7346] 0.737310. 7400] 0.7427] 0.7454] 0.748110. 7508 

0.6018] 0.6032|0.6046) 0.6060] 0.6074] 0.6088] 0.6101] 0. 6115]0.6129]0.6143 

0.7986] 0. 7976/0. 7965] 0.795510. 7944]0.7934|0. 7923 0.7912] 0. 7902/0. 7891 sl 
0.7536] 0. 7563/0. 7590) 0. 7618/ 0.7646] 0. 7673] 0.7701) 0.'7729]0.7757| 0.7785 
0.6157}0.6170] 0.6184} 0. 6198] 0.6211] 0. 6225] 0.6239|0.6252| 0.6266] 0.6280 

0.7880| 0.7869] 0. 7859/0. 7848] 0.783710. 7826] 0. 78x50. 7804|0. 7793 0.7782 à 
0. 7813/0. 7841/0. 7869/0. 7898/0. 7926] 0.7954] 0.7983) 0.8012) 0.8040] 0.8069 

0.6293] 0.6307|0.6320]0.6334]0.634710.6361/0.6374]0.6388/0.6401|0.6414 | 
0.7771|0. 7760/0. 7749/0. 7738]0. 7727]0. 7716/0. 7705|0.7694|0. 7683/0. 7672 N 
0.8098/0.8127/0.8156/0.8185/0.8214]0.8243/0.8273/0.8302]0.8332/0.8361 

0.6428] 0.6441|0.6455/0.6468]0.648110.6494/0.6508|0.6521/0.6534/0.6547 

07660] 0. 7649/0. 7638]0. 7627/0. 761510. 7604 ©. 7593] 0.7581) 0. 7570|0.7559 | 
0.8391|0.8421/0.8451|0.8481|0.8511]0.8541/0.8571/0.8601]0.8632|0. 8602 
0.6561/0.6574/0.6587/0.6600|0.6613[0.6626/0.6639|0.6653/0.6665/0.6078 
0.7547|0.7536|0. 7524 0. 7513/0. 7501|0. 7490] 0. 7478 0. 7466/0.7455/0. 7443 $ 
0.8693] 0.8724]0.8754)0.8785|0.8816]0.8847/0.8878]0.8910]0.8941/0.8972 
0.6691/0.6704/0.6717/0.6730|0.6743[0.6756|0.67690.6782/0.6794/0.6807 
0.7431/0.7420|0. 7408/0. 7396] 0.738510. 7373] 0.7361/0. 734910. 73370. 7325 j 
0.900410.9036/0.906710.9099|0.9131[0.9163/0.9195|0.9228|0.9260|0.9293 
0.6820|0.6833/0.6845|0.6858/0.6871|0.6884|0.6896|0.6909|0.6921|0.6934 
0.7314|0.7302|0.*7290 0.7278 0. 7266 0.7254|0.7242|0. 7230 0.7218 0.7206 5 
0.9325|0.9358/0.9391]0.9424/0.9457|0.9490!0.9523/0.9556/0.9590,0.9623 
0.694710.6959|0.6972|0.6984|0.699'7]|0.7009|0. 7022|0. 7034/0. 7046/0. 7059 
0.7193/0.7181/0. 7169/0. 7157|0.7145|0. 7133|0. 7120/0. 7108] 0. 7096/0. 7083 j 
0.9657/0.969110.9725/0.9759|0.9793|0.9827|0.9861,0.9896/0.9930/0.9965 
0. 7071/0. 70830. 7096/0. 7108|o. 7120|o. 7133|0. 7145|o. 71570. 7169/0. 7181 
0.7071|0. 7059|0.7046/0.7034|0. 7022]0. 7009|0.6997|0.6984 0.6912 0.0059 5 
[1.0000|1.0035|1.0070|1.0105|1.0141| X.0176| 1. 0212| 1.0247] 1.0283) 1.0319 
0. 7193/0. 7206/0. 7218/0. 7230/0. 7242|0. 7254/0. 7266/0. 7278] 0. 7290,0.7392 
0.6947/0.6934/0.6921/0.6909|0.689610.6884|0.6871/0.6858/0.6845,0.0833 ( 
1.0355 1.0392] 1.0428, 1.0464|x.o501|1.0538|1.0575|1.0612|1.0649, 1.0686 
0.7314|0. 7325/0. 7337/0. 7349|0. 7361/0. 7373|0. 7385/0. 7396] 0. 7408] 0.7420 
0.6820|0.6807/0.6794/0.6782|0.676910.6756|0.6743|0.6730|0.6717,0.6701 ( 
1.0724|1.0761/1.0799|1.0837|1.0875|1.0913|1.0951|1.0990|1. 1028, 1. 107 
0.7431/0.7443l0.7455|0. 74660. 7478]0. 7490] 0. 7501|0. 7513/0. 7524 0.7536 
0.6691/0.6678,0.6665/0.6652|0.6639|0.6626|0.6613/0.6600|0.0587/0.6574 | 


I.XIO6|I.II45|I. I184| 1. I224| 1. 1263|1. 1303| 1. 1343| 1. 1383| 1. 1423/1. 1463 
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TRIGONOMETRIC FUNCTIONS l  49.0°62.9° 


Value of function for each tenth of a degree 


Angle | Name 
in de-lof func- 
grees | tion 


ae ——— RA a q——— [—ÀÓ— [| ———— 1 ——— | ———— 


0.754710. 1559 0.757010. 7581/0. 759310. 7604/0. 7615/0. 762710. 7638/0. 7649 
0.6561/0.6547/0.6534/0.6521:0.6508]0.6494/0.6481j/0.6468/0.6455/0.6441 
I.I504|I.I544 I.1585;1.1626,1.1667|1. 1708| I. 1750/ 1. 1792 ied ied 
0. 7660/0. 7672/0. 7683/0.7694/0.7705|0. 7716/0. 772710.7738/0. 7749/0. 7760 
0.6428'0.6414, 0.6401/0.6388/0.6374[0.6361]0.6347/0.6334;0.6320 0.6307 
I.I918/ 1.1960, 1.20021. 2045/1. 2088/1. 2131/1.2174/ 1.2218) 1.2261/ 1.2305 
0.7771 a MC 0.7804/0.7815|0.7826|0.7837,0.7848/0. 7859/0. 7869 
0.6293/0.6280 0.6266/0.6252 0.6239|0.6225/0.6211,0.6198/0.6184/0.6170 
1.2349|I.2393 I.2437|1.2482, 1.2527|1.2572]1.2617/1.2662,1.2708/1.2753 
0.7880 0.78910. 7902 0.7912 0.7923|o. 7934/0. 7944/0. 7955/0. 7965/0. 7976 
0.6157 E0143 0.0129 0.6115 o.6101[0.6088;0.6074/0.6060/0.6046,0.6032 
I.2799| 1.2846, 1.2892 1.2938 1.2985 I.3032|1.3079/1.3127|I.3175,1.3222 
0.7986/0.7997,0.8007 o.Sor8| 0.8028 0.8039/0.804910.8059/0.8070/0.8080 
0.6018/0.6004/0. 5990/0. 5976 0. 5962/0. 5948/0. 5934/0. 5920/0. 5906/0. 5892 
I.3270|I.3319|1.3367|1.3416 1. 3465|1.3514| 1.3564) 1.3613| 1.3663) 1.3713 
0,8090/0.8100/0. 8111/0. 8121'0.8131f/0.8141/0.8151/0.8161/0.8171/0.8181 
o0. 5878/0. 5864/0. 5850/0. 5835!0. 5821|0. §807/0.5793/0.5779'0.576410.5750 
1.3764] 1.3814) 1.3865/1.3916/ 1. 3968|1.4019|1.4071|1.4124|I.4176|1.4229 
0.819210 .8202/0.8211|0.8221/0.8231]0. 8241] 0. 8251/0.8261/0.8271/0.8281 
0.5736 0.5721'0.5707 0.5693 0.5678]0. 5664/0. 5650) 0. 5635/0. 5621/0. 5606 
1.4281 1.4335 T4388 1.444211. 4496]1.4550| I. 4605| 1.4659 1. 4715|1. 4770 
0.8290 ashen 0.8320! 0.8329]0.8339] 0.8348] 0.8358) 0.8368)0.8377 
0. 5592]0.5577|0.5563,0. 5548) 0. 5534|0. 5519/0. 5505] 0. 5490/0. 5476 0. 5461 
1.4826} 1.4882) 1. 4938| 1.4994) 1.5051|1.5108|1.5166|1.5224|1.5282|1. 5340 
0.8387/0.8396)0.8406/0. 8415) 0.8425]0. 8434/0. 8443/0.8453]/0.8462/0.8471 
0.5446]0. 5432/0.5417| 0. 5402/0. 5388|0. 5373] 0. 53580. 5344| 0. 5329/0. 5314 
I. 5399/1.5458/1.5517)£.5577| 1.5637] 1.5697) 1.5757/ 1. 5818| 1.5880] 1.5941 
0.8480/0.8490/ 0. 8499) 0.8508] 0. 8517]0. 8526] 0.853610. 8545/0. 8554/0.8563 
0.5299] 0. 5284! 0.5270]0.525510. 524010. 52250. 5210/0. 5195/0. 5180'0.5165 
1.6003! 1.6066] 1.6128} 1.6191] 1.6255]1 .6319| 1.6383) 1.6447|I.6512| 1.6577 
0.8572|0.8581/0.8590/0.8599|0.8607[0.8616/0.862510.8634|0.8643/0.8652 
0. §150]0. 5135/0. 5120|0. 5105|0. 5090]0. 5075/0. 5060/0. 5045/0. 5030/0. SOIS 
1.6643/1.6709|1.6775|1.6842|1.6909|1.6977|1.7045|1.71131.7182|1.7251 
0.8660|0.8669/0.8678/0.8686/0.8695[0.8704/0.8712/0.8721/0.8729|0.8738 
0.50000. 4985/0. 4970/0. 4955|0.4939]0. 4924/0. 4909|0. 4894/0. 4879/0. 4863 
I.7321|1.7391|1.74061|1.7532| 1.7603|1.7675|1.7747|1.7820|1.7893:1.7966 
0.8746|0.87550.8763|0.8771|0.8780|0.8788/0.8796|0.8805/0.8813/0.8821 
0.4848|0.4833|0. 4818] 0. 4802] 0. 4787]0. 477210. 475610. 474110. 4726/0.4710 
1.8040|1.8115|1.8190|1.8265/1.8341|1.8418|1.8495/1.8572|1.8650|1.8728 
0.8829|0.8838/0.8846|0.8854|0.8862|0.8870|0.8878|0.8886|0.8894/0.8902]. 
0.4695|0.4679|0.4664|0.4648|0. 4633]0. 4617|0.4602/0.4586|0.4571/0.4555 
1.8807|1.8887|1.8967|1.9047|1.9128|1.9210|1.9292|1.9375|1.9458|1.9542 


49 


50 


5I 


52 


53 


54 


55 


56 


57 


59 


60 


61 


v. P uid 
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TRIGONOMETRIC FUNCTIONS 


Value of function for each tenth of a degree 


sin 
£06 
iam 
sin 
cos 
tan 
sin 
cos 
tan 
sin 
£08 
tan 
gin 
cos 
tan 
sin 
cos 
tan 
sin 
cos 
tan 
gin 
cos 
tan 
08 
tan 
sin 
cos 
fan 
sin 
cos 
tan 
sin 
$08 
tan 
sin 
cos 
tan 
sin in 
€08 
tas 
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TRIGONOMETRIC FUNCTIONS 3 7'7.0°-89.9° 
Angle | Name Value of function for each tenth of a degree 
in de- iof func- 
grees} ton | oo | o.r | 0.2 | 0.3 | 0.4 | 0.5 | 0.6 | o7 | o8 | 0.9 
sin  |o.9744/0.9748,0.9751|0.9755/0.9759|0.9763/0.9767/0.9770/0.9774/0.9778 
77 cos 0. 2250 0. 2232,0.2215 o. 2198.0. 2181/0. 2164/0. 2147/0. 2130/0. 2113/0. 2096 
tan = [ 4.3315, 4.3662) 4.4015 ee 4.5107 4. 5483/4. 5864] 4.6252] 4.6646 
sin 0.9781,0.9785,0.9789,0.9792 0.9796]0.9799/0.9803/0.9806,0.9810/0.9813 
78 cos 0.2079 0. 2062 GOTS O20400; 2011 0.19940. 1977/0. 195900. I9.2:0. 1925 
tan  |4.7046:4.7453!4. dal 8288 4.87161 4.9152) 4.959415 .0045!5.0504) 5.0970 
sin jo. 9816 0.9820 0.9823 0.9826 o.9829|0.9833/0.9836/0.9830/0.9842:0.9845 
79 cos  [o. 1908, Q. 13u1|0. 1874 0. 1857 0. IS849]0. 182 20. 1805.0.1788/0. 1771/0. 1754 
tan 15. 1446 5.1929,5. Ed bo ebd each RA a 5.5578,5.6140 
sin fo. — 0.9851j0.9851 0.9857 o.9860|0.9863:0.9866'0.9869/0.9871,0.9874 
8o cos  [o. 1736. 1719 9. id 1635 o. L668]o. 1650/0. 1633/0, 1616/0. 1599/0. 1582 
tan [5.6713 5. ide dou n e 5.9758 6.0405 6. 1066/6. 1742 6.2432 
sin fo. 0877/0. 9880:0. 9882, 0.9885/0.9888/[0.9890 0.9893,0.9895,0.9898|0.9900 
81 cos fo. 1564,0. 1547/0. AM O.1513/0. 1405/0. 1473 0. 1461/0. 1444/0. 1426, 0. 1409 
tan [6. iSc .3859,6.4596,6.5350,6.6122|6.6912,6.7720/6.8548/6.9395|7.0264 
sin  |o.9903/0.9905/0.9907 0.9910 ,0.9912]0.9914/0.9917/0.9919/|0.9921/0.9923 
82 | cos fo. 1392'0. I374/0.1357:0. 1340, 0. 1323/0, 1305/0. 1288/0. 1271/0. 1253/0. 1236 
tan Di d t i Oe . 3962, 7.4947]7 5958) 7.6996) 7.8062) 7.9158)/8.0285 
sin {0.9925 0.9928,0.9930 0. 9932 0.9934|0. 9936/0.9938,0.9940,0.9942/0.9943 
83 | cos |[o.1219'o. 1201 0. 1184/0. 1167 0. 1149]0. 1132 o. (IPIS COT ONS 0.1063 
tan {8.1443'8. 2636 8. bei E 642718. 1169 8 .9152)9.0579'9. 2052/9. 3572 
sin [0.9945 0.9947/0.9949:0.9951 0.99520. 9954 0. 9956/0.9957/0.9959/0.9960 
84 | cos fo.1045 0. 1028 o. Tort o. 0993!0.0976]0.0958/0. 0941 0.0924'0. DOO os 0889 
tan 9.5144 9.6778. 9.8448,10.02 |10.20 [10.39 |10.58 (10.78 |10.99 (11.20 
sin  |o.9962/0.9963;0.99650.9966/0.9968|0.996910.9971/0.9972/0.9973|0.9974 
85 | cos |0.0372,0.0854/0.0837|0. 0819/0. 0802]0.0785/0.0767/0.0750/0.0732/0. 0715 
tan [11.43 [11.66 |11.9t£ |12.16 |12.43 [12.71 |13.00 |13.30 |13.62 |13.95 
sin 0.9916 0.9977 0.9978:0.9979|0.9980|0.9981:0.9982/0.9983,0.998410.9985 
86 | cos [o.0698,0.0680/0.0663,0.0645,0.0628]0.0610|0.0593|0.0$76,0.0$58/0.0541 
tan [14.30 14.67 |15.06 [15.46 |15.89 |16.35 |16.83 {17.34 |17.89 |18.46 
sin  [o.9986/0.9987 0.9983/0.9989 0.9990|0.9990|0.9991/0.9992/0.9993| 0.9993 
87 Cos 0, 0523)0. 0506/0. 0488/0. 0471/0. 0454]0.0436/0. 0419/0. 0401/0. 0384|0.0366 
tan [19.08 |19.74 20.45 |21.20 |22.02 |22.90 |23.86 |24.90 [26.03 |27.27 
sin  |[o.9994/0.9995'0.9995,0.9996/0.9996]0.99970.9997/0.9997/0.9998/0.9998 
88 | cos ]o.0349/0.0332/0.0314/0.0297/0.0279]0.0262/0.0244|0. 0227/0.0209 0.0192 
tan [28.64 130.14 131.82 (33.69 [35.80 |38.19 [40.92 |44.07 |47.74 |§2.08 
sin  |o.9998/0.9999/0.9999/0.9999:0.9999|1. 000 |1.000 |1.000 |1.000 |1.000 
89 | cos fo.0175/0.0157)0.0140!0. 0122/0. 010510. 0087|0.0070|0.0052/0.0035|0.0017 
tan 


$7.29 163.66 |71.62 181.85 195.49 [114.6 |143.2 |191.0 |286.5 |573.0 
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Anti-functions. — If a = sin x, then x is the angle whose sine is a; this may 
be expressed symbolically x = sinc, which is read “x equals the angle whose 
sine is e.” The angle x is also called the “anti-sine” or the “inverse sine” of 
a. Similar notation is used for the other functions; for example, x= cos} 
is used to express the relation that x is the angle whose cosine is b. At least 
two "anti-functions" must be known to completely determine the quadrant in 
which an angle lies; for example, if x = sin7! 0.5 then x may be either 30° or 
150°, but if we also have x = cos— 0.866, then x must equal 30°, while if x= 
cos—! ( — 0.866), then x must equal 150°. M 

Anti-functions may be taken from the table given above by finding the angle 
in the margin corresponding to the function in the table. Example: sin710,319 
: = 18.6? or 180° — 18.6? = 161.4°. 

Versine. — The expression (1 — cos x) is called the “versine” of x. 

Relations Among Functions of the Same Angle. — 


sin x I A l 
tan x = — = — sin? x + cos? x = r, 


cosx cot’ i 
I 
sec y = " I -+ tan? y= ; 
: cos x cos? x 
I I 
CSC XY =~» | Id-cot!ix2——, 
sinx sin? x 
sin (go — x) = cos x, sin ( — x) = — sin z, 
` cos (90 — x) = sin x, cos ( — x) = cos x, 
tan (90 — x) = cot x, tan ( — x) = — tans. 


Sum and Difference of Two Angles.— - 
sin (x + y) = sin x cos y + cos x sin y, 
COS (x + y) = cos x cos y — sin x sin y, 
_ tanx--tany 
tan (x + y) = 3 — tanx tan y! 
sin (x — y) = sin x cos y — cos x sin y, 
COS (x — y) — cos x cos-y 4- sin x sin y, 
tan x — tan y 
I+ tan x tan y 
Product of the Functions of Two Angles. — 
sin x sin y = 3 [cos (x — y) — cos (x + y)], 
sin x cos y = à [sin (x + y) + sin (x — y)], 
. cos x sin y = 4 [sin (x + y) — sin (x — y)], 
l COS xcos y = 4 [cos (x + y) + cos (x — y)]. 
Functions of Twice an Angle. — 


tan (x — y) = 


sin 2 x = 2 sin x cos x, COS 2 x == cos? x — sin? x, 
2tanx 
tan 2 x = . 
I — tan?x 


Functions of Half an Angle. — 


2% I— cosg x I+ cosg x I--cosz 
2 2 2 2 2 I+ cosa 


Functions of Three Times an Angle. — 


sin 3x = 3 sin x — 4 sin? x, COS 3 X = 4 Cos! x — 3 cos x, 
tan x — tan? 
isn gee 3n ams : 
I— 3 tan?z 


[W. A. Det Maz] 
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~ TRIGONOMETRY. — (See also Trigonometric Functions.) Any triangle is 


completely defined when, (1) two sides and the included angle are known, 
(2) one side and two angles are known, (3) three sides are known. Let the 
sides and angles of a triangle be designated as in Fig. 1. 


1. Given two sides a and b, and the included 
angle y. Then 
C= Vai 4-0 — 2 ab cosy 


e a LÀ 
sina = - sin y 
€ 


B 2180—a«-— y. 
2. Given the side a and the two angles 8 and y. Then 


3. Given the three sides a, b and c. Put 


$2 i(a4-b4c) 
Then 


sin a = — V/s(s — a) (s — ) (s — c) 
bc 
'sing = Jm 
a 
y »180— a— 6. 


Relations Between Sides and Angles. — The following relations between 
the sides and angles of a triangle are sometimes useful: 


a b c 
sing sing siny 
P +c? — a? 
COS Qt = —— ——— 
2 bc 


sin = = 4/6-96-9 
2 be 
sacs ) [s (s — a) 

2 bc 


and similar relations for the other two angles, 
[W. A. DEL Man] 
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TROLLEY SYSTEMS, OVERHEAD. — (See also Cars, Electric; Cross 
Arms; Locomotives, Electric; Poles for Overhead Lines; Rats, Track and Third; 
Railways, Electric, Traction Systems for; Railways, Location and Permanent Way 
for; Third-rail Systems; Transmission Lines; Trolley Systems, Underground; 
Wires and Cables, Bare.) The following is a brief table of contents of this 
article: 
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Specifications ..... cesses eene hohen 1741 
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The trolley wire is usually of hard-drawn copper but sometimes of steel, 
which is suspended from insulators some 16 to 30 feet above the ground, asd 
presents a continuous contact surface to a trolley wheel or bow attached to 
the rolling stock. There are two classes of trolley construction, the span vire 
and the side bracket; each may have either simple or catenary suspension. 

Span-wire and Side-bracket: Construction. — In the simple span wit 
construction the trolley wire is supported by wires stretched across the tracks 
between poles or building walls. ‘The side-bracket construction resembles the 
span wire except that instead of the supporting wire being stretched between 
two poles, it is stretched between two supports on the same pole. In both of 
these types of construction, the trolley wire is supported at intervals of 100 feet 
or more and sags considerably between supports, making it necessary for the 
trolley to be in constant vertical vibration as the cars move. 


Catenary Construction. — The speed attained upon modern electric roads 
makes it difficult to obtain satisfactory service with a trolley wire which dips 
between each support and sags and sways with every impulse. The catenary 
construction was devised to meet this condition. In general, it consists of à 
grooved copper trolley wire suspended horizontally from a sagging messenger 
cable, which is suitably insulated and firmly held in place. The supporting 
structure preferably employed for interurban single- or double-track roads is of 
the side-bracket type, but for some conditions cross-span construction become 
necessary. The latter method of support differs only in the substitution of a 
catenary cross span for the bracket arm and doubling the number of poles 
required for single track. - i 


APPLICATIONS OF VARIOUS TYPES OF CONSTRUCTION. — The 
overhead trolley system is used on urban railways, wherever the unsightliness of 
danger of its exposed construction is not considered objectionable. It is used 
on interurban and suburban lines wherever the current taken by the trains is not 
too great to be economically carried on copper wires. In recent years it has been 
used in conjunction with the alternating-current systems of electric traction ot 
electric trunk lines. 

Center-pole construction is the most sightly for double-track city railways 
especially if ornamental brackets are used, side-pole construction being gene 
ally used for single-track lines. Span-wire construction is used where, for any 
reason, it is impracticable to have the poles near the tracks or where, as is com- 
monly the case in Europe, the span wires are supported from the walls of build- 
ings. Prejudice against overhead lines is often due to the excessive loading 
poles, which is both unsightly and dangerous. 
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ELECTRICAL DESIGN OF CONDUCTORS. — In designing the trolley 
system careful attention must be given to both the electrical and mechanical 
features. Im this section will be treated the electrical features, and in the fol- 
lowing section the mechanical features. The electrical design of railway dis- 
tribution systems involves the consideration of potential drop, heating of 
conductors and feeder economy. The heating of conductors is seldom an 
important factor in railway feeder design, as it is usually necessary to use a 
low current density to keep down the drop of potential. A discussion of the 
heating of conductors will be found under Wires and Cables, Bare. The feeder 
system being sufficient to meet the conditions imposed by the allowable 
potential drop (see below), it will be economical to make it greater if the 
saving ia the cost of energy which will result, is greater than the increase in 
interest and other charges on the additional investment. 


Allowable Potential Drop. — The total potential drop is limited by the 
necessity of rumning the cars at a certain speed and by the need of keeping the 
car lights brilliant. The potential drop in the ground conductors, 1.e., the track 
rails and bare negative feeders, is further limited by the danger of electrolysis 
by current leaking into the earth (see article on Electrolysis). 

The drop in the grounded conductors under maximum-load conditions is 
limited by law in Great Britain to 7 volts between any two points of the system. 
In Germany the maximum drop in the grounded conductors is limited to r volt 
per kilometer (1.61 volts per mile). In the United States the legal limit is a 
matter of local option and is, in general, less severe than in Europe. 


Calculation of Potential Drop. — The method of calculation of potential 
drop depends upon the following conditions: (1) whether the current is direct or 
alternating; (2) whether £he load is concentrated at one point, sparsely distrib- 
uted or evenly distributed; (3) the distribution of metal in the feeder circuits, 
and (4) whether the section is being fed by one or by two or more substations. 
Calculations for alternating-current lines differ from those for direct-current 


lines only in taking into account the inductance, as described below. On city - 


railways it is usual to assume the load to be evenly distributed, it being stated 
as a given number of amperes per foot (see article on Railways, Energy Require- 
tenis ond Motor Capacity for). TE the load is actually concentrated at n 


` equidistant points, the drop will exceed that calculated on the assumption of 


: T 100 : " 
uniform distribution by about c per cent. On interurban and trunk lines, 


the dars are usually concentrated at one ar two points between substations, 
making the assumption of uniform distribution impracticable. In such cases 
the loads should be located so as to give the worst conditions, and calculations 
made as for any network. 

Where electrolytic damage is to be guarded against, the drop of potential in 
the track rails themselves has to be calculated, as well as the total drop in the 
rails and feeders. 


Resistanoe-ef Trofley &nd Track. — Values of the resistance of trolley 
wires!to direct current will be found in the article on Wires and Cables, Bare, 
and values of the resistance of rails to direct current will be found in the article 
on Rails, Steel. It should:be noted that the resistances of the trolley and posi- 
tive feeders are in parallel and that the track rails and negative feeders are in 
parallel. Also note that in the case of high-voltage systems a considerable 


. portion of the current returns through the earth and not through the rails, and 


consequently the drop in the rails is due only £o that part of the current which 
returns through them. For preliminary calculations, however, the full current 


may be assumed. sicat through the rails. 
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Formulas for Direct-current Trolley Circuits. — The following formulas 
apply to certain typical circuits which frequently occur in practice. Let 
I = total current in amperes taken by all cars on section considered, 
L = total length of section in 1000 feet, 
Vp = total drop in volts, in positive conductors between substation bus and 
far end of line, 
Vn = total drop in volts in negative conductors between substation bus 
and far end of line, 
V = Vp +Vn = total drop in volts in both positive and negative conductors, 
rp = resistance in ohms of all the positive conductors in multiple per 1000 
feet of line, 
ra= resistance in ohms of all the negative conductors in multiple per 
1000 feet of line, 
7 = fy rn = total resistance in ohms per xooo feet of line, 
l = distance in 1000 feet, from far end of line to any point P, 
v = drop to the point P, subscripts used as for V. 


Uniformly Distributed Load, Uniform Conductor, Fed from One 
Substation. — Then 


These formulas are applicable to either the positive or negative conductors 
considered separately or to both in series. 

Uniformly Distributed Load, Conductor Tapered to give Mini- 
mum Weight of Metal, Fed from One Substation. — For minimum 
weight the tapering must be such that at any point P 


i.e., the cross-section, if all tbe conductors are of the same metal, must increase 


directly as the square root of &. „$ 

The drop to the point P is a 

| z 

| y vis a 
v 5 Misc] 

L? à 

B 


These formulas also apply to 
either the positive or negative 
conductors separately or to both 
in series. 

Uniformly Distributed 
Load, Conductor Divided into 
Sections (Fig. 1); Each Sec- 
tion of Constant Resistance, © 
Fed from One Substation. 
— The drop from Pn to the far 
end of line is 


tj 
5 
g 
E 


ross-Section 


D 
aL fn[L?n ~ Lnn. 


757 I 


This formula is applicable to either the positive or negative conductors. 


f 


- 
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Concentrated Load, Section Fed from One End. — Fig. 2 shows a 
4-track road with 4 trolley wires and 3 feeders with the tracks cross-bonded at 
intervals. The solution given below is a gencral one, and may be applied to 
any case from 1 track and 1 trolley 


wire up., Let all distances be ex- ———D M 
pressed in 1000 feet and let A Feeders f 
N f = number of feeders in sec- 
tion considered, e.g., 

for the section AB, 

N¥ = s, and for the 


section BD Ny = 2 3rd is or 
i t Trolleys 
Nec = number of contact con- PTS (o 
ductors, trolley wires "K-------- d------- -li 
ee T 
tion considered, e.g., " 
four are shown in E Fo 
Fig. 2, pels 


N: = number of tracks in sec- 
tion considered, 


Ry = resistance of each feeder £ 
per 1000 feet, e 
Re = resistance of each contact 
conductor per 1000 Fig. 2. 


feet, 
Ri = resistance of each track per rooo feet (1 rail or 2 rails in multiple 
depending upon whether r or 2 rails are used for return conductor), 


n= No+ x Nf for the section considered. 


Then for the section in which the load may be, the resistance of the positive 
conductors from the load to the end of that section in the direction of the sub- 
station, e.g., the resistance from L to B, is 


(n = 1) Mi 
RM |: — nM 


The resistance of the positive conductors in any section such as BA is 
RD 
n 


(Note that the value of » for this section is not the same as for the section BD.) 
The resistance of the negative conductors from the load to the first cross bond 
in the direction of the substation, e.g., the resistance from L to F, is 


(N1—1)h 
Riu [:- Sl 


The resistance of the remaining portion of the negative conductors, e.g., from 
F to E, is 


Rid 

Ne 
(Note that if negative feeders are used, each negative feeder having a resistance 
of Ry’ per rooo feet, then for Nz in the last two formulas substitutes = N4+ 
a f^, where Ny’ is the number of negative feeders for that section.) 


The total resistance from the load to the substation is the sum of the resist- 
ances as above calculated. . 


Å 
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Concentrated Load, Section Fed from Bath Ends, Substation 
Voltage at the Two Ends the Same. — The most convenient method of 
treating such problems is to plot an “ equivalent -resistance-distance" curve te) 
such as shown in Figs. 2 to 5. By "equivalent resistance ”» is here meant that pane 
resistance by which the total current taken by the load must be multiplied k 
to give the total drop in voltage between the load and either substation, For i: 
example, if the substation voltage is 600 at each end, the voltage across the h: 
load is ssoand the current taken by the load is 200 amperes, then the equivalent t 


: 600 — 
resistance is R= IE — 0.25. This method avoids the determination of 
the distribution of the current in the various parta of the network, and the 


resistance when once determined can be applied to any load. 
1. In Fig. 3 is shown a single track and single trolley. Sı and Sz are sub- 


stations; L is a load placed ; Pi 
arbitrarily between correspond- 
ing points P; and P» on the pos- i 
itive and negative conductors (S) ®© (5, 
respectively. Let 
a = resistance of the con- By Tis 
ductors between the nda 
points SiPiP2S1; x = nasta 
$ = resistance of the con- 
ductors between the g 
points SP1PaS3. 2 
These resistances are the resist- 
ances of the transmitting con- 
ductors and do not include the Fig. 3. 
internal resistances of the substations and load. Then the equivalent resist Fe 5 
ance is far; 
b 8. 
Ely EE. 
| id 


Fig. 4. > | Fig. 4a. i 


2. In Fig. 4 is shown a 4-track road with 4 trolleys, both track and trolley ik, 
cross-bonded. Fig. 4a is a simplified diagram of Fig. 4, corresponding points 
being designated by identical letters. u 
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Sı and Sa are substations; L is a load placed arbitrarily between points Pi, 
on the positive system and P: on the negative system; Ci and C» are ties between 
positive conductors and Bı and Bz ties between negative conductors. 

Let 


8 = resistance of loop SiC: PiLP2Bi Si, 

b = resistance of loop CPC, 

€ = resistance of contact conductor CiPi, 
d = resistance of contact conductor C2P1, 
€ = resistance of loop P1P3 BD, 

J= resistance of track BiP, 


g = resistance of track B;P5, 
d gà 
h = resistance — + —» 
b e 
c 
4= resistance — + r , 
b e 
j = resistance S2C2P1LP2B252. 


These resistances are the resistances of the transmitting conductors and do not 


include the internal resistances of the substations and load. The equivalent 


resistance is 
f - fg cd) PR cag? 
n oj —oh —ji 2 x$) + eb 
ds d 
eej-kcici Ee S 


| Concentrated Load, Section Fed by Feeders from Both Ends. — 
Fig. 5 shows a simple case with feeders for the positive conductors only. No 
genera] formula is available for 


such a circuit. Any such net- 
work can, however, be calcu- 
lated by Kirchhoff’s Laws (q.v.), 


using the numerical values of 
the resistances for the various 
resistances. The equivalent re- Q (S) 
sistance from the substations to 
the load is then the drop in volt- 
age for a load of one ampere. 
Ways of Reducing Total 
Drop. — Three methods are 
employed for reducing the total 
drop in the trolley and rails, 
viz: 


swo 


I. Plain or “ Non- 
boosted” Feeders. — Copper 
feeders, usually bare, may be Fig. 5. 
connected to the trolley wire, 


third rail or track rails at frequent intervals. If the resistance of the trolley is 


high compared with that of the rails, which is usually the case, the feeders 
should be used to reénforce the trolley wire and not the track. In general, the 
most economical use of additional copper is to connect it in parallel with that 
side of the circuit having initially the higher resistance. 


a. Boosted Feeders.— An insulated feeder may be tapped into the 
trolley wire or third rail at one point, and connected toa booster at the substas 
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tion. The principle of this method is to increase the activity of the feeder, ice, 
to'make it carry more current and thereby reduce the current in the trolley wire. 
This is necessary only where the resistance of the line is so low that a moderate 
sized feeder does not take its full share of current. It is not much used because 
if the line resistance is already low and the load is small, the drop will usually be 
small enough naturally, and if the load is great, the booster and feeder will 
usually have to be so large in order to produce any effect, as to be prohibitive 
in first cost and cost of operation. 


3. Floating Battery, i.e., a battery connected across the line so as to 
charge when the line potential is high and discharge when it is low. This scheme 
is very little used on account of the high cost of operating and maintaining a 
battery. It is difficult to imagine under what conditions such a system would 
be commercially practicable, but if anywhere, it would be on a long line with 
light load and small feeders. Typical calculations for floating batteries are given 
in Lyndon’s Storage Battery Engineering, Chap. XLIV. 

Ways of Reducing Drop in the Negative Side of Circuit. — Owing to 
the necessity of preventing the leakage of current from track rails into the earth, 
it may be necessary to reduce, not the total drop in the negative system, but the 
drop in the grounded portion of the negative. This may be accomplished by 
the use of insulated feeders connected to the track rails so as to drain the current 
from the latter and thus reduce the drop in the rails, regardless of the drop in 
the feeders themselves. Such feeders may be used with or without a booster. 
Used with boosters, this method is probably the most economical way of reduc- 
ing the drop in return rails where a large reduction is necessary to prevent 
electrolysis. 

Negative Feeder with Booster. — In the case where the load is uni- 
formly distributed over the line, the size of booster which must be installed in 
the substation may be determined as follows: 


Let | a= amperes entering negative feeder system per foot of line, 
f = resistance of negative feeder system per foot, 
R = total resistance of the feeder connecting the booster to the negative 
feeder system, 
I = total amperes entering negative feeder system from the motors, 
Io = amperes to be taken off by booster, 


=f : . m 
b= i ? = distance from substation. to the point at which the current in the 


negative feeders is to be zero, 
h = distance from booster tap to point in negative feeders where 


current is zero, 
h = the distance from the booster to the end of the line. 


Then the booster voltage is 
RIo — V ar(R — h?). 
The output of the booster is, of course, the product of the current and voltage. 
The total drop is 
Vo ar (P —h3 + h3). 


See Del Mar's Electric Power Conductors, Chap. V, for a more complete treatment. 


Formulas and Constants for Alternating Current Trolley Circuits. — 
Little information is available on the effective or a-c. resistance (see Alternaling 
Currents) and reactance of steel rails. As a rough approximation the a-c. re- 
sistance of a rail at 25 cycles per second may be taken as 5 times its d-c. re 
sistance and the reactance of the rail as approximately the same as that of one 
wire of a pair of No. oooo wires at a distance apart equal to the height of the 


th 
3 
L] 
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ES 


Trolley Systems, Overhead 1725 


trolley wire above the track, i.e., roughly as o.4 ohm per mile. As a matter 
of fact the a-c. resistance depends upon the shape of the rail, its magnetic 
quality, the value of the current and the frequency; to a lesser extent the 
inductance, and therefore the reactance, depends upon these same items. 


Data from Tests on N. Y., N. H. & H. R.R. — The most reliable data 
available are those obtained by A. W. Copley from tests on the New York, New 
Haven and Hartford Railroad and reported in the Trans. A.I.E E., 1908, Vol. 
27(2) p. 1171. An analysis of these tests is also given by H. Pender in the Elec. 
World, 1909, Vol. $3, p. 1457. Copley's results showed that a considerable por- 
tion of the current entering the track from the load leaked to the earth. The 
combined resistance r of any number of trolley wires, and track rails and earth, 
as determined by Copley, can be represented by the following formula 


firi + pore 
fa —— i 
100 
where rı = the resistance of each trolley wire separately, pı = the per cent of 


the total current in this wire, r2= the a-c. resistance of each rail separately 
and f»- the per cent of the total current in this rail. Similarly, the combined 


reactance x of any number of trolley wires and track rails and earth return can 


be represented approximately by the formula 


, pixi + pox 
g= a meme: J 
IOO 


where x; = the reactance of a given trolley wire, x: = the reactance of a given 
rail and fı and f» as above. 

Pender gives the following values for trolley wire and rail separately, based 
upon Copley's tests: 


Resistance, Reactance,* 
ohms per mile ohms per mile 
Item ERE NEUE 
25 cycles |15 cycles |25 cycles |15 cycles 
Single trolley wire, No. oooo B. & S....| 0.26 0.26 0.38 0.23 
000 B. & S....} 0.33 0.33 0.38 0.23 
oo B. & S.... 0.42 0.42 0.39 0.23 
Single rail, 100 pounds to the yard..... 0.16 0.13 0.44 0.26 


* For the trolley wire 25 ft. above the track, changing the height of the trolley wire 
5 ft. up or down changes these values by less than 5 per cent. 


The combined resistance and reactance respectively of the trolley wires, rails 
and earth are given in the following table: 

For any other weight of rail the a-c. resistance of the rail itself may be taken 
as roughly inversely proportional to the weight per yard. The reactance 
of the rail, however, is practically independent of its cross-section, for the mag- 
netic flux within the rail is relatively small compared with the total flux sur- 
rounding the rail (see Inductance). 


Formulas for Single-phase Calculations. — The calculation of the 
power lost and drop in voltage between a load and the power house are calcu- 
lated in the same manner as in the case of an ordinary single-phase a-c. trans- 
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RESISTANCE AND REACTANCE PER MILE OF ROAD 
zoo nomad Rans.. 


Number. of tracks. .............]....... 
Number of trolley wires........ 1 
Number of rails. ............ Poe I 
Per cent of total current return- 

ning through railst.......... $ 


Cycles per second... ........... 
Combined resistance of trolley 
wires, track and earth per mile 

of road l 
No. oooo B. & S. trolley..... 
ooo B. & S. trolley..... 0.37|0.36| 0.36 | 0.35 | 0.20 | 0.19 | 0.11 | 0.10 


oo B. & S. trolley PET 0.46|0.45 0.45 | 0.44 | 0.24 |.0.23 | 0.13 | 0.12 
Combined reactance of trolley ' 


wires, track and earth per mile 
of road, all three sizes of trolley 


e ERR 0.49j0.30| 0.47*| 0.28*| 0.27*| 0.16*| o.17*| 0.10' 


* The figures marked thus * are taken directly from the paper by Copley, whos 
tests were confined to No. oooo trolley wires; the other values are calculated by 
Pender. 

f The percentages of total current returning through tbe rails are test results on the 
N.Y., N.H. & H.R.R., and refer to relatively long sections (over 3 miles); a greater 
proportion of current flows in the rails in the immediate vicinity of the load and powet 
house, The proportion of. the total current which will return through the earth will 
depend upon the nature of the soil and ballast; for any other division of current the 
resistance and reactance can be obtained from the approximate formulas given above. 


‘mission line (see Transmission Lines). For a concentrated load (e.g., a single 
train) the calculation is as follows: Let 
V = volts between trolley wire and track; 
P = kilowatts at the locomotive delivered to locomotive; 
cos $ — power factor of load taken by locomotive; 
Į = distance in miles, between power house and locomotive; 
r.= combined resistance in ohms, per mile of trolley wire, rails and earth 


return; 
x= combined reactance, in ohms, per mile of trolley wire, rails and earth 
retufns; 
Re rl; 
X = al. 
Then the current taken by the locomotive is 
_ 1000 P 
x ue amperes, 
the power lost is 
2 
p= Ri kilowatts, 
1000 ; 


the drop in voltage between the power house and locomotive is 
v= V(Vcosó--RI--(Vsinó4 XI)—YV | volts, 
and the power factor at the power house is 


1000 (P + $), 
m8 = “TV +9) 
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Ezample. — 2000 kw. at 25 cycles per second are to be supplied to a 
locomotive at 9o per cent power factor and ro,ooo volts at a distance of 20 
miles from the power house. The circuit consists of a No. oooo trolley wire and 
two 1eo-Ib. track rails. Then V = 10,000, P = 2000, cos $ = 0.9, sin $ = 0.435, 
l= 20, r= 0.29 (assuming only 40 per cent of the current returning through the 
rails), x = 0.47 (same assumption), R = o.29 X 20 = 5.8, X = 0.47 X 20: 9.4. 
Whence 


IOOO X 2000 
= -—— ——————- = 222 amperes, 
19,000 X 0.9 
5.8 X (222)? 
QI DE Y MEE 
1000 


p = 286 kilowatts, 


yas V (10,000 X 0.9 + 5.8 X 222)? + (10,000 X 0.435 + 9.4 X 222)? —10,000 = 
2130 volts, 
1000 (2000 4-286) 


.848. 
222 (10,000 + 2130) PES 


COS d = 


Scheme of Connections Used by N.Y., N.H. & H.R.R. — The dis- 
tribution system is shown diagrammatically in Fig. 6 where A is the trolley 


Generator, 11000 V. 


Fig. 6. 


wires, B the track rails and C a feeder. These three sets of conductors are 
connected at intervals of about two miles through auto-transformers D, E and F. 
The difference of potential between A and B, and between B and C is 11,000 
volts and between A and C is 22,000 volts. The effect of this arrangement is 
to practically give a transmission voltage of 22,000 with 11,000 volts at the 
trolley, and to greatly reduce the current in the grounded conductors with con- 
sequent reduction of disturbances to telephone lines. 


MECHANICAL DESIGN OF OVERHEAD SYSTEM. — The various 
parts of the overhead system will first be described, and then the various types 
of construction, span wire, catenary, etc. 

Parts of Overhead Trolley Construction. — The trolley wire is secured 
to an "ear? by soldering, clamps or other means, the ear is bolted to a “sus- 
pension" which may or may not be provided with an insulating portion. These 
suspensions are carried by span wires which in turn are fastened to the poles 
or brackets, or may be fastened directly to the bracket. If the ''eat" is not 
insulated, “strain” insulators are. inserted in the span wire between the ear and 
its point of attachment to the poles or brackets. A slightly different form of 
suspension, called a “‘pull-off,” is used on curves. At turnouts “trolley frogs” 
must be used to guide the trolley wheel. These various parts are illustrated in 
the accompanying cuts. 
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Trolley Ears. — Figs. 7 to 10 are for round wire. Fig. 7 shows an eat 
with flaps, which are bent around the wire to hold it in place; this type is seldom 


Fig. 10. | Fig. 11. 
Types of Trolley Ears for Round Wire 


used on account of arcing at the flaps. The ear shown in Fig. 8, which has a 
deep groove into which the wire is soldered, is the type in common use. These 
ears may be provided with rings as in Fig. 9 to which guy wires are attached to 
relieve the strain at curves and for steadying the line at intervals. Fig. 10 shows 
the type of ear used at points where the trolley is spliced, which should always 
be at an ear. Fig. 11 shows an ear with a terminal for a feeder connection. 
Figs. 12 to 14 are designed for grooved or figure ‘8’ trolley wire. Special 


Fig. 12. Fig. 13. Fig. 14. 
Types of Trolley Ears for Figure '* 8" Wires 


grooved or figure-8 wire affords a smoother running surface for the trolley 
wheel or bow as the edr only grips the upper part, leaving the lower part abso- 
lutely even. This construction is practically essential for bow trolleys. 

Soldering Trolley Wire to Ears.— The strain should be taken off 
the wire by a U-shaped clamp catching hold of it on each side of the ear. The 
soldering iron should weigh about 8 or 9 pounds, and should have a groove 
fitting half way round the wire. Special precautions should be taken not to 
have the iron unnecessarily hot. 

Suspensions for Straight Line Work. — Fig. 15 shows an uninsulated 
suspension with ear attached for straight line work. Fig. 16 shows a suspension 
with strain insulators at each end; this is also used on curves for double-track 


SAM, 


a ie ies 


Fig. 19. Fig. 20. 
Types of Suspensions bi 


work. Figs. 17 and 18 show solid insulated suspensions for span wire and side- 
bracket construction, respectively. These types are frequently used, and are 
quite satisfactory if the insulating material used in their construction is properly 
made. Fig. 19 shows a section of an assembled cap and cone suspension. 
Fig. 20 shows a cap and cone suspension with ear attached. The cap and cone 
are made separate. This type is preferred by some engineers on account of the 


iy 
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possibility of replacing injured bolts and insulation without removing the 
whole suspension. This advantage is partly offset by the greater liability to 
trouble due to multiplicity of parts. 


Strain Insulators. — Fig. 21 shows a “globe " strain insulator, the type 
most commonly used. Fig. 22 shows a “Brooklyn” strain insulator. This 
type is used on wooden pole and light iron pole construction to draw span wires 
taut. It is also required even for heavy iron pole construction if spans are 
long and temperature variation great. Bolts may be provided at both ends if 
an extra amount of adjustment is required. A globe strain and a Brooklyn 
strain may be used in series where extra insulation is required. 


Fig. 21. Fig. 22. Fig. 23. Fig. 24. 
Strain Insulators Pull-offs 


Pull-offs. — Fig. 23 shows a cap and cone pull-off for single-curve 
construction and Fig. 24 a cap and cone pull-off for double-track-curve construc- 
tion. Pull-offs of the same type as the uninsulated and solid insulated suspen- 
sion shown in Figs. 15, 17 and 15 are also used. 

Trolley Frogs. — A trolley frog is a malleable iron casting used at 


switches or crossovers where trolley wires from different tracks unite. Its func- 
tion is to hold the diverging wires together and afford a smooth running path to 


the trolley wheel when a car passes or enters a switch. A common type is illus- 


trated in Fig. 25. Frogs are made for various 
angles of divergence, and both right and left 
handed. The usual angles are 8, 15 and 20 de- 
grees. ! 4 


Sag and Tension in Overhead System. — 
Particular attention must be paid to designing Fig.25. Trolley Frog 
the overhead structure in such a manner that it 
will safely stand the extra tension due to the contraction of the wires at low 
temperatures and the extra loads due to wind and sleet, and a sufficient allow- 
ance should be made in the height of the trolley wire to take care of the extra sag 
which it experiences at high temperatures. With a simple trolley construction 
the variations in tension and sag may be calculated by a direct application of 
the rules given in the article on Transmission Lines; in the case of catenary 
construction, the additional load due to trolley wire, clips, etc., is treated in 
the same way as a slcet or wind load. 


Direct Suspension. — The following discussion applies primarily to span- 
wire and side-bracket construction; catenary construction is treated in a sepa- 
rate section below. Modern practice regarding the dimensions of poles, size of 
der d and span wire, height of trolley wire, etc., is illustrated in Tables I 
and II. 
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TABLE I.— DETAILS OF CITY RAILWAY CONSTRUCTION. DIRECT 
SUSPENSION 


Spac- 
N : ing of 
ames of companies poles, 


Birmingham (Ala) Ry. Lgt. & Power Co.. 

Boston Elevated Co 

Brooklyn Rapid Transit Co 

Denver City Tramway Co 

Detroit United Ry. Co 

Indianapolis Traction & Terminal Co....... 

Little Rock Ry. & Lgt. Co 

Louisville Ry. Co 

Milwaukee E. Ry. & Lgt. Co IIO 
Pacific El. Co. (Los Angeles) IIS 
Philadelphia Rapid Transit Co IOO 
Twin City Rapid Transit IOO-IIO oo E 


* 86-inch for double trolley. 
G= grooved; R= round; E- figure eight. 


, Poles range in height from 30 to 40 feet, with diameters at top ranging from 
6 to 8 inches. Cedar, chestnut and cypress poles as well as iron poles are in 
common use. Span construction is usually employed, except in unusually wide 
streets, where doüble-bracket poles may be used. See also Table II. 


‘TABLE II. — DETAILS OF INTERURBAN RAILWAY CONSTRUCTION 
DIRECT SUSPENSION 


o rt 4 uet 77) S8 ; [7] P^] 
sales] 3e |3 |$ d 
a 8| ov Nu Ae = 2 g 
$5 s4g5| SES | 82) EL|] sv 
Names of com- wo og 5m - d « B 2 on [-] 
panies oOo alag) go. oo| Oe] 95 E 
3 X a 4 = © 9 9 o 3 8 9 a o 
3 "88 EP PN i 
ý ee) 9 4 |g |A JA 
Northern Ohio 
Cleveland & South- 
western......... B | 18 oo GR 53 35 8 | Ce&Ch 
Lake Shore Electric Both| 19 ooo E 53& 58| 35 | 7&8| Ce&Ch 
Eastern Ohio...... B | 18 | ooo E 52 35 | 7&8| Ce 
Toledo & Indiana . B | 17 ooo G 60 as |644 & 7| Ch 
Toledo & Western.. B | 172| oo E 52 as 1632 &7| Cy 
Toledo, Pt. Clinton 
& Lakeside...... Both] 19 ooo E 52 35 7 | Ch 
Stark Electric..... Both] 19 ooo E 52 35 1 Ch 
Canton-Akron. .... B | 18 ocoo T 52 35 7 | Ch 


e 
~ 


Amt DU RS iw # gg ae Em 
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TABLE II. — DETAILS OF INTERURBAN RAILWAY CONSTRUCTION 
DIRECT SUSPENSION — Continued 


2 iq BS E 2 3 B 3 n E 
oe [5] 
2.5832 $Bu £s |87| & 
m e bd 
Names of com- |9 9 E 2|9 2| ofu | SG) eg OA 3 
w =| o 2s gao o wt D e d 
panies OOl alee! 9.9.4 oj Ou]; 2 q 
o Bju] o v o a © D g oa É 
FREUE gee | 3 E a8) g 
- e Soo 
gm |M. d "| Ü 4 E g AS ‘si 
Central and South- 
i Ohi 
PCM 18 oo R 52 40 4 Cy 
18 ooo R 52 40 7 Ce 
2I oo E 48 7 Ce 
EAE 18 oR 52 35 7 | Ch 
— 16 | ooo G 52 35 7 Ch 
Vds 18 oooo R 52 35 7 Ch 
Interurban Ry. & ' 
T. Cincinnati.... 20 ooR 55 7 Ce 
Cincinnati, George- 
E emos 18 ooo R 52 35 6 Ch& Ce 
Indiana Union..... 20 ooo E 52 30 7 Ce 
Indianapolis & 
Northwestern... 18 ooo G 52 |36&32| 6 Ce 


Indianapolis & Cin- 

cinnati.......... 
Indianapolis, Co- 
lumbus & South- 


snp pdas cir ee 18 oooo R 52 35 8 Ce 
m I9 ooR 52 40 Ce 
P Ls I9 ooo R 52 40 Ce 
20 ooo R 52 40 T. weaver 
Michigan 
United [Railway 
System, Detroit. 19 |o0& oooRE| 48 40 A 
Detroit, Yspilanti, 
ee D | B {19-20 oo E 52 40 Ce 


Abbreviations: G = grooved, R= round, E = figure 8, Ch = chestnut, Ce = cedar, Cy = 
cypress, B= bracket, D= double, S= single. 
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Height of Trolley Wire Above Rail. — The height of wire varies 
between a minimum of 16 feet and a maximum of 22 feet, the usual height being 
about 18 feet. It is usual to raise the wire at railroad crossings to a height of 
22 feet or more. A 


Rake of Poles. — Bracket-arm poles on tangent construction should 
have a rake backwards not exceeding 3 inches, and span-wire poles in hard 
ground a rake of from 4 to 5 inches. In soft ground a rake of 12 inches is not 
uncommon. Center poles should be set vertically except at curves, where they 
should bend away from the curve along the perpendicular to the tangent at that 
point of the curve. 


Anchorage. — At both ends of every grade and curve, there should be 
a permanent anchorage. If there are not many grades and curves, anchorages 
should be provided at intervals of from 14 to 8% of a mile. An anchorage is made 
by means of a steel cable running from the trolley wire.to one or more anchor 
poles through an anchor ear and strain insulators. 


Curves. — At curves in the track the trolley wire should be made to 
follow the curve by means of pull-offs or wires pulling the trolley wire outward 


Fig. 26. Simple Pull-off Arrangement Fig. 27. Simple Pull-off Arrangement 


as shown in Figs. 26 and 27. 

Wherever possible the pull-off wires should be radial to the trolley wire. This, 
however, requires a large number of poles, and is therefore impracticable in 
cities. In such cases, the bridle, bow-string or backbone construction shown in 
Figs. 28, 29, and 30 is resorted to. In this construction the pull-off wires 


| Fig. 28. Bridle Construction at Curve 


instead of being anchored to individual poles are fastened to a wire which is 
stretched between poles. While this construction is almost universally used in 
cities, it is more expensive to maintain than single pull-offs, and is therefore less 
favored for interurban lines. 

A combination of the two types of construction is shown in Fig. 31. Figs 8 
to 31 are from G. E. Co. publications. 
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Fig. 29. Bow-string Construction at Curve 


Fig. 30. Backbone Construction at Curve 


Fig. 31. Combination Construction at Curve 
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Spacing of Pull-offs at Curves. — The number of pull-offs should be 
sufficient to keep the wire within about 24 inches from the theoretical curve. 
This may be accomplished by spacing the successive ears in accordance with the 
following relations: 

Let L = distance between pull-offs in feet, 

R = radius of curve in feet, 

a= offset of wire in inches from theoretical curve, midway between pull- 

offs, the ears being assumed to lie on the theoretical curve. 


Then, 
r 2aR fa\? 
x e 
or 


L=0.815 VaR, 


with an error less than 14 per cent for all radii greater than 40 feet. 
If a is to be 214 inches, then 
L= 1.29 VR approximately. 


If the ears are set exactly on the theoretical curve, the wire will depart 2% 
inches from the correct position half way between the two ears; if the ears are 
set 114 inches from the curve, the mid-point of the wire will be only 134 inches 


when L is taken equal to 1.29 VR. 

Offset of Trolley Wire at Curves. — It is usual, at curves, to offset 
the trolley wire from the center of the track (a) because the trolley wheel is tilted 
inward due to the elevation of the outer rail, and (b) because in order to keep the 
wheel on the wire, the latter must be so placed that the projection of the pole oa 
the plane of the track is always tangential to the wire. 

(a). The former offset, measured horizontally toward the inside of the curve, 
equals 4 tan 6, where h is the normal height of the wire above the top of rail, 
and 6 is the angle of elevation between the plane of the track and the horizontal. 
For standard gauge and wire 18 feet above the top of rail this offset is about 4 
inches for every inch of elevation. ` 

(b). The latter offset, also measured horizontally toward the center of the 
curve, is calculated as follows, assuming the curve to be longer than the ar 
itself; for shorter curves the offset will be less. Let 

R= radius of curve, 

L = horizontal distance of center of trolley wheel to center of trolley base, 
usually about rz feet, 

G = distance from center of car to center of truck. 


In the case where the trolley base is located over the truck center, as on cals 


with two trolleys, the offset is 
R-V R— L?, 


If the trolley base is located over the car center as on cars with one trolley, the 


offset equals 
R— V R?—Gi— [?. 


The total offset is the sum of the offsets (a) and (b). 


Curves of Small Curvature. — If the curvature* is less than 10° 
the poles are frequently spaced closer together and no pull-offs used. The 


* The degree of curvature of a track is the angle which subtends a chord 100 feet 
long, between points on the center line of the track. 


rr 
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following table gives the practice of the Denver and Interurban R.R. Co., which 
may be considered typical, the divergence of the wire from the theoretical curve 
being kept within 314 inches. 


SPACING OF POLES ON CURVES, INTERURBAN ROAD 


Divergence Divergence 
Degree of Pole of trolley Degree of Pole of trolley 
curvature | spacing, wire from curvature spacing, wire from 
of track feet track center, of track feet track center, 
inches inches 

Tangent 120 o 6 60 2.87 

I 120 1.87 7 50 2.34 

2 IIO 3.37 8 50 2.64 

3 go 3.06 9 50 2.94 

4 80 3.37 IO 50 3.24 

5 70 3.06 


Turnouts. — (See also Railways, Location and Permanent W ay for.) 
The location of the trolley frog at turnouts may be determined as fol- 
lows. Referring to Fig. 32, from switch point A draw a line to center 
point D of track frog distance BC and from 
switch point B draw a line to center point £ 
of arc AEC. The intersection of these two 
lines at F will be the proper location of the 
frog. While certain variables, such as super- 
elevation of the outer rail on the curve, length 
of wheel base and projection of trolley pole Fig. 32. 
rearward from center of car, may necessitate 
slight variation of setting, this location will be found so nearly correct that a 
very small alteration, which must be determined by experiment, will compensate 
for the variable conditions. 

The accompanying table gives the 
Tange of distance from track switch 
Point to track frog with which each 
Set of trolley frogs may be most 
satisfactorily used: 

The minimum frog distance given 
in the table with which the 1 5? frogs Up to 22 feet 

may be used to best advantage cor- | prom 20 to 3o feet. ........ 
Xesponds to a turnout radius of 4° | Above 28 feet 

feet, but when suburban cars, using 
high-speed trolley wheels, run over : 
city tracks it is advisable to use 15° rather than 20° frogs throughout the city 
Construction even where the minimum frog distance is less than 20 feet. 

Catenary Construction. — Modern practice regarding catenary construction 
is illustrated in Table III. The construction on the N. Y., N. H. & H. R.R. 
and on the Austrian State Railways is described in greater detail below. 


Divergence 
Track-frog distance angle of 
trolley frog 
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TABLE III.-— DETAILS OF TRUNK & INTERURBAN RAILWAY CON- 
STRUCTION. CATENARY SUSPENSION. i 


Type of sup- 
port 
Tangent spac- 
Size of mes- 
senger wire, in 
Suspensions 


Boston & Westchester Ry. Co.. Bridges 
Denver & Interurban Ry....... Bracket 
Illipois Traction System Bracket 


Indianapolis & Cincinnati Co... Bracket 


Milwaukee El. Ry. & Lgt. Co.. | nn 
N. Y., N. H. & H. R.R....... Bridges 
Spokane & Inland Empire Span wire 
Syracuse, Lake Shore & North- 

Bridges 
Texas Traction Co Bracket 
Washington, Baltimore & An- 

Bracket 150 


(Messenger cables composed of 7 strands in all cases.) 


Simple and Compound Catenary Construction. — Catenary œr 
structions may be divided into simple and compound. In the former the 
trolley wire or wires are carried by one or two messenger cables which are sup- 
ported only at the poles, bents or span wires; in the latter, the horizontal wire 
or wires are carried by a messenger cable, which is itself suspended from another 

‘messenger cable which is supported at the poles, bents or span wires. The 
advantages of the compound catenary are greater flexibility, reduced stresses 
in the supporting wires, shorter hangers, better lightning protection and superior 
curve construction. (See description of N.Y., N.H. & H. R.R., construction 
below.) The simple catenary is sometimes made with two messenger cables 
from which the horizontal wire or wires are suspended by triangular frames. 
. To obtain a line which will not require frequent readjustment, the messenget 
cable must be installed with practically uniform tension throughout its Jength, 
making it necessary to have less sag in the shorter spans. For this reason cer- 
tain definite pole spacings and corresponding hanger lengths have been standard- 
ized (see next section below). 

Suspensions. — (See also p. 1738.) ‘The number of suspensions depends 
upon the speed at which the cars are to be run, and upon whether a bow or wheel 
trolley is used. The three-point suspension in which, with x50 feet spacing, 
the hangers are 50 feet apart has been found ample for wheel collectors at speeds 
up to 65 m.p.h. With the sliding pantagraph or bow trolley an eleven-point 
suspension has been found sufficient, with 150 feet pole spacing. 

Hangers. — (See also p. 1739.) Where only one horizontal wire is sus- 
pended from the messenger cable, the hangers should hang loosely from the 
cable and should be screwed fast to the trolley wire. This permits the trolley 
wire to rise slightly as the trolley passes under it, thereby making the wire 
equally flexible along its entire length. Where a steel contact wire is clipped to 
the horizontal conductor, the hangers are usually rigidly attached at both ends, 
as the duplication of horizontal wires assures uniform flexibility, regardless of 
the hangers. 
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TANGENT CONSTRUCTION 
Number of Hangers per Span. Pantagraph or Bow Trolleys 


Num- ' 
Length ber of Length of hangers, inches 
pole ; 
; points 
Spacing,| of sus- , : : 
feet 6 | 634) 8!» | rr | x2 |13$2|144| 16 | 1742 | 1914 | 201% 
pension 
ISO II I 2 2 i | 2 2 
125 9 I 2 2 X 2 2 
IIO 8 2 2 M 2 2 
95 7 3 2 2 
80 6 2 2 2 
70 5 3 2 
55 4 4 
Number of hangers per span. Wheel trolleys 
Length | Number Length of hangers, inches 
pole of points 
spacing, | of sus- 
feet pension | 6 II | 1342 | 1434 16 1742 1914 20⁄2 


——| E et er O | —————— | ———— ——— 
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Labor and Equipment for Erection. — The following description from a 
paper on the Denver and Interurban Ry. in the Proc. Am. Soc. Civil Eng., August, 
1908, p. 540, is typical of the best practice. The line is for 11,000-volt single- 
phase operation. 

The overhead line was put up rapidly with the assistance of a steam construc- 
tion train and in one day's work 26 men installed 117 poles, including digging 
holes and tamping. A different construction train was uscd for erecting the 
brackets. For this service a number of box freight cars were equipped with a 
scaffold on the tops of the cars. With a train of five cars work could be done 
on four or five poles simultaneously, and 150 brackets were erected per day 
with 18 men. For stringing the catenary a derrick car was used, arranged to 
carry the reels and pay the wire out over elevated rollers. The best day's run 
on messenger wire was 7 miles strung and tied in. This took 17 workmen and 
two train crews. The best day's run on stringing and splicing trolley wire was 
also 7 miles, with 12 workmen and one train crew. The best day's record of 
clipping up messenger and trolley wire was 314 miles with 13 workmen and one 
train crew. A working day consisted of nine hours, with transportation from 
headquarters each day on the company's time, leaving about seven working 
bours. The ground wires and feeder wires were placed before the brackets 
were erected, and the wire was paid out over the end of the boom of the derrick, 
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Equalization of Tension in Adjacent Spans. — The calculated sag 
table was verified by a special dynamometer consisting of a calibrated car 
spring. The use of this dynamometer disclosed a point of interest in connection 
with the erection of long lengths of wire and cable. For an average sag of the 
messenger cable, which according to the sag table should result in a tension of 
2300 pounds, the dynamometer showed an initial tension of 6000 pounds, This 
initial strain decreased to 4000 pounds before quitting, and. after expansion and 
contraction over night came down to the figure in the sag table. This excessive 
initial strain occurred on a portion of the line which is full of curves and was due 
to the lack of equilization between spans of the 1-mile section. On tangents 
the initial strain was between 3500 and 4000 pounds. This is a point to be 
borne in mind in calculating the proper elastic limit for such wires and 
cables. 


TYPICAL EXAMPLES OF CATENARY CONSTURCTION. — The 
following examples are given to illustrate in greater detail the methods employed 
in catenary construction. 


New York, New Haven & Hartford R.R. — The overhead construction 
of this railroad represents the latest and most substantial work of its type in 
America, and operates the heaviest and fastest type of trunk-line trains. The 
original overhead construction consisted of a rigid double-catenary system 
with equilateral triangular steel-pipe frames of different lengths joining two steel 
messenger cables to the copper trolley wire. This, being found too rigid, was 
modified by the addition of a steel contact wire suspended from the copper by 
clips midway between hangers. Considerations of economy and the desira- 
bility of securing better lightning protection led to the construction described 
below, wherein the live conductors are protected by grounded cables above 
them. 


Tangent Construction. — Steel lattice bents are spaced 300 feet apart 
to support the wires. They consist of girders resting on and rigidly attached 
to columns which, when 
viewed along the track, xsteel £^... 
taper to a minimum width Besa 7777777, 
at the base, and viewed 
across the track have par- 
allel sides. A cast-iron 
saddle bolted to the top of | 
the girders over each track 
carries a 7%-inch galvanized 
steel 19-wire messenger 
cable which runs continu- 


with a normal sag of 6.42 


feet at 60? F. At points S 
75 feet each side of every | 
bent these messenger — 


inch 5%-pound I-beam Mess, L 
spanning all the tracks. Strand\ [i i be il 

These I-beams are at- are LTTE aad hi 
tached to the messengers — | & 

by means of clamps as Fig. 33. N.Y.N.H& ET i Consuet 
shown in Fig. 33. The ; angent Cons 
system thus far described is grounded and serves the double purpose of a sup- 
port fot the catenary construction and a lightning protection for the conductors 


cables are joined by a 3- M steel 
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Over the center of each track there is bolted to the bottom of the I-beam a por- 
celain insulator of the type shown in Fig. 33. These insulators occur every 150 
feet along the track and serve to support a $g-inch steel 19-wire cable which 
runs continuously over the center 
of each track. Hangers of various 
lengths, such as shown in Fig. 34, 
depend from this steel cable at 
intervals of 1o feet and support a 
oooo B. & S. grooved trolley wire 
in an approximately horizontal 
position. Midway between these 
hangers clips are attached, sup- 
porting a oooo-grooved steel con- 
tact wire, the whole construction 
being shown in elevation in Fig. 
35. The object of placing the 
clips between hangers is to give 
flexibility to the contact wire by 
reducing the resistance to upward 
spring. 

Curve Construction. — 
On curves up to 3 or 4 degrees, the 
use of pull-offs and bridle construc- 
tion is avoided by a modification of 
the tangent construction, whereby 
the 5$-inch messenger cable itself 224 
acts as a bridle and the hangers do 2 y 
duty as pull-offs. This is accom- f ; 
plished by installing the 54-inch Fig. 34. N. Y.,N. H. & H. Hangers 
messenger cable well outside of the center line of the pantograph and using 
slanting hangers bolted to the clips, instead of the usual vertical hangers located 
between clips. A plan view of this construction looks like a bridle with pull- 


Bridge I-beam and I-beam and Bridgo 


Saddle f Insulator % Cable Insulator 


4/) Copper Wire ^ 4/y Steel Wire’ ‘2a Cable 
Fig. 35. N.Y.,N.H.& H. Compound Catenary 


offs and an elevation looks like the standard tangent construction. The inclined 
position of the hangers gives the requisite flexibility to the contact wire in spite 
of the clips being attached to the hangers. The spacing of the bents is reduced 
on curves to between 180 and 200 feet. 

Curves greater than 3.5 degrees require pull-offs to keep the contact wire over 
the pantagraph shoe. These pull-offs are attached to extra clips between the 
hanger clips and are anchored either to a bridle construction or to poles, accord- 
ing to local requirements. | 

Yard Construction. —In yards a wire span between two poles replaces 
the bent used in main-line construction, the insulators being suspended from 
the cross-span by %g-inch soft-steel cable. A horizontal steady-wire insulated 
by strains slightly above the level of the contact wire supports the steady- 
hangers to which the contact wire is clipped. On curves, an additional insulated 
steady-wire is attached to the messenger wire at the poles. The messenger 
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wire is often reduced from 5 inch to 36 inch and the hangers are spaced r5 feet 
on tangents and 10 feet on curves. No copper trolley is used. 


Insulated Sections. — The main-line conductors are divided into sec- 
tions from cross-over to cross-over. Wherever conditions permit, sections are 
insulated by staggering the contact wires laterally and running the two wires 
parallel, 18 inches apart, each to a separate insulator. The ends are turned up 
to avoid catching the pantograph. : 


Turnouts. — Turnouts are made by means of steel deflectors or frames 
which keep the diverging wires at a fixed angle apart. 


Stresses in Spans. — The stresses in the 74-inch cable are as follows 
- on a tangent 300-foot span. 


Tempera- 


Condition ture,° F. 


Sag, ft. | Stress, Ib. 


6.42 7,550 
5.71 8,550 
6.46 14,750 - 


Tempera- 
ture,? F. 


Stress, Ib. 


The stresses in the copper wire and contact wire are negligible. Sleet is assumed 
to cover the wire to a depth of one-half inch and the wind is assumed to exert 
a pressure of 38 of 8 pounds per square foot. - 


Hangers. — The longest hangers (140 feet apart) have a length of 
15%6 inches measured between centers of wires. The shortest hangers are 
4% inches long. For main-line construction they are made of 14-inch rods, 
for yards, of %-inch rods. (The above details of the N. Y., N. H. & HB. RR. 
published by courtesy of Mr. W. S. Murray.) 


Catenary Construction on Austrian State Railways. — The working 
conductor is suspended from a compound catenary. It is of hard-drawn copper, 
has a cross-section of 154,000 circular mils, and is supported at intervals of 
1o feet by clamps loosely hung on the auxiliary catenary. The auxiliary cate- 
nary is a steel wire 0.24 inch in diameter suspended from the main catenary at 
intervals of about 19% feet by hangers which are rigidly attached at both ends. 
'The main catenary is a seven-strand steel cable having a total cross-section of 
68,000 circular mils. In the tunnels where there is much moisture, bronze is 
substituted for steel in the catenary construction. The working conductor is 
prevented from swinging by gas-pipe braces insulated with two petticoat insula- 
tors in series. On curves the braces are so arranged that they are always under 
tension. The height of the working conductor over the top of the rail is 18 feet 
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in the open. An even tension is maintained on the trolley wire by inserting 
an automatic tension device at intervals of about o.6 mile. The construction 
is carried by iron poles either of the lattice type of construction or of broad- 
flange I-beams. In the open where there is only one track the catenary is carried 
on brackets, the poles being spaced at 165 fect. In the stations where there are 


several tracks the overhead work is carried by a channel iron supported by two 


poles. All poles are grounded to the rails. 

Catenary Construction in Tunnel. — In the tunnels special construc- 
tion had to be used in order to carry out the compound catenary type of con- 
struction within the clearance limits imposed by the profile of the tunnel. The 
maximum height of the tunnel over the rails is 13.5 fect and the height of the 
clearance profile is 12 fect over the top of the rails. "Thercfore there is only 
I.5 feet available for the overhead construction. The working conductor was 
brought within 2 inches of the clearance profile — that is, 12 feet 2 inches over 
the top of the rail, — and the construction was supported at intervals of about 
60 feet by three-part insulators mounted in the upper part of the tunnel walls. 
One of the advantages of mounting insulators on the side walls was the freedom 
from trouble due to locomotive smoke during the period when steam locomotives 


were still used on the road. 

Insulated Sections. — The overhead conductor is provided with a 
section insulator at both ends of all tunnels and at all stations so that these por- 
tions of the road can be isolated in case of trouble. Then, in order not to inter- 
fere with the operation of the road as a whole, by-pass lines are carried around 
the tunnels and around the stations. The switches connected to these by-pass 
lines are mounted on the poles and operated from the ground by rods. The 
section insulators themselves are carried by two brackets spaced about 33 feet 
apart, between which two working conductors are strung parallel to each other 
and about 1 foot apart. Between these points the two conductors are inclined 
horizontally in opposite directions, and therefore in passing along the conductor 


the current collector is transferred from one to the other without shock. At . 


stations section insulators are very much simplified, and instead of overlapping 
the sections, as described above, the insulator is built right into the line itself. 
(El. W., 1912, Vol. 59, b. 1253, with dimensions corrected.) 


SPECIFICATIONS. — (See also article on Specifications.) Specifications 
for trolley wire are given under Wires ie Cables, Bare, and for insulators under 


Insulators for Overhead. Lines. 
Globe and Brooklyn Strains. — The following data should be given: 


Dimensions, size of eye, etc. 

All samples tested to destruction shall break in the eye. 

The average ultimate tensile strength of all samples subjected to mechanical 
test shall not be less than a stated number of pounds, and no individual sample 
shall show a tensile strength of less than 85 per cent of the average tensile 
strength of all the samples that are tested. 

The average breakdown voltage for samples which have been broken in the 
eye in the mechanical test shall be not less than a stated number of volts, 
and no individual sample shall break down at less than 9o per cent of that 


voltage. 

Round-top . Hangers. — Round-top hangers, when suspended free from 
draught in an inverted position by means of a bronze ear weighing 8 ounces 
and being 514 inches long, the ear clamping the middle of a round rod of soft iron 
¥, inch in diameter, and of at least 20 inches length between connectors, must 
be able, without breaking down or becoming permanently deformed by more 
than 346 inch, to sustain a weight of 200 pounds from the cap for one hour, a 
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current of 200 amperes being passed continually through the iron rod, the rod 
being cold at the start. (Sheldon and Keiley, Vol. 22, Trans. A.I.E.E., 1903.) 


OPERATION. — The operation of overhead lines for low-speed cars presents 
few difficulties owing to the adaptability of the trolley pole and wheel at such 
speeds. With high-speed cars the case is different, as the collector vibrates 
rapidly and the line must be kept uniformly level, smooth and elastic through- 
out and all special work must be maintained in first-class condition. If the col- 
lector vibrates in resonance with the loops in the contact wire, an increase in the 
number of supports will usually cure the trouble. 


Prevention of Formation of Sleet. — Sleet may be prevented from form- 
ing on the wires by greasing the latter with petroleum jelly and if it does form 
it may be easily removed by any of the numerous commercial forms of sleet 
cutters. l 


Wear of Trolley Wheel, Bow and Trolley Wire. — The wear of the 
trolley wires is not serious either with wheel or bow collectors. On the lines of 
the Indianapolis & Cincinnati Traction Co., a copper trolley wire lost less than 
I per cent in weight after it had experienced 39,000 car movements, each car 
taking an average of about 40 amperes by an aluminum slider. 

The vertical wear of the steel contact wire on the N. Y., N. H. & H. R.R. was 
0.028 inch in thirty months, which is practically 4.5 per cent per year of the half 
diameter of the wire (one-half taken to permit wire to be held in clips) which, 
even on this vertical diameter basis, indicates a life of over 20 years; but asa 
matter of fact it will be much more than this, for the reason that as the vertical 
diameter lessens the breadth of contact increases throughout, thus diminishing 
the rate of vertical wear. Of further interest is the fact that there is practi- 
cally no corrosion of the wire, for like the traffic rails in service, the wire is 
covered with a film of grease deposited by the pantograph shoe (W. S. Murray). 


Change in Length of Trolley Wire. — The change in length of copper due 


. to changes in temperature is one of the greatest difficulties in the maintenance 


of overhead work. A drop of roo? F. in temperature will cause a copper bar to 
contract approximately 1 inch for every roo feet of length. If it be restrained 
at the ends this will cause an additional stress of 2500 pounds in a No. 0000 
trolley. (See Transmission Lines.) 

European catenary lines are usually maintained at constant tension by means 
of weights pulling on the free ends of the trolley wire at the end of every section. 


TESTING OF TROLLEY CIRCUITS. — Trolley lines have to be tested, 
(x) for resistance, and (2) for insulation from ground. The resistance may 
be measured by grounding one end of the wire to the track rails and circulat- 
ing current at reduced voltage. The drop in the overhead lines may be 
measured using another trolley wire, a telephone wire or the earth as à 
potential lead. If the earth is used, the connections to ground should be sufi- 
ciently far from the track rails to be outside the zone of potential disturbance 
(see Electrolysis of Underground Structures), 


REPAIRS OF TROLLEY CIRCUITS. — The repair methods of four 
typical railways are given below. 


Philadelphia Rapid Transit Co. — The maintenance department is divided 
into regular maintenance crews and emergency crews and a pole gang, which 
are under separate foremen. The regular maintenance foreman has two crews 
consisting of two linemen, one helper and a driver, and the pole gang consists 
of the foreman and five helpers. The emergency foreman is in charge of seven 
emergency stations in winter and eight in summer. The crews in these stations 
consist of two linemen, two helpers and two drivers divided into day and night 
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shifts on duty 12 hours each. The eight stations care for approximately 75 
miles of line each, although when necessary the crews answer calls outside of 
their own districts. The equipment of the stations consists of one two-horse 
telescopic tower wagon and four horses. In addition, three of the stations are 
equipped with telescopic tower cars for heavy work. (Elect. Ry. Journal, 1908, 


Vol. 22, p. 856.) 

Detroit United Railway Co.— The maintenance force of this company 
consists of 23 men under the direction of a city line foreman reporting to the 
superintendent of power. Three construction tower wagons are kept on regular 
maintenance work, and for heavy emergency work two tower line cars are used. 
These cars distribute line supplies and material and are called on to aid in mov- 
ing disabled cars or other heavy work. The crews of these cars consist of a 
motorman and two linemen. 

One emergency station in the center of the city serves 186 miles of city lines. 
Its equipment includes two onc-horse, ball-bearing, light tower wagons, a hose 
jumper wagon, wreck wagon and four horses. Two men are on duty night and 
day, and in addition the two line cars and their crews are stationed in the same 
building when not engaged in outside work. This emergency station answers 
approximatcly 300 calls a month for trolley-wire breakdowns. The horses are 
not kept harnessed, but the wagons have quick-hitch harness. (Elec. Ry. 
Journ., 1908, Vol. 22, p. 858.) 

Birmingham Railway, Light & Power Co. — The maintenance force for 
the overhead lines consists of two foremen and 12 men, who are under the super- 
intendent of the electric department. Only one emergency station is used for 
the entire system. Its equipment includes one two-horse tower wagon, one 
one-horse buggy on which a ladder is carried and one motor tower car for heavy 
repairs and emergency work on the suburban lines. This station answers as 
many as 350 calls a month for all kinds of emergency repairs. 

Illinois Traction System. — The line is divided, for overhead maintenance 
purposes, into districts averaging 9o miles in length. A line foreman and three 
helpers are assigned to each district and are given a tower line car with a regular 
crew. The members of the crew act as groundmen on heavy repair work. 


COST OF TROLLEY CONSTRUCTION. — The costs given in the 
following tables will serve as a rough guide in making preliminary estimates. 


Extras for Curves. — Under ordinary conditions curves add about 10 per 
cent to the cost of direct-suspension construction and about 15 per cent to the 
cost of catenary construction. 

Extras for 1200-volt Construction. — The following amounts should be 
added to give proper values for 1200-volt construction: 


Direct suspension: 


Bracket construction «1 ics. Phe e hr S LI REC RAE toes $40.00 
Span construction ....... mE 40.00 

Catenary suspension: 
Bracket: construction us oo b d ase ere o Rs $10.00 
10.60 


Spal CONStFUCHION slessa wee gas rms mI rh R3 hee gs 


Cost of 11,000-volt Catenary Construction. — Under favorable condi- 
tions, an 11,006-volt catenary construction, such as that of the Denver and 
Interurban Ry., with sufficient conductors for a half-hourly operation of two-car 
trains, including track bonding, costs from $3500 to $5000 per mile of single 
track. (O.S. Lyford, Proc. Am. Soc. Civil Eng., August, 1908, p. 540.) 
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COST PER MILE OF SPAN-WIRE TROLLEY CONSTRUCTION (600 VOLTS) 


(Exclusive of Track Work and Bonding.) ou 
Single track Double track 
Unit price Toti 
: o 
Quantity cost d 
Material (incl. 2 doublecurves): 
Yellow-pine poles, octagon. . 
Iron poles, No. 2 
Iron poles, No. 4 
2.35 & 2.15 22 bbl. me 
Broken stone l 0.95 14cu. yd. 
Black paint 0.90 20 gal. d 
Span wire 0.012 1250 ft. | i 
Pull-off wire 0.006 1250 ft. E 
No. ooo copper wire, per 1b.. 0.18 I mi. | i 
Straight-line suspensions. ... 0.285 | 5 
Side-feed suspensions........ 0.57 (0 
0.235 
3.25 la 
3.60 E 
0.71 (y 
Frog pull-offs 0.36 S 
Pole clamps 0.12 | " 
Globe strains 0.31 i 
Side-feed wire (No. o, inches) 0.102 | 
Double bodies | 
Single bodies Ys 
Miscellaneous (s 
Total material Z 
Labor (incl. 2 double curves):. T 
Ma 
the | 


Painting, one coat 

Running trolley wire 
Building 2 double curves.... 
Putting up span wire 


Total labor 


Grand total per mile 


For heavy catenary construction, such as used on trunk-line railways, the cost 
depends entirely upon the standards selected, which are inclusive of the con- 
sideration of importance of track, in turn bringing into consideration the advis- 
ability of wood- and steel-post construction, cross-catenary and bridge-spau 
construction, single or compound catenaries, etc, The cost of overhead yard DA 
construction can vary from $1500 to $3000 a mile of single track, depending Rt 
upon number of tracks spanned and type of construction selected. 


Trolley Systems, Overhead 1745 


COMPARATIVE COST PER MILE OF SINGLE-TRACK DIRECT 
SUSPENSION AND CATENARY CONSTRUCTION 


Adapted from (G. E. Review, 1910, Vol. 13, p. 516.) 


600-volt Line, Tangent Track 


Catenary, 
three-point 


Direct suspen- 
sion 


Bracket | Span Bracket Span 


Material: 


Poles, 8 inches by 30 feet ............ $265 $530 
Anchor, guy and span cable.......... 45 ISO 
Messenger cable................. ses 2 ; 
No. oooo trolley wire ............. s. 540 540 
Other line material.................. 145 99 


Total material.................... 
Labor: 


Erecting poles. ...........0ecceeeeee: 185 371 
Mounting brackets................... 13 ; 
Installing span wire and guys......... m 212 
Stringing and clamping wire ......... 75 75 
Installing anchors.................... 100 100 


Total laDOr roce tired ive veu 


Miscellaneous extras................ 
Grand total.s2/ 2i i oua Lek sepe a 


The following figures are representative of modern rr,ooo-volt trunk-line 
catenary construction, using steel bents similar to the recent construction on 


the N. Y., N. H. & H. R.R. 


Cost of construction per mile 


Number 
of tracks 
Of right-of-way Of single track 
I $4,000-$7,000 $4,000-$7,000 
2 8,000-15,000 4,000-7,500 


25,000-40,000 6,250-10,000 


Sidings, with wooden pole construction, cost from $2500 to $3500 per mile, and 
yard construction from $x500 to $3000 per mile of track. 
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ESTIMATED COST OF TRIANGULAR CATENARY CONSTRUCTION 
. FOR 11,000-VOLTS, ORIGINAL N. Y., N. H. & H. TYPE 
(Elec. Age, April, 1908, p. 96.) | 
Contact Line and Supports 
Per | Per 
i Quan- : ; 
Item tity, Price mile of imile of 
unit single | four 
track | tracks 
Steel bridges, intermediate; every 300 ft., 

Wet. 13,000 [Dios 5 oed irsin seori a IIS tons |$100.00 | .... |$11,500 
Steel bridges, anchor; every 2 miles, wgt. 

23,0001 Dii rent boda edes Rea Uds: 584 tons | 100.00| .... 575 
Foundations for intermediate bridge, 9 cu. 

yds. each side; 34 per mile................. 306 yds. | 10.00 | .... | 3,060 
Foundations for anchor bridge, 12 cu. yds., 1 

per mile. ouse me ai orae ae C esas 12 yds 10.00] .... 120 
Special foundations... «cereus ya elc ee E pos es ae 775 
Trolley wire, No. oooo B. & S., 5280 ft........ 3380 Ib. 0.18 | $608 | ..... 
Messenger wires, two 9$-in. steel, 10,900 ft..... 9150 Ib. 0.08 | 732 | ...... 
Hangers, 10 ft. apart......... cece ccc ce ewes 528 0.75 395 | ....- 
Insulators, two every 300ft................... 34 0.50 17 |. 
Pins and yokes for above. ................... 34 0.75 26 |... 
Strain insulator and accessories, 16 every 

two miles........ TT ae 8 6.00 48 | eee 
Trolley strain insulators and section breaks, 

4 every 2 miles..................lusleeeese. . 2 16.00 33 |. 
Circuit breakers, 8 per section................ 4 500.00 | 2000 |... 
Linemen's materials. e ...............Luu..ee]..lllsesss] esee 20 | avis: 
Labor on trolley, messengers and supports... .|..........] ...... 1200 | ....- 

5078 | 20,308 
Total for contact system.................]..Luuuussl leues. 36,358 
Feeder System 
Per | Per 
Quan- : :le of 
Hem tity, | Price | Mie | te 
unit track | tracks 


Feeder wires, No. o B. & S. (two), 10,900 ft...| 3,380 1b.| $ 0.18 |. .... 608 


Insulators............- "m 35 o.so| .... 18 
Pisce lera 5e pee Core ARE Ma aes 35 0.50 | .... I] 
Circuit breakers... .........c ccc eceeeceecenaes I 500.00 | .... 500 
Control wire and pipe...............ccceeeeee 500 ft.| o.so]} .... 250 
Control transformers, 5 kw., 2 per section..... 1 100.00 | .... 100 
Lightning arrestets. 2..cs cssc eee en] eren | nere 50 
Miscellaneous material.............. tees bar rau eate Marl antes 20 
Labor on feeders..........seesessesesseessos. X0,900 ft 0.03 337 
Edit 
Total for feeder system................. 1890 
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Electric Railway Assn. (New York) for committee reports and question-box 
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TROLLEY SYSTEMS, UNDERGROUND.-— (See also Trolley Systems, 
Overhead.) This system is little used on account of its cost, the installations at 
Buda-Pest, New York, Washington and London being the only notable ones. 
The essential feature of all these systems.is the underground conductor which 
is reached from the car by a “Plough” extending through a continuous slot 
parallel to the tracks. 

NEW YORK SYSTEM. — The most tiret construction is the latest 
New York type, a brief description of which is given below. 

General Description. — The street is excavated and cleared of obstructions 


for a width of about 5 feet 6 inches and a depth of about 3 feet and cast-iron | 


yokes (Fig. 1) set in the excavation about 5 feet apart. The track and slot 
rails are supported on these yokes and the whole system made solid with con- 
crete which fills the excavation from the foundation to near the top of the rails 
leaving only a tunnel under the slot free from masonry. The conductors are sus- 
pended in this tunnel, by special strain insulators, no part of the electrical system 
being grounded. The use of two insulated conductors avoids trouble in case 
of accidental grounding. 

Yoke.— The yoke shown in Fig. 1 is made in three parts, The lowest 
piece which rests on the floor of the excavation is a 6-inch steel I-beam, 4 feet 
8incheslong. Two castings 615 
inches wide are riveted to this, 
each one serving to support one ,.) = 
track rail and one slot rail. Fig. 
1 shows both slot rails in place 
but only one track rail. The 
track rail is carried on a timber 
stringer which extends from yoke 
to yoke along the whole line. The - 
etringers are held to the yokes Fig. 1. 
by countersunk iron plates the ends of which project beyond the stringer and have 
holes which accommodate bolts running through the yoke. These bolts serve 
the additional purpose of fastening the rails to the stringers as they also pas 
through clips which bear upon the foot of the rail. The rails are further secured 
by long bolts running to the center of the yoke. "The slot rails are bolted direc 
to the yoke and are connected to the track rails by long bolts every 30 inches. 


Insulator Boxes.—4A pair of cast-iron boxes are laid across from the slot 
rails to the track rails and bolted to them every 15 feet as shown in Fig. 2 
These contain the insulators 
which support the contact con- 
ductors. Inside each box is a 
pair of shelves running normal 
to the track; resting on these 
' shelves and bolted to them is a 
cast-iron bridge which holds the 
insulator. The top of the box 
is provided with a cast-iron 
cover which is flush with the 
street surface. 

Concrete Work. — When the 
iron work is laid the tunnel which 
is to protect the conductors and 
do the draining is formed with collapsible sheet iron, fitting closely to the center 
opening of the yokes and run from yoke to yoke. The space from the bottom 


Fig. 2. 
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of the insulator boxes to the road foundation is formed with boards. Concrete 
is then poured into the excavation completely filling every part but the tunnel 
and its offsets at the insulator boxes. The concrete is poured to within the 
height of a paving block of the rail tops. When the concrete is hard the 


sheet-iron form is collapsed and pulled along to the next section. The forms 
at the bottom of the insulator boxes being collapsible are drawn out through 
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the handholes and are used again elsewhere. The depth of the completed 
tunnel is x8 inches from the base of the slot rails. A view of an older New 
York City construction is shown in Fig. 3, which is taken from an article in 
the Street Railway Journal. 

THE LONDON SYSTEM has alternate long and short yokes, the long ones 
fulfilling the same function as the New York ones, the short ones serving merely 
to give additional support to the slot rails. No stringers are used, the rails 


resting on hard-wood blocks at the yokes only. 

THE BUDA-PEST CONSTRUCTION has the slot in the track rail, thus 
saving considerable iron, but necessitating an excessively wide slot to accommo- 
date the wheel flanges. 

COSTS. — The type of construction in New York City cost from $60,000 
to $100,000 per mile of track, exclusive of feeders, depending upon the conditions 
under which it was installed. 

BIBLIOGRAPHY. — Stetson, A., The Practicability of Electric Conduit 
Railways, Trans. A.LE.E., 1893, Vol. ro, p. 630; Cassier's Magazine, 1899. 

[W. A. DEL Mar] 
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UNITS AND CONVERSION FACTORS. — In this article are given 
the numerical interrelations, or ‘“‘conversion factors" for all the commonly 
employed English and metric units. For the definitions of the various quan- 
tities see Mechanics, Principles of; Heat and Thermal Properties; Temperature; 
Electricity and Magnetism, Principles of; Alternating Currents; Units, Practical 
Electrical; and Photometric Quantities. For a list of the abbreviations and sym- 
bols adopted by the American Institute of Electrical Engineers see Abbree- 
ialions and Symbols. 

The following is a list of the tables of conversion factors given in this 
article: 


Meckanical Quantities Electrical Quantities 
Lengths c casa c xa ERR ge p. 1757 Quantity of Electricity; Dielectric 
ju MN MP" 1758 Ian, cT EE" p. 1767 
Volume...... Ad dip aue ot usb SES 1759 Charge per Unit Area; Dielectric 
Plane Angle.................suees. 1760 Flux Density................... 1768 
Solid Angle.................. sess. 1760 X Electric Current.................- 1768 
PAO eile Sedo ba Ee EDAM eR IR 1760 Current Density.................. 1763 
Linea: Velocity and Speed......... 170r Electric Potential Difference; Elec- 
Angular Speed. ................... 1761 tromotive Force................ 1768 
Linear Acceleration. .............. 1762 Electric Potential Gradient; Elec- 
Angular Acceleration.............. 1762 trostatic Field Intensity........ 1769 
Mass and Weight. ................ 1763 Electric Resistance................ 1769 
Density and Specific Gravity..... 17603 . Electric Resistivity ..............- 1770 
FOCE ose coke es eda leases 1764 Electric Conductivity............. 1770 
Torque or Moment of Force....... 1764 Capacity .........c.ccccccescseess 1771 
Pressure or Force per Unit Area... 1765 Inductance.......... E satus Te 1771 
Energy and Work................ . 1766 Magnetic Flux.................. HL 
Power or Rate of Doing Work..... 1767 | Magnetic Flux Density........... 1771 
; ; Magnetic Potential Difference; 
Temperature... cese ... 32564 .  Magnetomotive Force.......... 1772 
Thermal Quantities............ eee. 705 Magnetic Potential Gradient; Mag- 
netizing Force................- 1772 


SYSTEMS OF UNITS. — By the magnitude of any quantity is meant 
the relative magnitude of this quantity as compared with some other quantity 
of the same nature; e.g., a length of 10 inches means a length which is ten times 
the length of one inch. To measure a quantity, then, it is necessary either 
(1) to adopt first some fixed magnitude of the same nature which may be used 
as a standard of reference, or unit, or (2) to define the quantity in such a way 
that the unit of measurement may be derived from the arbitrarily selected 
units of the quantities involved in the definition. 


Fundamental and Derived Units. — Units which are chosen arbitrarily 
are called “fundamental” units; those which are derived from a set of fun- 
damental units are called “derived” units. All mechanical units can be de 
rived from a set of three fundamental units; the three units ordinarily chosen 
as fundamental are those of length, mass and time. In relations involving 
temperature changes, an arbitrary unit of temperature is also chosen; to ex 
press electrical and magnetic quantities at least one electrical or magnetic 
unit is arbitrarily chosen; to express photometric quantities the unit of luminous 
intensity is arbitrarily chosen. These arbitrarily chosen non-mechanical units 
are called "auxiliary fundamental” units. 


English and Metric Systems of Units. — There are two systems ol 
mechanical units in use in English speaking countries, the English and the 
French, or metric, systems. The latter system is used universally by physicists 
in all civilized countries and also forms the basis of the electrostatic and elec- 
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tromagnetic systems of electric units used by engineers as well as physicists. 
The English.system of mechanical units, however, is used almost universally 
by English speaking peoples, in engineering, in commerce and in the arts; it 
is also the basis of the system of thermal units used largely by engineers. En- 
gineers, however, are coming to use the metric system to a greater and greater 
extent for all purposes. E 

In both the English and the metric systems length, mass and time are chosen 
as the fundamental quantities. In the English system the fundamental units 
for these three quantities are respectively the foot, the pound (avoirdupois) 
and the second; this system is therefore also called the foot-pound-second 
system. In the metric system the corresponding units are the centimeter, 
gram and the second; this system is therefore also called the centimeter- 
gram-second, or c.g.s., system. The magnitudes of these fundamental units 
have been fixed arbitrarily by law; see below. 

Absolute and Gravitational Units. — Two different units of force (and 
units derived therefrom) are used in both svstems, viz.: (1) the unit of force is 
defined as that force which will give unit acceleration to unit mass, and (2) 
the unit of force is defined as that force which will give to unit mass an acceler- 
ation equal to the acceleration of a frecly falling body under the influence of 
“gravity” or the pull of the earth alone (see Mechanics, Principles of). The first 
unit is called the “absolute” unit of force and the second the "gravitational" 
unit of force, and derived units based on these two units are called absolute 
and gravitational units respectively. The gravitational units are not definite 
unless the latitude and elevation of the point at which the acceleration due to 
gravity, usually represented by the symbol “g,” is specified. By international 
agreement (Troiséme Conf. Gen. des Poids et Mes., rgor, p. 66) the value 
go = 980.665 cm. per sec. per sec. (= 32.1739 fcet per sec. per sec.) has been 
chosen as the standard value for the acceleration due to gravity; this value of 
g may be called the “gravitational acceleration constant." The value 980.665 
was chosen to represent the value of g at 45° latitude and sea level, but later 
measurements give a slightly different value of g at this latitude and elevation; 
the value 980.665, however, is retained as the standard value of go. 

The gravitational unit of force in the English system is called the pound 
and in the metric system the gram, the same names being used for the unit 
of force as for the unit of mass. This arises from the fact that unit mass has 
a force exerted upon it by the earth, i.e., has a weight, numerically equal to its 
mass, when the force is expressed in terms of this gravitational unit. (This is 
exactly true only at the latitude and elevation for which g = go, but the variation 
with both latitude and elevation is usually negligible in engineering work.*) The 
absolute unit of force in the English system is called the poundal, but is practi- 
cally never used; the absolute unit of force in the metric system is called the 
dyne, and is the unit of force commonly used by scientists. In engineering 
work the common units of force are the gravitational units, pound or gram, 
and their multiples and submultiples. 

The relation between the absolute and gravitational units of force are: 


I pound = 32.1739 poundals, 
I gram = 980.665 dynes. 


Weight and Mass. — The word weight is used in two different senses, 
viz.: (r) to mean the force with which the earth attracts a piece of matter, 


* The force acting on a mass of 1 pound at sea level at the equator is 0.997363 
pound, and at sea level at either pole of the earth is 1.002651 pound. An increase in 
elevation of 10,000 feet diminishes the force acting on a mass of r pound by only : 
0.00096. See Landolt, Bürnstein and Roth, PAysikalish-Chemische Tabellen. 
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and (2) to designate a given mass or quantity of matter; ín other words, weight 
is used to designate both force and mass. As commonly employed the term 
almost invariably has its second meaning; that is, by a “weight of 1o pounds" 
is meant a piece of matter which has a mass of 10 pounds. A weight (end 
sense) of 10 pounds has a weight (rst sense) of ro pounds at 45 degrees latitude 
and sea level (practically), but at any other latitude and elevation it has a 
weight (rst sense) slightly different from ro pounds, and on the sun, for exam- 
ple, would have a weight (rst sense) many times 10 pounds. 


In this connection it should be noted that a beam-balance when used in the 
ordinary way to compare two pieces of matter measures weight in the. second 
sense (i.e., it would “read” the same whether the measurement were made on 


- the earth or on the sun), that is, a beam-balance as ordinarily used compares 


masses and not forces. A beam-balance, however, is frequently used in testing 
(e.g., in connection with a Prony brake, see Zndex) to compare a force produced 
by a machine with the pull on a standard mass (or ''weighi") due to 
gravity. If great precision is desired the reading of the balance should then 
be corrected for the value of “g” at the place of observation, but in ordinary 
measurements the inaccuracy of the balance is likely to be much greater than 
this small correction factor. For values of “g” at various places see reference 
in footnote, bottom of preceding page. 


STANDARDS OF THE FUNDAMENTAL UNITS. — The physical 
standards upon which the c.g.s. system of units is based, and the legalized 
standards of the foot and pound used in Great Britain and the United States 
are described” below. 


Standard of Length. — The standard meter (100 centimeters) is the dis 
tance between two lines on a platinum-iridium bar carefully preserved at the 
Bureau of Weights and Measures, at Sevres, France, when the bar is kept at 
a uniform temperature of zero degrees centigrade throughout. In the United 
States the yard (3 feet) was defined by Act of Congress, July 28, 1866, as 


and similarly the British imperial yard is defined by law as 


1 British imperial yard = 2S om. meter. 
3937-079 


For engineering purposes the U. S. and British yards may be considered as 
identical. 

Standard of Mass and Force. — The standard kilogram (1ooo grams) as à 
unit of mass is a cylinder of platinum preserved at the Bureau of Weights and 
Measures, at Sevres, France. The U. S. pound avoirdupois is defined by law 

I 
(Act of Congress, 1866) aao 5 
Weights and Measures, with the approval of the Secretary of the Treasury, 
declared* the pound to be 


x U.S. pound = 


kilogram, but in 1893, the Superintendent of 


I 
2.204622 


kilogram. 


The British imperial pound has the same value. 
The same relations between pound and kilogram hold whether these units 
be taken as units of mass or as units of force, the unit of force being defined in 


* Bull. Bureau Standards, 1904, Vol. r, p. 380. 


a 
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both cases as the pull of the earth on unit mass at 45 degrees latitude and sea 


level. 
Standard of Time.—The standard second universally adopted is 


I E E 
the 86 oa part of a mean solar day. The solar day is the interval of 
E] 
time between two successive transits of the sun across a meridian of the earth 


at the point of observation; this interval varies in length at different times 
during the year, but the average length of the interval for one year is constant 
as far as can be determined by any known methods of observation. 


STANDARDS OF THE AUXILIARY FUNDAMENTAL UNITS. — 


The standards of temperature, diclectric coefficient, magnetic permeability and . 


luminous intensity ordinarily used are defined below. 

Standard of Temperature. — Two units of temperature, or temperature 
scales, are commonly employed, viz., the centigrade and the F'ahrenhcit units. 
The relation between these two units results solely from the manner in which 


they are defined. 
Y degree centigrade = : degrees Fahrenheit. 


Due to the difference in the zeros of the two scales, a temperature of tf degrees 
Fahrenheit corresponds to a temperature of 


lc = 3 (tf — 32) degrees centigrade, 


and vice versa, 
tf = = fo 32 degrees Fahrenheit. 


Standards of the Auxiliary Fundamental Electrical Units. — Three sys- 
tems of electrical and magnetic units are in use, viz., (1) the cg.s. electro- 
static system, (2) the c.g.s. electromagnetic system, and (3) the practical system. 
In the c.g.s. electrostatic system the dielectric coefficient & of air at o? C. and 
760 mm. mercury pressure is arbitrarily chosen as unity. In the c.g.s. electro- 
magnetic system the magnetic permeability of air under the same standard 
conditions is arbitrarily chosen as unity. In the practical system a concrete 
standard of the unit of resistance (called the ohm) is arbitrarily chosen (see 
Units, Practical Electrical); this unit resistance was originally designed to be 
equal to ro? times the unit of resistance in the c.g.s. electromagnetic system, 
and within the limits of ordinary experimental error this relation may still be 
considered exact. 

Use of the Prefixes "Stat" and '"Ab.'"— To designate the electrical 
and electromagnetic units in the electrostatic and electromagnetic systems of 
units respectively the prefixes stat" and “ab” may be used with the name of the 
corresponding practical unit. For example, the c.g.s. electrostatic unit of quan- 
tity may be called the statcoulomb and the c.g.s. electromagnetic unit of quantity 
may be called the abcoulomb. For the names and definitions of the various 
electrical and magnetic units see the article on Electricity and Magnetism, 
Principles of. 

Standards of Luminous Intensity. — Two standards are in use, the inter- 
national candle and the hefner, the latter being used chiefly in Germany. See 
article on Photometric Quantities for the specifications for these units. 

EXPERIMENTALLY DETERMINED CONVERSION FACTORS. — 
By conversion factor is meant the numerical factor which gives the magnitude of 
one unit for any given quantity in terms of any other unit for the same quantity, 


I 
i 
l 
l 
: 
A 
+ 
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For example, in the expression 1 yd. = 3600/3937 meter, the factor 3600/3937 is 
the conversion factor between the yard and the meter. 

In the case of two units for the same quantity based on two different sets of 
arbitrarily chosen units which are defined independently, the conversion factor 
can be obtained only by experiment. The more important experimentally 


determined conversion factors are given in the paragraphs immediately following. ° 


Mercury- and Water-column Pressure. — To convert pressure per unit 
area into height of mercury column the density of mercury must be known. 
Thiesen and Scheel (Zezisch. f. Insirk. de., 1898, Vol. 18, p. 138) give the density 
of mercury at o? C. as 13.59545 grams per (cm.)*. Using the standard value 
of the gravitational acceleration constant, go = 980.665, the relation between the 
- dyne per sq. cm. and 1 cm. of mercury column at o? C. is then 


I cm. mercury column at o? C. = 13332.6 dynes per sq. cm. 


Taking the density of water as 1 gram per (cm.) at 4? C., 
I cm. water column at 4? C. = 980.665 dynes per sq. cm. 


Mechanical Equivalent of Heat. — Very useful units of energy are those 
based upon the mass of a standard substance and temperature, viz., the heat 
(which is energy) required to raise the temperature of a specified mass of water 
a specified number of degrees; see Heat and Thermal Properties. The exper- 
mentally determined relation between the mean small calorie (i.e., the one-hun- 
dreth part of the heat required to raise the temperature of 1 gram of water 
from o? C. to roo C. at 760 mm. mercury pressure) and the erg is 


ri mean small calorie = 4.1834 X 107 ergs. 


See Marks and Davis, Steam Tables and Diagrams, N. Y., 1912. From this 
relation and the relations (fixed by definition) given above between the yard 
and the meter, the pound and the kilogram, the value of the gravitational 
acceleration constant go and the two temperature scales, Marks and Davis 
deduce the relation 


1 British thermal unit = 777.52 foot-pounds. 
The British thermal unit as here used is defined as the Tm th part of the heat 


required to raise the temperature of x pound of water from 32? F. to 212° F.at 
760 mm. mercury pressure. See also Heat and Thermal Properties. 

The experimentally determined conversion factor between the energy unit 
based on the units of temperature and mass, and the energy unit based on the 
units of length, mass and time, i.e., the unit of mechanical work, is called the 
* mechanical equivalent of heat." 

Relations between the Three Systems of Electrical Units. — The 
fundamental relation, experimentally determined, between the c.g.s. electrostatic 
and the c.g.s. electromagnetic system is that 


I abfarad — 9 x ro? statfarads, 


which as a consequence of the definitions of the various terms is equivalent to 
1 abcoulomb = 3 X 10" statcoulombs, the erg being the unit of 
energy in both systems. 
The fundamental relations between the c.g.s. cine system and the 
practical system are 
r abcoulomb = ro coulombs, 
I erg = I0 ^ watt-seconds, or joules, 


ye tA. ME ia nd 
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the erg being the unit of energy in the c.g.s. electromagnetic system and the 
watt-second or joule the unit of energy in the practical system. 
Relation between the International Candle and the Hefner. — The 
experimentally determined relation is 
I hefner = o.9 international candle. 


MULTIPLES AND SUBMULTIPLES OF UNITS. — Multiples and 
submultiples of the metric units are designated by the following prefixes; the 
relations are definitions and are therefore absolutely exact. 


: I 
micro = ————— or Io" 6 
1,000,000 
VT. 1 
milli = or 1073 
1,000 
. I —2 
centi = — Or IO 
IOO 
s I —1 
deci = — or 10 
10 
deka = 1o or Io 
hecto = 100 or 10? 
kilo = 1,000 or io 
myria = 10,000 or 104 


mega = 1,000,000 or 108 
The multiples and submultiples of the English units are given in bold-face 


type in the tables below. 

CALCULATION OF CONVERSION FACTORS. — The conversion 
factors noted above, which are either definitions or results of experiment, form 
the basis for the calculation of the conversion factors for the various derived 
units. The method of procedure is first to express one of the pair of units, say 
A, in terms of its component units (length, mass, time, temperature, capacity 
or resistance, and luminous intensity), then express the magnitude of each of 
these units in terms of the corresponding component units of B; the value of 
the resultant numerical factor is the conversion factor. For example, let it be ' 
required to find the conversion factor between pressure in pounds per square ' 


foot and pressure in dynes per square centimeter. 


(1 lb. force) 
l . . "ELI ON REV EE 
I lb. per sq. ft ( ft.) 


X lb. force = m X (1 kilogram force). 
2.204622 


I kilogram force = 1000 X (1 gram force). 
1 gram force = 980.665 X (1 dyne). 


Therefore 


ee 2 


1000 X 980.665 


x (1 dyne). 
2.204622 


11b. force = 


Also 


Ift. = : X (x yd). i 
yd. = 3600 x (1 meter). | 
: 937 


I meter = roo X (1 cm.). 
| 
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Therefore 
rft. =E (=) X (100) x (1 cm). 
3 3937 
Whence 
T lb. force ^ rooo X 980.665 X (3 X 3937)? |, (1 dyne) 
(ít)? ^ 2.204622 X (3600 X 100)? (1 cm.) 
(x dyne) 
EE 479.799 X (r cm.)? 
(r dyne) . 
But li an I dyne per sq. cm. 
Therefore 


I pound per sq. ft. = 478.799 dynes per sq. cm. 
DIMENSIONAL FORMULAS. — Instead of writing the expression for a 
derived unit in words, it is frequently convenient to express it in algebraic sym- 
bols, using a specific symbol for each of the fundamental or auxiliary fundamental 
units. For example, let L stand for a length of 1 centimeter, M for a mass of 
1 gram, and T for a time interval of x second; then the unit of force in the cg.s. 
absolute system (the dyne) may be written l 


F = MLT®, 
(1 cm.) 


which is the same as 1 dyne = (1 gram) X v Ac)" 


A formula, such as F = MLT, where each letter represents the magnitude - 


of a single unit of the quantity for which it stands, is called a “dimensional fot- 
mula." A pure number, or a quantity which is the ratio of two units of the 
same dimensions, such as an angle, has zero dimensions and does not appear 
in a dimensional formula. 

Dimensional formulas are useful for two purposes, viz., (1) as a systematic 
method for calculating conversion factors and (2) as a check of algebraic for- 
mulas expressing various relations. Unless one has a large number of conversion 
factors to calculate it is probably simpler to use the direct method given in the 
preceding section. Certain quantities, for example, work and torque, may 
have the same dimensions although they are physically entirely different. 
Although such quantities are physically different their conversion factors are 
identical. The second use of dimensional formulas is based on the fact that 
every term in any set of terms connected either by equal signs, plus signs of 
minus signs, must have the same dimensions. 

For a complete list of the dimensional formulas for the various mechanical, 
electrical, thermal, and photometric quantities see Hering, C., Conversion Tables, 
N. Y, 1904. In the tables below are given, in the parentheses after the 
titles, the dimensional formulas of the mechanical quantities in terms of length, 
mass and time, designated by L, M and T respectively. For the electrical and 
magnetic quantities the dimensions are expressed in terms of electric potential 
difference V, quantity of electricity Q and time T. In the c.g.s. electromagnelic 
system of units Q may be expressed in terms of L, M, and T by the formula 


Q= ts, 
in the ¢.g.s. electrostatic system by the formula 

Q= Lyr, 
In both systems VQ = L MT = energy. 
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TABLES OF CONVERSION FACTORS.* — The following tables give 
the most commonly required conversion factors for mechanical, electrical and 
magnetic quantities. See Heat and Thermal Properties for special heat units 
(other than energy) and Photometric Quantities for the special photometric units. 


LENGTH (L) 
cm. = cenlimeter. m. = meter. 
St. = foot. mi. = mile. 
in. = inch. mm. = millimeter. 
km. = kilometer. yd.= yard. 
I centimeter I foot I inch I kilometer I knot 
0.3937 in. 30.48 cm. 2.540 cm. 105 cm. 6080 ft. 
0.01 m. 12 in. 0.02540 m. 3281 ft. 1.853 km. 
393.7 mil 0.3048 m. IO? mil 1000 m. 1853 m. 
IO mm. 304.8 mm. 25.40 mm. 0.6214 mi. 1.152 mi. 
VERE EE 0.3333 yd. PE E 1094 yd. 2027 yd. 
I meter I mil I mile I millimeter I yard 
IOO cm. 0.002540 cm. | 1.609X105 cm. ^ o.r cm. 91.44 cm. 
3.281 ft. 0.001 in. 5280 ft. 0.03937 in. l 3 ft. 
39.37 in. 0.02540 mm. 1.609 km. 0.001 meter 36 in. 
0.001 km. | ............ 1609 m. 39.37 mil. 0.9144 meter 
Io0 mm. | ......... vus i760: yd [' a sxcrexueriso | esre eme s 
1:004 vd... sb Bicep Se heals cuu dca ices. ch. evaderet “avoids 


* Example. — 7 yards equals how many meters? Answer, 1 yard = 0.9144 meters, 
therefore 7 yards = 7 X 0.9144 = 6.4008 meters. 
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AREA (7?) 
C.M. = circular mil. sq. m. = square meler. 
hect. = hectare. sq. mil. = square mil, 
sq. cm. = square centimeter. sq. mi. = square mile. 
sq. ft. = square foot. sq. mm. = square millimeter. 
.Sq. in. = square inch. sq. yd. = square yard. 


sg. km. = square kilometer. 


I acre I are I circular mil * 1 hectare 
40.47 ares 0.02471 acre 5.067X 10^ sq. cm. 2.471 acres 
0.4047 hect. 0.01 hect. 7.854X10 7 sq. in. 100 ares 
43,560 sq. ft. . 1076 sq. ft. 0.7854 sq. mil. | 1.076X105 sq. ft, 
4.047X10 ^? sq. km. 1074 sq. km. |5.067X10^* sq. mm. 0.01 sq. km. 
4047 Sq. m. TOO Sq. M. | ............. ees 1o! sq. m. 
1.562X10 ? sq. mi. |3.861X10 *sq. mi. | .................. 3.861 X 107 sq. mi. 
4840 sq. yd. II9.6 sq. yd. | .............. t I.196X108 sq. yd. 
I sq. centimeter . I square foot I square inch 


1.973X105 C.M.  |2.296X10 *acre |9.290X10™8 sq. km. | 1.273X108 C. M. 


1.076X 10^? sq. ft. |9.290X10 * are 0.09290 Sq. m. 6.452 sq. cm. 
0.1550 sq. in. 1.833X108 C. M. .| . 1.44X103 sq. mil. [6.944 X107 sq. ft. 
I.550X IOS sq. mil. | 9.290X 10$ hect.  |3.587X10 ? sq. mi. 10% sq, mil. 
1078 sq. m. ; 929.0 sq. cm. | 9.290104 sq. mm. 645.2 5q. mm. 
100 sq. mm. 144 sq. in. O.IIILSQ. YO. | eor eren 
I square kilometer | I Square meter I square mil f 
247.1 acres 2.471 X 10^! acre 1.273 C. M. 
Io! ares 0.01 are 6.452X 107? sq. cm. 
100 hect. * I0 hect. IO-? sq. in. 
10. 76X 10$ sq. ft. 10.76 sq. ft. 6.452X 1074 sq. mm. 
106 sq. m. I0 Sq: Em... P uoce ehm 
0.3861 sq. mi. 3.861X1077 sq. mi. J usa Ret xs 
1.196X 105 sq. yd. 1.196 sq. yd. | cece eee eee ees Es 
I square mile I square millimeter I square yard 
640 acres >- 1.973X10 C. M. 2.066X 10^ acre 
2.590X 104 ares 0.01 8q. cm. 8.361 X107? are 
2.590X 10? hect. 1.076X 1075 sq. ft. 8.361><107* hect. = 
27.88X108 sq. ft. I.550X IO? sq. in. 9 sq. ft. f 
2.590 sq. km. 1.550X10 sq. mil. 8.361 1077 sq. km. * 
2.59X10 sq. m. — — [| «rh 0.8361 sq. m. * 
3.098X 108 sq. yde — |  .................... 3.228X 107 sq. mi. 


* A circular mil is the area of a circle x mil, or 0.001 in., in diameter. 
+ A square mil is the area of a square 1 mil, or o.oor in., on each side. 


hj 
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VOLUME (L?) 
bu. = bushel. 


cu. cm. = cubic centimeter. 


cu. yd. = cubic yard. 
gal. — gallon. 


I bushel (dry*) 


I.244 cu. ft. 
2150 cu. in. 
0.03524 cu. m. 

4 pk. (dry) 

64 pt. (dry) 

32 qt. (dry) 


9998999999 9*5 2995 


I cu. centimeter 


3.531 X I0 5 cu. ft. 
6.102X 107? cu. in. 


IO $ cu. m. 
I.308X I0 6 cu. yd. 


2.642X 10 ^ gal. 
103 lit. 

2.113X10 $3 pt. 

1.057 X10 3 qt. 


I cubic foot 


2.832X 104 cu. cm. 
1728 cu. in. 
0.02332 cu. m. 
0.03704 cu. yd. 
7.481 gal. 
28. 32* lit. 
59.84 pt. 
29.92 qt. 


- 


cu. fl. = cubic foot. lit. = liter. 
cu. in. = cubic inch. pt.= pint. 
CM. m. = cubic meter. ql. — quart. 


I cubic inch 


16.39 cu. cm. 
5.787 X10^7* cu. ft. 
1.639X 1075 cu. m. 
2.143X 10^ 5 cu. yd. 
4.329X 10? gal. 
1.639X 107? lit. 
0.03463 pt. 
0.01732 qt. 


I cubic meter 


I cubic yard 


108 cu. cm. 
35.31 cu. ft. 
61,023 cu. in. 
1.308 cu. yd. 


7.646105 cu. cm. 


27 cu. ft. 


46,656 cu. in. 


0.7646 cu. m. 


1 gallon (liq. *) 


3785 cu. cm. 
0.1337 cu. ft. 
231 cu. in. 


3.785X 10 3? cu. m. 


264.2 gal. 202.0 gal. 4.951X10 3 cu. yd. 
108 lit. 764.6 lit. 3.785 lit. 
2113 pt. 1616 pt. 8 pt. 
1057 qt. 807.9 qt. 4 qt. 
I liter I pint (liq.*) 1 quart (liq. *) 
IO! cu. cm. 473.2 cu. cm. 946.4 cu. cm. 


0.03342 cu. ft. 
57.75 cu. in. 


0.0353I cu. ft. 
-61.02 cu. in. 


0.01671 cu. ft. 
28.87 cu. in. 


IO 3 cu. m. 4.732X 1071 cu. m. 9.464X 107* cu. m. 
1.308X 107? cu. yd. 6.189X 10^* cu. yd. I.238X 107? cu. yd. 
0.2642 gal. | 0.125 gal. 0.25 gal. 
2.113 pt. 0.4732 lit. 0.9464 lit. 
I.057 qt. 0.5 qt. 2 pt. 


* Dry measure units = 1.164 X (liquid measure units). Quarts, pints, bushels and 
pecks as here used are United States measures; see Hering’s Conversion Tables for English 
measures, 


— 0E 
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PLANE ANGLE (Zero Dimensions) 


deg. or® = degree. — vad. = radian. 
min. or’ = minute. rev. = revolution. 
quad. = quadrant. sec. or = second. 


I degree I minute 


60 min. 2.909X 10^! rad. 
0.01745 rad. 


I revolution 


57.30 deg. 360 deg. 4.848 X 107$ rad. 
3438 min. , 21,600 min. 
0.637 quad. 4 quad. 
. 6.283 rad. 
1.296 X 10? sec. 


* 2% radians = 360 degrees by definition. 


SOLID ANGLE (Zero dimensions) 


1 hemisphere I sphere * I Sph. right angle I steradian f 


0.25 hem. sph. 0.1592 hem. sph. 
0.125 sphere 0.07958 sphere 
1.571 steradians | 0.6366 sph. rt. ang. 


0.5 sphere 2 hem. sp. 
4 sph. rt. ang. 8 sph. rt. ang. 
6.283 steradians 12.57 steradians 


* A sphere is the total solid angle about a point. 
T 47 steradians = 1 sphere, by definition. 


TIME (T) 
hr.= hour. mo.= month. wk,= week. 
min.= minute. sec.= second. yr. year. 


1 day x civil year | 1 leap year 


24 hr. . 365 days 
1,440 min. s $ ; 8,760 hr. 


86,400 sec. in. ; 525,600 min. 
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LINEAR VELOCITY AND SPEED (LT) 


I centimeter per sec. 


1.969 ft. per min. 
0.03281 ft. per sec. 
0.036 km. per hr. 
0.6 m. per min. 
0.02237 mile per hr. 


3.728X10 ^* mile per min. 


I kilometer per hour 


27.78 cm. per sec. 

54.68 ft. per min. 
0.9113 ft. per sec. 
0.5396 knot per hr. 

16.67 m. per min. 
0.6214 mile per hr. 


I foot per minute 


0.5080 cm. per sec. 
0.01667 Ít. per sec. 
0.01829 km. per hr. 

0.3048 m. per min. 
0.01136 mile per hr. 


I kilometer per minute 


54.68 ft. per sec. 
32.38 knots per hr. 
16.67 m. perhr. . 
37.28 miles per hr. 
0.6214 mile per min. 


I foot per second 


30.48 cm. per sec. 
1.097 km. per hr. 
0.5921 knot per hr. 
18.29 m. per min. 
0.6818 mile per hr. 
0.01136 mile per min. 


I knot per hour 


51.48 cm. per sec. 
1.689 ft. per sec. 
1.853 km. per hr. 
1.152 miles per hr. 


**902992€9992929294«9€92€429262*6 


€06069€9062902920629090602€6«4«2929292929 


I meter per minute I meter per second 


1 
1.667 cm. per sec. 
3.281 ft. per min. 
0.05468 ft. per sec. 
0.06 km. per hr. 
0.03728 mile per hr. 


196.8 ft. per min. 
3.281 ft. per sec. 
3.6 km. per hr. 
0.06 km. per min. 
2.237 miles per hr. 
0.03728 mile per min. 


I mile per minute 


44.70 cm. per sec. 2682 cm. per sec. 
88 ft. per min. 88 ft. per sec. 
I.467 ft. per sec 1.609 km. per min. 
1.609 km. per hr. 0.8684 knot per min. 
0.8684 knot per hr. 60 miles per hr. 
26.82 m. per min. | .— |  .............. ee 


ANGULAR SPEED (T!) 


I deg. per sec. | 1 rad. per sec. I rev. per min. I rev. per sec. 


6 deg. per sec. 360 deg. per sec. 


9.01745 rad. per sec.|57. 30 deg. per sec. 
0.1667 rev. per min.| o. 1592 rev. per sec.|o. 1047 rad. per sec. 6.283 rad. per alae 
0.002778 rev. persec.| 9.549 rev. per min.|o.01667 rev. per sec.) 60 rev. per min. 
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LINEAR ACCELERATION (LT) _ 


I cm. per sec. per sec. I foot per sec. per sec. Gravity-go 


0.03281 ft. per sec. per sec, | 30.48.cm. per.sec. per sec. | 980.7 cm. per sec. per sec. 
0.001020 gravity 0.03108 gravity 32.17 ft. per sec. per sec. 
0.036 km. per hr. per sec. | 1.097 km. per hr. per sec. | 35.30 km. per hr. per sec. 
0.08 m. per sec. per sec. 10.3048 mr. pet see. per sec. | 9.807 m. per sec. per sec. 

0.02237 mile per hr. per sec.|o. 6818 mile per hr. per sec. | 21.94 miles per hr. per sec. 


I meter per sec. pes sec, r mile per hour per 
goc. 


1 kilometer per hour per 
sec. 


100 cm. per sec. per sec. 44.70 cm. per sec. per sec. 
3.281 ft. per sec. per sec. 1.467 ft. per sec. per sec 
0.1020 gravity 0.04599 gravity 
3.6 km. per hr. per sec. | 1.609 km. per hr. per sec 
2.237 miles per hr. per sec.| 0.4470 m. per sec. per set. 


27.8 cm. per sec. per sec. 
0.9113 ft. per sec. per sec. 

0.02833 gravity 

0.2778 m. per sec. per sec. 
0.6214 mile per hr. per sec. 


ANGULAR ACCELERATION (T) 
rad. = radian rev. = revolution 


I rad. per sec. per sec. I rev. per min. per min. 
ee 


573.0 rev. per min. per min. 1.745X 10 3 rad. per sec.per sec. 
9.549 rev. per min. per sec. 0.01667 rev. per min. per Sec. 
0.1592 rev. per sec. per sec. 2.778X10^* rev. per sec. per sec. 
——————————————À———————Ó—————— 
I rev, per min. per sec. I rev. per sec. per sec. 
Ee M MM eee 


0.1047 rad. per sec. per sec. 6.283 rad. per sec. per sec. 
60 rev. per min. per min. 3600 rev. per min. per. min. 


0.01667 rev. per sec. per sec. 60 rev. per min. per sec. 
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MASS (M) AND WEIGHT * 


kg.= kilogram. 


I grain f I gram 


* 


0.06480 gram 
64.80 mg. 
2.286X 10 ? oz. 


15.43 grains 
Io ^? kg. 
10° mg. 
0.03527 OZ. 
2.205X 10^? lb. 


0.01543 grain 
I0 73 gram 


437.5 grains 

28.35 grams 
0.02835 kg. 

28,350 mg. 
0.06250 lb. 


I metric ton 


10! kg. 
2205 lb. 
0.9842 long ton 


2240 Ib. 
1.016 metric tons 
1.120 short tons 


15,432 grains 
10? grams 


1.102 short tons 


02. = ounce. 
mg. = milligram ° lb. 


= pound t 


I kilogram 


2.205 lb. 
9.842X10—4 long ton 

10-7 metric ton 
1.10210 ? short ton 


7000 grains 

453.6 grams 
0.4536 kg. 
4.536X105 mg. 
I6 oz. 


1 ton (short) 


907.2 kg. 

2000 Ib. 
0.8929 long ton 
06.9072 metric ton 


* These same conversion factors apply to the gravitational units of force having the cor- 


responding names. The dimensions of these units 


of force are MLT 3; see table for Force on next page. 


when used as gravitational units 


t Avoirdupois pound and its subdivisions used throughout. 


DENSITY OR MASS PER UNIT 


I gram per cu. cm. 


IO! kg. per cu. m. 
62.43 lb. per cu. ft. 
0.03613 lb. per cu. in. 


3.405X 107 lb. per mil ft. 3. 


VOLUME (ML-?) 


I kg. per cu. meter 


IO ? g. per cu. cm. 
0.06243 lb. per cu. ft. 
3.6013X 1075 lb. per cu. in. 
405X 10^ 9 lb. per mil ft. 


I pound per cu. ft. 
MO POR 
0.01602 g. per cu. cm. 

16.02 kg. per cu. m. 


5.787 X10 4 lb. per cu. in. 
5.456X 10 ? Ib. per mil ft. 9 


1 pound per cu. in. 


27.68 g. per cu. cm. 

2.768X 104 kg. per cu. m. 
1728 lb. per cu. ft. 
.425X 10 ^ lb. per mil ft. 


NONE T DX sha! 
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FORCE (MLT-3) ; 
kg. 2 kilogram. lb.= pound. 

x dyne * Iı gram kilogram 
I.020XI10~% gram 980.7 dynes 980,665 dynes 
I.020XI07~* kg. I0^? kg. I0 grams 
2.248X 107* Ib. 2.205X10 ? Ib. 2.205 lb. 
7.233X10 5 poundal 0.07093 poundal 70.93 poundals 

I pound I poundalf 
444,823 dynes 13,826 dynes 
453.6 grams 14.10 grams 
0.4536 kg. 0.01410 kg. 
32.1739 poundals 0.03108 lb. 


* Force required to give a mass of 1 gram an acceleration of 1 cm. per sec. per sec. 
t Force required to give a mass of 1 pound an acceleration of 1 ft. per sec. per sec. 


TORQUE OR MOMENT OF FORCE (LMT) ° 


cm.-dyne = cenlimeter-dyne. m -kg. = meter-kilogram. 
cm -gram = ceniimoeler-gram. lb ft, = pound-foot. 


1 centimeter-dyne I centimeter-gram 


I.020X 107? cm-gram 980.7 cm-dynes 
I.020X 1078 m-kg. Io^5 m-kg. 
7.376X 1078 lb-ft. 4.233X 10^ lb-ft. - 


1 meter-kilogram I pound-foot 


9.807 X10! cm-dynes 1.356X 107 cm-dynes 
105 cm-grams 13,825 cm-grams 
7.233 lb-ft. - 0.1383 m-kg. 


* Same dimensions as energy; see below. 
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PRESSURE OR FORCE PER UNIT AREA (L-'MT—*) | 


barie = dyne per sq. cm. 
mercury = column of mercury. 
ton = 2000 Ib. 

water = column vf walter. 


I atmosphere I barie or dyne per sq. cm. I cm. of mercury 


76.0 cm. mercury 9.870X 10— atmosphere 0.01316 atmospherc 
29.92 in. mercury 0.01020 kg. per sq. m. 0.4461 ft. water 


33.90 ft. water 2.080X 1073 lb. per sq. ft. 136.0 kg. per sq. m. 
10,333 kg. per sq. m. 1.450X10—5 lb. per sq. in. 27.85 lb. per sq. ft. 
14.70 lb. per sq. in. f| zie RR hen 0.1934 lb. per sq. in. 
1.058 tons per sq. ft. Į cic lin cred XS ER es f Ae Race EN a aa cens 6 
I inch of mercury I inch of water I foot of water 
0.03342 atmosphere 0.002458 atmosphere 0.02950 atmosphere 
I.133 ft. water 0.07355 in. mercury 0.8826 in. mercury 
345.3 kg. per sq. m. 25.40 kg. per sq. m. 304.8 kg. per sq. m. 
70.73 lb. per sq. ft. 5.204 lb. per sq. ft. 62.43 lb. per sq. ft. 
0.4912 lb. per sq. in. 0.03613 lb. per sq. in. 0.4335 lb. per sq. in. 


Ikilogram per square meter| 1 kilogram per sq. min. | x pound per square foot 


9.678X 1075 atmosphere 96.78 atmospheres | 4.725X 1074 atmosphere 
98.06 baries 95.06X 109 baries 478.8 baries 


3.281X 107? ft. water 3.281X I0! ft. water 0.01602 ft. water 
2.896X 107? in. mercury 2.048X 105 lb. per sq. ft. 0.01414 in. mercury 
0.2048 Ib. per sq. ft. I.422X 108 lb. per sq. in. 4.882 kg. per sq. m. 


1.422X10 Ib. per sq. in. | ................ eese 6.944X 1073 lb. per sq. in. 


X pound per sq. inch I Short ton per sq. ft. I short ton per sq. in. 


0.06804 atmosphere 0.9450 atmosphere 136.1 atmospheres 


2.307 Ít. water 32.04 ft. water 4613 ft. water 
2.036 in. mercury 28.28 in. mercury 1.406 X108 kg. per sq. m. 
703.1 kg. per sq. m. 9765 kg. per sq. m. 2.88 X 105 Ib. per sq. ft. 
144 lb. per sq. ft. 2000 lb. per sq. ft. 2000 Ib. per sq. in. 
dde Peta a Ais re 13.89 lb. per sq. in. EEE 
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ENERGY AND WORK (ZMT-?»* 
B.t.u. = British thermal unit. hp-hr. = horse-power-hour. 


Jib. .- = foot-pound. hg-m.. = kilogramme... 
kg-cal. = kilogram-calorie. kw-hr. = kilowatt-hour. 
gram-cal. = gram-calorie. wail-hr. = watt-hour. 
gram-cm. = gram-centimeter. 
I British thermal unit I erg or dyne-centimeter I foot-pound 
0.2520 kg-cal. 9.486X 10711 B.t.u. 1.286 X 107? B.t.u. 
777.5 ft-lb. 2.390X 10711 kg-cal. 3.241 X10 ^ kg-cal. 
3.927 10 hp-hr. 7.376X 1075 ft-lb. 1.356 X 10! ergs 
I054 joules I.020XI0^? gram-cm. $.050X 1077 hp-hr. 
107.5 kg-m. 1077 joule 1.356 joules 
2.928X 107* kw-hr. I.020X 10^? kg-m. 0.1383 kg-m. 


3.766X 1077 kw-hr. 


e€6«906*82062202020*23292a4*«4294 of j= *c**5«26€49992*2925c9-9229 


I kilogram-calorie f X gram-centimeter I horse-power-hour 
3.968 B.t.u. 9.302X I0 B.t.u, 2547 B-t. 
3086 ft-lb. 2.344X 1073 kg-cal. 641.7 kg-cal. 
1.558X 107? hp-hr. 980.7 ergs | 1.98X 1ot ft-lb. 
4183 joules 7.233X 105 ft-lb. 2.684X 108 joules 
426.6 kg-m. 9.807X 1075 joule |. 2.737X105 kg-m. 
1.162X 107 kw-hr. IO^5 kg-m. 0. 7457 kw-hr. 
1 joule or watt-second . x kilogram-meter 
9.486X 107 B.t.u. 9.302X 107 B.t.u. 
2.390X 10^* kg-cal. 2.344X 10^? kg-al. 
l I0! ergs 9.807 X 10! ergs 
0.7376 ft-lb. 7.233 ft-Ib. 
0.1020 kg-m. 9.807 joules 
2.778X 107 watt-hr. ` 2.724X 10^? kw-hr. 
I kilowatt-hour — 1 watt-hour 
3415 B.t.u. | 3.415 B.t.u. 
860.5 kg-cal. 0.8605 kg-cal. 
2.655X 10! ft-Ib. 2655 ft-lb. 
1.341 hp-hr. I.341X 1071 hp-hr. 
3. 6X 105 joules 367.1 kg-m. 
U^. onxmskg-m. ——C 107* kw-hr. 


* See note at bottom of next table. 
t 1.gram-calorie = 107? kilogram-calorie; x Ostwald calorie = 10^ kilogram-calorie. 


FAB 


f 


SSS ÀÁ——— VÀ 


A 


Units and Conversion Factors 1767 


POWER OR RATE OF DOING WORK (L!MT-3)* 
B.i.u. British thermal unit; met. h.p. = metric horse-powes. 


1 B.t.u. per minute I erg per second I foot-pound per minute 


777.5 ft-lb. per min. | 5.692X107? B.t.u. per min.|1.286X 107? B.t.u. per min. 

12.96 ft-lb. per sec. 1.434X10 ? kg-cal. per min.|3.241 X 10 * kg-cal. per min. 
0.02356 h.p. 4.426X10^79 ft-lb. per min. {0.01667 ft-lb. per sec. 
0.01757 kw. 1.376X10 3 ft-lb. per sec. |3.030X I0 h.p. 
0.02389 met. h.p. I.341X 10? h.p. 2.260X 1075 kw. 

17.57 watts 10710 kw. 3.072X107* met h.p. 
—(—— onm nae... | r.360X1071? met. h.p. oe E EA EEA 


I foot-pound per second I horse-power I kg-cal. per minute 


17.717 X1073 B.t.u. per min. 42.44 B.t.u. per min. 3086 ft-lb. per min. 

I.945X10^71 kg-cal. per min. 10.70 kg-cal. per min. 51.43 ft-lb. per sec. 

I.818X19 ? h.p. 33,000 ft-lb. per min. 0.09351 h.p. 

I.356X 107? kw. 550 ft-lb. per sec. 0.06972 kw. 

1.843X107* met. h.p. 0.7457 kw. 0.09481 met. h.p. 
1.356 watts 1.014 met. h.p. 69.72 watts 


bd eat a aA E *745.7 watts —Ó—————— € 


I kilowatt I metric horse-power 


56.92 B.t.u. per min. 41.86 B.t.u. per min. 0.05692 B.t.u. per min. 
14.34 kg-cal. per min. 10.55 kg-cal. per min. 0.01434 kg-cal. per min. 

4.425X10 ft-lb. per min. | 3.255104 ft-lb. per min. IO! erg per sec. 
737.6 ft-lb. per sec. 542.5 ft-lb. per sec, 44.26 ft-Ib. per min. 
1.341 h.p. 0.9863 h.p. - 0.7376 ft-lb. per sec. 
1.360 met. h.p. 0.7354 kw. I.341X 10? h.p. 


IO! watts 735.4 watts 107% lw. 
xS veia aas ... [1.360X10^? met. hp. 


* The value 746 watts, has been adopted by the Bureau of Standards as the exact 
equivalent of one horse-power; this, however, is not consistent with the use of 980.665 


tabl per sec. per sec. as the standard value of g, which latter is used throughout these 
es. 


. QUANTITY OF ELECTRICITY; DIELECTRIC FLUX (Q) 
Abcoul.= abcoulomb; coul.» coulomb; statcoul.= statcoulomb. 


I abcoulomb I coulomb 1 statcoulomb 


———————— 


10 coul. Yo abcoul. y$x 10-9 abcoul. l 
3X10" statcoul. 3X 10? statcoul. Vx 107? coul. 


ed 
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CHARGE PER UNIT AREA; DIELECTRIC FLUX DENSITY (QL7) 


x abcoulomb per square centimeter 1 coulomb per square centimeter 


to coul. per sq. cm. o abcoul. per sq. cm. 
64.52 coul. per sq. in. 6.452 coul. per sq. in. 
- 3X 10!9 statcoul. per sq. cm. 3X10? statcoul. per sq. cm. 


X coulomb per square inch 1 statcoulomb per square centimeter 


0.01550 abcoul. per sq. cm. 15x10 9 abcoul. per sq. cm. 
0.1550 coul. per sq. cm. 36X10? coul. per sq. cm. 
4.650X105 statcoul per sq. cm. 2.150X 10^? coul. per sq. in. 


ELECTRIC CURRENT (QT) 


1 abampere 1 ampere x statampere 


10 amperes tao abamp. 14X10—" abamp. 
3X10 statamp. 3X10? statamp. 1X10? ampere 


CURRENT DENSITY (QTL?) 


I abampere per square centimeter 1 ampere per square centimeter 


Jo abampere per sq. cm. 
6.452 amperes per sq. in. 
3X 10? statamp. per sq. cm. 


Io amperes per sq. cm. 
64.52 amperes per sq. in. 
3X 10 statamp. per sq. cm. 


i ampere per square inch . I statamp. per square centimeter 


14X10! abamp. per sq. cm. 
Y6X 10^? ampere per sq. cm. 
2.150X Io ? ampere per sq. in. 


0.01550 abamp. per sq. cm. 
0.1550 anpere per sq. cm. 
4.650X 10? statamp. per sq. cm. 


ELECTRIC POTENTIAL DIFFERENCE; ELECTROMOTIVE FORCE (V) 


ri abvolt | | 1 Statvolt 


Yex:1o ? statvolt 3X10" abvolts 
10 * volt 300 volts 
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ELECTRIC POTENTIAL GRADIENT; ELECTROSTATIC FIELD 
INTENSITY (VL?) 


I abvolt per centimeter I statvolt per centimeter 


¥% X10 statvolt per cm. 3X10 abvolts per cm. 
103 volt per cm. 300 volts per cm. 
2.540X 10? volt per in. 762.0 volts per in. 


I volt per centimeter I volt per inch 


IO? abvolts per cm. 3.937 X10! abvolts per cm. 
1.312X 10 ^? statvolt per cm. 


0.3937 volt per cm. 


Igo statvolt per cm. 
2.540 volts per in. 


ELECTRIC RESISTANCE (Q^7VT) E 


I abohm I megohm I microhm 


10-18 megohm 1048 abohms 1088 abohms 
I0? microhm 10!2 microhms I0 1? megohm 
10% ohm 10 ohms I07* ohm 

Vo X 1079! statohm 15x 1075 statohm l6 X 1071! statohm 


i ohm x statohm 


10° abohms 9X 109 abohms 

107* megohm 9X1% megohms 

IO  microhms 9X101 microhms 
Y6X 107! statohm 9X101 ohms 
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ELECTRIC RESISTIVITY t (Q1 VTL) 
See also Resistance and Conductance 


I abohm per cm. cube I microhm per cm. cube | r microhm per in. cube 


1078 mictohm per cm. cube | 16 abohms percem. cube | 2.540 X10? abohms per 


A: m p cm. cube 
3.937X10— microhm per | 0.3937 microhm per in. | 2.540 microhms per cm. 
in. cube. cube cube 
6.015X1I0—? ohm per mil-ft. 6.015 ohms per mil-ft. 15.28 ohms per mil-ft. 
1075 ó ohm per meter-gram | 10725 ohm per meter-gram| 2.540X10 28 ohm per 
|  meter-gram 
NECEM MT cd: Hu p 
i ohm per mil-foot I ohm per meter-gram * 
E : IG * i 
1.66210? abohms per cm. cube pa abohms per cm. cube 
l io? . : 
0.1662 microhm per cm. cube ris microhtns per cm. cube 
; " 39.37 
0.06524 microhm per in. cube ; 2. LER a per in, cube 


i © 55 ] 6.o15 X101 . 
1.662107 ô ohm per meter-gram OT ohms per mil-ft, 


* See p. 1755 for multiples and submultiples. 
1 In this table 5 is density expressed as a decimal fraction. 


ELECTRIC CONDUCTIVITY t (QV-1T3z-1) 


1 mho per mil-foot 


I mho per meter-gram 


1 abmho per cm. cabe 


10 5 6 abmho percm. cube |6.015X 107* abmho per cm. 
cube 


" $1-|601. 
1.662X 10? mhos per mil-ft. |y .662X 10-83 mho per mil oe mhos per meter-gram 


105 
AE mhos per meter-gram 


I megmho per cm. cube I megmho per in. cube 


Io 3 abmho per cm. cube 


Io? 
E mhos per meter-gram 


3.937X I0 * abmho per cm. cube 
es mhos per meter-gram 
0.06524 mho per mil-foot 


0.3937 megmho per cm. cube 


o. 1662 mho per mil-foot 
2.540 megmhos per in. cube 


T In this table à is density expressed as a decimal fraction. 
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CAPACITY (QV) 
Abf. = abfarad; mf. microfarad; stalf.= statfarad 


I abfarad I farad I microfarad I statfarad 


IO? farads 10 ? abf. Io 15 abf. \% X107% abf. 
10!8 mf. 10% mí. 10 6 farad Io x10! farad. 
9X10? statf. 9X 10! statf, 9X10 statf. lox1io *$ mf. 


INDUCTANCE (VQ^17) 
Abh. = abhenry; mh. = millihenry; stath. = stathenry 


I abhenry 1 henry I millihenry 1 stathenry 


10^? henry IO? abh. 10 abh. 9X10% abh. 
10^? mh. 10! mh. Io ? henry 9X 10! henries 
14 X107? stath. Y6xX 19 stath. ly X10—4 stath. 9X 10l* mh.. 


MAGNETIC FLUX (VT) 


1 maxwell or ‘‘ line "* I kiloline 1 volt-second* 


I0—? kiloline ° 10? maxwells 10° maxwells 
IO 8 volt-sec.* 1075 volt-sec.* 10° kilolines 


* Or abvolt second. 


MAGNETIC FLUX DENSITY (VTL?) 


I gauss, or line per square centimeter I line per square inch 


6.452 lines per sq. in. 0.1550 gauss 
10 3 volt-sec.* per sq. cm. I.55 X I0? volt-sec.* per sq. cm. 
6.452X 10^? volt-sec.* per sq. in. IO volt-sec.* per sq. in. 


I volt-sec. per square centimeter 1 volt-sec. per square inch 


108 gausses I.5S0X 107 gausses 
6.452X 108 lines per sq. in. 108 lines per sq. in. 
6.452 volt-sec.* per sq. in. 0.1550 volt-sec.* per sq. cm. 


* By volt-second is meant the unit of flux which must be used in the equation 


em in order to obtain e in volts when ¢ is in seconds; this unit is sometimes called 
a “ weber.” 
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MAGNETIC POTENTIAL DIFFERENCE; MAGNETOMOTIVE FORCE 


(QT) 


Abamp-turns = abampere-turns; amp-lurns = ampere-turns; 
statamp-turns = statam pere-lurns 


x abampere-turn 1 ampere-turn I gilbert 


— 


IO amp-turns 1o abamp-turn 0.07958 abamp-turn 


12.57 gilberts I.257 gilberts - 0.7958 amp-turn 


MAGNETIC POTENTIAL GRADIENT; MAGNETIZING FORCE (LAT 


I abamp-turn per cm. | I ampere-turn per cm. 


IO amp-turns per cm. Mo abamp-turn per cm. 


- 25.40 amp-turns per inch 2.540 amp-turns per inch 


12.57 gilberts per cm. 1.257 gilberts per cm. 


I amp-turn per inch . X gilbert per cm. 


. 0.03937 abamp-turn per cm. 0.07958 abamp-turn per cm. 
0.3937 amp-turn per cm. . |. 0.7958 amp-turn per cm. 


0.4950 gilbert per cm. 2.021 amp-turns per inch 


BIBLIOGRAPHY. — A more complete set of conversion factors is given 
in a book by Hering called Conversion Tables, N. Y., 1904. See also circular 
of the Bureau of Standards entitled Tables of Equivalents, 1913. 


[H. PENDER and R. G. Hupsox.] 
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UNITS, PRACTICAL ELECTRIC. — (See also Electricity and Mag- , 
nelism, Principles of; Units and Conversion Factors.) Following the recom- : 
mendation of the Chicago International Electrical Congress of 1893, the 
following Act was passed by Congress. (Act approved July 12, 1894.) Be ii 
enacted, etc. That from and after the passage of this act the legal units of + 
electrical measure in the United States shall be as follows: 


First. The unit of resistance shall be what is known as the international l 
ohm, which is substantially equal to one thousand million units of resistance of : 
the centimeter-gram-second system of electromagnetic units, and is represented 

by the resistance offered to an unvarying electric current by a column of mercury | 
at the temperature of melting ice fourteen and four thousand five hundred and | 
twenty-one ten-thousandths (14.4521) grams in mass, of a constant cross-sectional 
area, and of the length of one hundred and six and three-tenths (106.3) 
centimeters. 

Second. The unit of current shall be what is known as the international 
ampere, which is one-tenth of the unit of current of the centimeter-gram-second 
system of electromagnetic units, and is the practical equivalent of the unvary- 
ing current, which, when passed through a solution of nitrate of silver in water 
in accordance with standard specifications, deposits silver at the rate of one 
thousand one hundred and eighteen millionths (0.001118) of a gram per second. 

Third. The unit of electromotive force shall be what is known as the inter- 
national volt, which is the electromotive force that, steadily applied to a con- 
ductor whose resistance is one international ohm, will produce a current of an 


" : : : 1000* 
international ampere, and is practically equivalent to i5: of the electro- 


motive force between the poles or electrodes of the voltaic cell known as Clark's 
cell, at a temperature of fifteen degrees centigrade (15? C.), and prepared in the 
manner described in the standard specifications. 

Fourth. The unit of quantity shall be what is known as the international 
coulomb, which is the quantity of electricity transferred by a current of one 
International ampere in one second. 

Fifth. The unit of capacity shall be what is known as the international 
farad, which is the capacity of a condenser charged to a potential of one inter- 
national volt by one international coulomb of electricity. 

Sixth. The unit of work shall be the joule, which is equal to ten million units 
of work in the centimeter-gram-second system, and which is practically equivalent 
to the energy expended in one second by an international ampere in an inter- 
national ohm. 

Seventh. The unit of power shall be the watt, which is equal to ten million 
units of power in the centimeter-gram-second system, and which is practically 
equivalent to the work done at the rate of one joule per second. 

_Highth. The unit of induction shall be the henry, which is the induction in a 
Circuit when the electromotive force induced in this circuit is one international 
‘volt while the inducing current varies at the rate of one ampere per second. 

SECTION 2. That it shall be the duty of the National Academy of Sciences 
to prescribe and publish, as soon as possible after the passage of this act, such 
Specifications of detail as shall be necessary for the practical application of the 
definitions of the ampere and volt hereinbefore given, and such specifications 

be the standard specifications herein mentioned. 


. NOTES ON THE ABOVE DEFINITIONS. — The specifications men- 


| ned above were prepared by a committee, and their report, based on the best 


* Later experiments give an e.m.f, of 1.4328 volts at 15? C. 
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"work that had been done up to that time, was accepted and adopted by the 
National Academy of Sciences on February 9, 1895. 


Attention is called to the wording of the definitions of the three fundamental | 


quantities: : 
I. The international ohm is based upon, but not stated to be equal to, 19 


c.g.s. units of resistance; it is, however, definitely defined in terms of a column ol ` 


mercury. 

. 2. The international ampere ts one-tenth of the c.g.s. unit of current, and is 
stated to be represented sufficiently well for practical purposes by the current 
which deposits.a definite mass of silver per second under specified conditions. 

3. The international volt is the e.m.f. which will cause an international ampere 
to flow through an international ohm, and is stated to be represented suficienily 
well for practical purposes by a definite fractional part of the e.m.f. of the Clark 
cell. 

Subsequent investigation has shown that the figures for the silver voltameter 
and the Clark cell are not equivalent. The emi. of the Clark cell is really 
1.4328 international volts at 15°. 


PRACTICAL STANDARDS. — The Act of July 12, 1894, is still in force 
but advantage has been taken of the manner of stating how the international 
volt shall be practically realized to use as a standard of e.m.f. the Weston normal 
cell instead of the Clark cell (see Cells, Standard). 

Standard resistance coils (see Resistors, Standard) are used as secondary 
standards of resistance. These are usually accurately adjusted by the makers 
When great accuracy is required these standard resistances should be sent to 
the Bureau of Standards for calibration. Much more accurate results can bt 
obtained in an ordinary laboratory by using properly calibrated secondary 
standards than by attempting to construct primary standards in accordance 
with the definitions in the above Act. 

The use of a voltameter for the calibration of current-measuring instruments 
is algo now seldom employed. A more accurate method for ordinary laboratory 
work is to determine, by means of a properly calibrated potentiometer (q.v. 
the voltage drop produced by the current through a standard resistance, 


BIBLIOGRAPHY. — The so-called International Electric Units, Bull. Bu. 
Stand., 1904, Vol. 1, p. 30; Selection and Definition of the Fundamental Ee- 
trical Units, Bull. Bur. Stand., 1908, Vol. 5, p. 243; Announcement of Change is 
Value of the International Volt, Circ. No. 29, Bureau of Standards. 


[H, Penner] 
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UNLOADERS, COAL AND ORE. — (See also Cranes; Motors, Indus- 
brial Applications of; Power Stations.) Coal and ore unloaders may be divided 
into two distinct classes, namely, the stiff-leg type and the bridge type. Both 
are adapted to electric drive and each possesses certain advantages under the 
conditions for which it is designed. Unloaders range in capacity from three to 
fifteen tons per bucket load. The capacity in tons per hour varies within wide 
limits, but records have been established where under normal operating con- 
ditions four 15-ton equipments unloaded 10,000 tons in five hours. The power 
required naturally also varies uader different conditions, but an average of from 
0.4 to 0.5 kilowatt hour per ton is not uncommon. 


STIFF-LEG UNLOADERS (Fig. 1) are mainly used at receiving docks 
for unloading ore from the boat to railway cars or to a large concrete trough 
from which it is in turn transferred to the storage yards by means of ore bridges. 
The machine, as seen from Fig. 1, consists essentially of a massive pantograph, 
the short leg of which forms an mte- 
gral part of the carriage C. This leg 
is rigidly vertical, hence the stiff leg L 
which carries the bucket B must always 
be vertical. The weight of the moving 
parts of the link motion is nearly coun- 
terbalanced at W by the main hoist, 
rotation and bucket motors and their 
respective drums. The motor house on 
the carriage C contains the trolley motor 
and the magnetic control panels for 
all the above motors. ‘The carriage is 
mounted on trucks and moves back and forth on the girder runway G. The 
girder structure supports a hopper with rotating £ates which receives the ore 
from the bucket B and distributes it slowly to the weighing larry which in turn 
deposits it in the ore car underneath or in the concrete trough J. Cables from 
the main hoist drum at W are attached to the rear of the carriage. The operator 
rides in the bucket leg and has absolute control of lowering, opening, closing, 
bucket rotation, hoisting and trolleying movements. The entire girder strecture 
is mounted on trucks and can be run along the dock at will by means of the 
bridge movement motor. Magnetic control is employed throughout and all 
motors except leg-rotation and bridge-movement motors are arranged for 
dynamic braking. 


Cycles of Motor Movements. — The service of the main hoist and opening 
and closing motor is intermittent with continuous repetition of cycle often at the 
rate of one round trip per minute for several consecutive hours. ‘The leg rotation 
motor is used chiefly in cleaning up the bottom of the boat between hatches and 
involves rapid and frequent reversals at irregular intervals. The trolley-motor 
cycle includes acceleration, free running, retardation, reversal and repeat with 
every bucket load hoisted. The ore-gate motor operates intermittently when- 
ever ore is distributed to the weighing larry. The larry travel and hopper-gate 
motors both operate on a continuously repeated cycle of short duration. The 
bridge-movement motor is used only at irregular intervals for locating the bucket 
over the hatches. 


Motor Equipment. — The following table shows the motor equipment of a 
modern unloader of the stiff-leg type. The main-hoist motor has a continuous 
tatmg, but all the others are rated on an intermittent basis. 
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MOTOR EQUIPMENT, 1s-TON STIFF-LEG UNLOADER 


ct crc | n | —Á j cmc er ED 


Compound wound 
Compound wound 


Compound wound 

Compound wound 
Bridge movement Compound wound 
Leg rotation Series wound 
Larry hopper Series wound 


1 


BRIDGE-TYPE UNLOADERS (Figs. 2 and 3) can be divided into two 
general classes, viz., the “‘man-trolley”’ and the “‘rope-trolley.” In the former 
all hoisting and conveying motors together with a cab containing the control 
equipment and operator are mounted on a carriage which runs the length of the 
bridge, as shown in Fig.2. In the rope-trolley unloader the motors are located 
in a stationary motor house and power is transmitted to the hoisting drum and 
carriage by means of cables, as shown in Fig. 3. The operator is also located in 
a stationary cab as seen. 
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Fig. 2. ‘‘Man-trolley ” Bridge Unloader Fig. 3. “ Rope-trolley” Bridge Unloadet 


MOTOR EQUIPMENT, 625-FOOT '" MAN-TROLLEY " BRIDGE 
UNLOADER 


Application 


Main hoist 
Main trolley 
Bridge movement 
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- MOTOR EQUIPMENT, 7-TON ROPE-OPERATED BRIDGE-TYPE 
— UNLOADER 


Application Type of motor 


Opening lines Series wound 
Closing and hoisting Series wound 
Travel Series wound 
Bucket twist Series wound 
Car-loading drums Shunt wound 


TYPE OF MOTOR. — The selection of the most suitable type of motor for 
- coal and ore bridge work must be determined for each specific installation by 
local considerations. In general the requirements are not quite as severe as 
those commonly included under the term ''steel mill service," and standard indus- 
trial motors in a few instances have been used for high-speed bridges with entire 
success. As a rule, however, especially for ore bridges, the mill-type motor is 
recommended, since even under the best conditions the short cycle, rapid and 
frequent acceleration, severe vibration, dirt and moisture, all demand the most 
rugged construction. 
The question of alternating- or direct-current motors is usually one of compara- 
tive first costs, costs of maintenance and operation. Where adjustable speeds 
4 under variable load are required the induction motor with its constant-speed 
characteristics is somewhat at a disadvantage if compared with the direct-current 
motor equipped with interpoles and best available control. For dynamic braking 
Z the direct-current motor also offers fewer complications in the control. Further- 
: more, for the rack movement or trolley travel the acceleration losses are less 
> for the series direct-current motor. On the other hand, the efficiency of trans- 
formation and distribution of power is considerably higher for alternating- than 
for direct-current systems so that the apparent gain due to the characteristic of 
the series motor is more than offset by the simplicity and ruggedness of the in- 
duction motor, the elimination of motor-generator sets, equalizer sets and in 
Some Cases even of static transformers. 


BIBLIOGRAPHY. — Stephan, W. G., Ore Handling at Lower Lake Ports, 

P Ir. Tr. Rev., 1911, Vol. 4o, p. 641; Ryerson & Crane, Notes on the Use of Alter- 

; nating Current in Unloading Coal, A.L.E.E., 1912, Vol. 31, p. 231; Modern Iron 
Ore Dock and Unloading Plant, Ir. Tr. Rev., 1912, Vol. 50, p. 845; McLain, R. N u 
Elecirically Operated Coal Dock, G. E. Rev., 1911, Vol. 14, p. 523. 


[D. B. RUSHMORE, assisted by E. A. Lor.] 
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VALVES. — (See also Boilers; Gas Engines; Pipes; Power Stations; Sieom 
Engines; Steam Turbines.) The following types of valves are used to control 
the flow of fluids in pipes. 


Gate Valve, — The opening in this valve is perpendicular to the axis of the 
pipe, and is clased by a ‘disk which moves’ across the opening. A gate valve 
offers but little resistance to the flow of the fluid, since when fully opened 
jt provides a straight passage the full. diameter of the pipe (see Pipe and 
Piping). 

Globe Valve. — In this valve . the opening is in a partition parallel to and 
passing through the axis of the pipe. The opening is closed by a mushroom- 
shaped disk which is screwed down against the partition. The name “globe” 
valve arises from the glohular farm of the casing. The passage through a globe 
valve has the general shape of the letter S, and consequently offers considerable 
resistance to the flow (see Pipe and Piping). It is simpler in construction 
and cheaper than a gate valve, and the contact surfaces. are mote easily 
ground. 

Angle Valve. — This valve has the inlet and outlet at right angles to each 
other; it may therefore be installed in place of an elbow. The opening is at 
right angles to the inlet. The closing mechanism may be either of the gate ot 
of the globe type. 

Cocks. — This type of valve consists of a conical plug with a hole through 
it perpendicular to its axis, mounted in a suitable casing. The valve is opened 
by turning the plug so that the hole is in line with the pipe and is closed by 
giving the plug a quarter turn. Cocks are frequently used on blow-off piping. 


Stop Valves. — A stop valve is any valve that is controlled by hand or other 
external means, and used to stop the flow of fluid in a pipe. 


Check Valves. — A check valve is any valve which opens automatically 
when the pressure in the normal direction reaches a predetermined value, but 
remains closed when the pressure is less than this amount or is in the opposite 
direction. Ordinary forms of check valves resemble a globe valve without a 
valve spindle. The closing device may be a disk, ball or cup. When the disk 
is arranged to swing about an axis like a hinge the valve is called a “swing check,” 
or “flap valve," or “butterfly valve." When the disk or other device is lifted 
vertically, the valve is called a “‘lift-check valve." A check valve placed at 
the base of the suction pipe of a pump fs called a “‘foot valve.” 


Safety Valves. — Lift check valves provided either with a helical spring or 
with a ball and lever mechanism to hold the valve closed under normal pressure 
are used as safety valves; the former type is called a pop safety valve, the 
latter a lever safety valve. The pop safety valve has practically supplanted 
the lever type, since it closes more promptly and is less liable to leak. 


Relief Valves. — Check valves used to relieve excessive back pressure ia 
atmospheric. exhaust pipes are called " hack-pressure valves," and when used 
in the piping to condensers to relieve excessive pressure are called "atmospheric 
relief valves." 


Reducing Valves are used when it is desired to obtain steam at a pressure 
less than that of the boiler. In this type of valve the opening is relatively small, 
and the steam in expanding through this small opening has its pressure reduced. 
'The proper size of opening for various rates of flow is maintained automatically 
by balancing the force produced on the closing mechanism by the pressure on 
the low-pressure side of the valve against the force produced on this mechanism 
by a helical spring. The size of the opening then adjusts itself automatically 
to maintain this balance irrespective of the rate of flow. 
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ELECTRICAL OPERATION OF VALVES.* — (See also Motors, Indus- 
trial Applications of.) The advantages of electrical motor operation for large 
valves is emphasized not only by the fact that such valves must be closed in a 
very short time, which would be impossible with hand control, but also by the 
fact that remote control is very often essential, as, for example, in hydroelectric 
power developments where it becomes desirable to control the gate valves from 
the control switchboard. ‘The service of valve motors is exceedingly intermittent 
and may vary from compuratively short intervals, such as once every hour, to 
weeks or even months, Due to the intermittent nature of the service, efliciency 
or power factor nced not be considered in this kind of motor application, the 
main consideration being the most reliable system of operation. 


Size of Motor. — The proper size of a motor for driving a valve will vary 
with the duty and conditions under which the valve operates. A small valve 
may only require a one-horse-power motor, whereas very large valves, such 
as the Stoney-Gate valves at Panama, require 40-horse-power motors. The re- 
quired motor capacity also depends to a large extent on the pressure on the 
valve. When opening the valve, the torque is a maximum shortly after the 
time of unseating, that is, after the wedges have been released and the actual 
motion begins. The torque then drops some until the valve has opened about 
one-fourth, after which it takes comparatively little power to complete the open- 
ing. When closing the valve, friction only needs to be overcome in starting as 
there is no pressure on the valve until it has begun to close. After the valve is 
about three-fourths closed the pressure causes the torque to increase rapidly. 
At the end of the closing cycle the torque does not, however, reach the value it 
did during the period of starting. 


Type of Motor. — Either direct- or alternating-current motors may be used. 
With the former the series- or compound-wound type is generally used as it gives 
a high starting torque. With the latter the squirrel-cage induction motor is 
most widely used for small- and medium-size valves, principally on account of 
its simplicity. To overcome the sticking when opening, the drive is sometimes 
provided with a “lost motion" so as to give a hammer blow. For alternating- 
current motors this is furthermore of value in that it permits the motor to speed 
up some and gain in torque before the load comes on. 


Control Equipment. — Where the size of the motor permits, the simplest 
method of control is to throw the motor directly on the line without the use of 
starting resistances. 'The automatic overload circuit breaker which should 
afford protection under normal operating conditions, must be prevented from 
tripping during the rush of starting current. This is readily accomplished either 
by short-circuiting the overload coil of the circuit breaker or by opening the 
connections to the coil. The former is the preferable method as this will leave 
some overload protection even though the coil is short-circuited. A push button 
is generally provided for this purpose. 

Limit switches which will open the circuit when the gate has reached its limit 
of travel should always be provided. As a further precaution against over- 
travel or too high closing torque the motors should preferably be geared to the 
valve stems through efficient and reliable friction clutches. 

When the motors are too large to be thrown directly on the line, starting re- 
sistances must be provided. With direct-current series motors a permanent 
resistance and a running resistance are often provided. The permanent resist- 
ance remains fixed in the circuit and should be so dimensioned as to give the 
maximum torque required. The running resistance is short-circuited at start- 
ing until the motor current drops to any desired value, at which time a current 
limit relay opens the shunt circuit of the contactor used for short-circuiting 


* By D. B. Rushmore. 
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the resistance. This running resistance should be such as to prevent excessive 
speed at light load and to limit the torque should the valve seat itself before the 
motor is disconnected. The same general scheme may be used with alternating- 
current motors, but with these there is no danger of exceeding the synchronous 
speed. . 

Devices for Indicating Valve Positions. — When it is desired to indicate 
on the switchboard the position of the gate throughout its range of travel, this 
can readily be done by placing a number of sliding contacts on the inside of 
the limit-switch housing. These contacts are then connected with a row of 
incandescent lamps installed on the switchboard, and as the limit switch travels 
along, the lamps on the board will light successively. 

Another system, much more comprehensive, is used in connection with the 
valve motors at the Panama Canal. In connection with each limit switch there 
is installed a “synchronizing transmitting device." This consists merely of a 
small generator which is mechanically connected to and revolves with the limit 


switch. It is electrically connected to a small motor which is mounted on the . 


control switchboard and there mechanically connected to some sort of indicating 
device such as a pointer. When the generator at the valve revolves, the motor 
on the board will follow in synchronism thus indicating the exact position of 
the valve. 


BIBLIOGRAPHY.— Gebhardt, G. F., Steam Power Plant Engineering, N.Y. 
1909; Gassman, H. M., Motor and Control Equipment of Electrically Operated 
Valves, Trans. AI .E.E., 1912, Vol. 31, p. 535. Catalogues of Manufacturers. 


[Wu. Kent] 
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VECTORS. — (See also Complex Quantities.) Any quantity which requires 
for its complete specification a magnitude and a direction is called a vector 
quantity. Such a quantity may be represented graphically by a line having a 
length equal to the magnitude of the quantity and a direction parallel to the 
direction of the quantity. Such a line is called a vector. Its direction is, in 
general, specified by the angles which it makes with three arbitrarily chosen 
lines or axes of reference. Vectors which lie in the same or in parallel planes 
are called co-planar vectors; the direction of a vector in the plane in which it 
lies (or parallel planes) may be specified by the angle which it makes with a 
single line of reference in this plane. 

Quantities which are completely specified by magnitude and “ sense" (i.e., 
whether positive or negative) are called scalar quantities. Forces, velocities, 
displacements, etc., are vector quantities, while time, work, mass, etc., are 
scalar quantities. 


Vector Addition and Subtraction. — Since vector quantities cannot be 
completely specified by ordinary numbers, the various operations of arithmetic 
such as addition, subtraction, multiplication and division have no meaning 
when applied to such quantities. Analogous processes, however, are of great 
value in dealing with them. For example, the resultant of two forces which 
make an angle with each other is, by the ordinary parallel- 
ogram of forces, equal to the diagonal of the parallelogram 
formed by drawing from the free ends of the two lines repre- 
senting the forces, lines parallel to these forces. That is, 
the resultant of OA and OB in Fig. 1 is the diagonal OC. 
Both the length OC and direction (the angle AOC) of the 
resultant is fixed by this construction. The resultant OC 
is called the vector sum of OA and OB. Similarly, the Fig. 1 
vector sum of OA and AB is equal to OB, or vice versa, AB | 
may be called the vector difference of OB and OA. The angle XA B gives the 
direction of this vector difference when OA is subtracted vectorially from OB. 
When OB is subtracted vectorially from OA the vector difference also has the 
same length or magnitude, but is in the opposite direction, ie., makes the 
angle 180? — Z XAB with OA. 


Components of a Vector. — Any vector may be considered as made up of 
any number of vectors which when added vectorially, as described above, give 
& resultant vector equal to the given vector. It is frequently convenient in 
analyzing problems involving vectors to resolve each vector into two compo- 
nents, one parallel to and the other perpendicular to the axis of reference. 
The first component is usually referred to as the horizontal component and the 
second as the vertical component. It is readily proved that the horizontal com- 
ponent H of the resultant (or vector sum) of any number of vectors is equal 
to the algebraic sum of the horizontal components M, hz, etc., of the individual 
vectors, i.e., 


H = h + he + etc. 


and the Vertical component V of the resultant is equal to the algebraic sum of 
the vertical components n, v, etc., of the individual vectors, i.e., 


V = n+ 04 etc. 


The length of the resultant is then 
S - V H 14-3, 


p 


a 
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and it makes with the axis of reference the angle v where 


aiga 
H 


Analytical Representation of a Vector. — The geometrical representation 
of a complex quantity (see Complex Quantities) is a vector, i.e., the line repre 
senting à complex quantity has both magnitude and direction. Any vector 
quantity may, therefore, be represented by a complex quantity, and the opera- 
tions of vector addition and subtraction may be carried out by the ordinary 
processes of algebraic addition and subtraction of complex quantities. For er 
ample, two vectors A and B may be represented by the algebraic expressions 

4 - h 4 ju, 
B = h+ jt, 


where hk, and / and v: and v; are the horizontal and vertical components re 
spectively, and the dots under 4 and B signify that 4 and B are vector quar 
tities. The vector sum of A and B is then 


S=A+B=(hth)+j (nt), 
which has the magnitude 


S e V (h+ he)? 4- (t+ 02), 
and the angle 
1+ 92 
= tan . 
o = tan 


Multiplication and Division of a Vector by a Number. — Multiplying s 
vector by a real number s means taking a vector # times as long; dividing 


à vector by n means taking a vector = of the length of the original vector. The 


result of multiplying a vector by an imaginary number jn is defined asa vector 
n times the length of che original vector and making a positive angle of 9° 
with the original vector. The result of dividing a vector by an imaginary 


I 
number jn is defined as equivalent to multiplying the vector by 2 


that is, as equivalent to a vector : of the length of the original vector and 


making a negative angle of 9o? with the given vector. Hence the multiplication 
or division of a vector 4+jv by a complex number n -ja is equivalent to 
ordinary algebraic multiplication or division of two complex numbers (sé 
Complex Quantities). 

Scalar Product of Two Vectors. — Multiplication, in the ordinary sense, 
of one vector by another has no meaning, since a vector is not a number but 
involves both magnitude and direction. In the analysis of the more com 
plicated problems of mechanics and electricity, certain expressions arise, how- 
ever, which are analogous to ordinary multiplication. One of these expressions 
is a scalar quantity equal to the product of the magnitude of the two 
vectors by the cosine of the angle between them. This product is called the 
scalar product of the two vectors. The scalar product of the two vectors A 
and B is AB cos 0 where 8 is the angle between them. If the vectors art 
expressed as complex quantities 

4 9 hn 4- jn, 
B ih -r jos, 


id 


I] 
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the scalar product is 
him + nn. 


Note that this has no relation to the algebraic product of the two expressions 
Ii -- ji and hs + jn. 

Vector Product of Two Vectors. — Another expression which arises is a 
vector quantity at right angles to the plane of the two vectors and equal in 
magnitude to the product of the magnitudes of the two vectors by the sine of 
the angle between them. This product is called the vector product of the two 
vectors. 

Example. — The vector product of the vector A by the vector B (Fig. 1) 
is AB sin 6, and is in the direction in which a right-handed screw, to the head 
of which A is conceived to be fixed, is advanced when A is turned through an 
angle of less than 180° into coincidence with B. From this definition it fol- 
lows that the vector product of B times A is equal but opposite to the vector 
product of A times B. When A and B are expressed as complex quantities the 
vector product of A times B is 


his — la. 
Note that the algebraic product of the expressions 
hij and ketjm is fü nmn tj (hive + hm). 


The real and imaginary parts of this expression are not equal to the scalar and 
vector products. 
[W. A. DEL Man] 
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VISION, LAWS OF .— (See also Illumination, Laws of; Photometric Quanti- 
ties; Photometry.) Light enters the eye through the cornea, a thin, transparent, 
curved wall, and passes successively through the aqueous humor, the pupil, the 
biconvex lens, and the vitreous humor to an image on the rear wall or retina. 
The cornea and lens possess the image-forming function, and accommodation to 
distance is given by the varying curvature of the lens. The humors give opti- 
cal contact and preserve the size and form of the eye. The contraction and 
dilation of the pupil gives automatic accomodation to the intensity and quantity 
of light in the field of view. The retina comprises an elaborate structure of mi- 
croscopic nerve terminals known as rods and cones. In its periphery rods pre- 
dominate, but the ratio of cones to rods increases steadily toward the axial 
region of fovea, where the cones greatly predominate. The directly visualized 
image falls on the fovea and the sharpness of perception diminishes markedly in 
passing to the periphery. At very low intensities rod vision predominates. At 
moderate and high intensities cone vision predominates. In the former state 
the relative sensibility to the blue end of the spectrum is emphasized, in the 
latter state the relative sensibility to the red. As an optical system the eye 
has a chromatic aberration of approximately two diopters. 


ELEMENTS OF VISION. — Visual sensations in general are characterized 
by intensity, extensity, quality and duration. Intensity refers to the aspects of 
vision measurable photometrically, as candle-power, brilliancy and illumination. 


Extensity involves the perception of contour, perspective, relief, detail and dis 


tance. Quality discriminates between sensations of color and non-color. Du- 
ration relates to the growth, fatigue, persistence and intermittency of visual 
sensations. 


Intensity Relations. — All photometric units are essentially intensity 
measures of sensation. The luminous equivalent of radiation as determined 
by Ives (see Phil. Mag., Vol. 24) for the average 
eye is shown in Fig. 1. The lumens per watt 280,1 rr 
scale shown is not final, but embodies the best i en esr. 


IM 


of licht RS depend, to a marked dm iil af # 
on its spectral composition. Ives suggests two 0 E. a RAE). 
measures of luminous efüciency, viz., (1) the ratio E Violet Blue GreanYellon "Bel 
of actual light emitted to that produced by the | Fig. 1. 

same power concentrated at the wave length of 

greatest luminosity, and (2) the ratio of the light emitted to that produced 
by the same power so distributed as to produce white light. 


Purkinje Effect. — Transition from vision at low intensity to high in- 
volves relative loss of sensibility to blue and gain of sensibility to red, so that 
two lights of reddish and bluish hue respectively show a ratio of intensities 
which varies with the brightness of the field of view. This is known as the 
Purkinje effect. In fields above a brightness of one lumen per square foot the 
shift is slight. Photometric comparisons involving color differences should be 
made only in bright fields. 


Sensibility. — The discriminating power of the eye for brightness, 
measured by the least perceptible percentage of increment, is practically con- 
stant at 1 per cent over a very wide range of intensity and is practically inde- 
pendent of color. Within this range the sensation of brightness varies as the 
logarithm of the stimulus. In so far as good seeing is a matter of perceiving 
differences in brightness the effectiveness of illumination does not increase in 
direct ratio to its intensity, but in a logarithmic ratio. It follows that if a 
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reasonable minimum of field brightness is maintained, say from one to two lumens 


per square foot, the gain from more intense illumination though real is relatively 
small. 


Extensity Relations. — Extensity is perceived largely through differences 
in brightness and color, by varying visual angles and by acuity, or the power 
of resolving detail. Acuity follows a logarithmic relation to brightness similar 
to the strength of sensation. The same practical 
lower limit, say from one to two lumens per 
square foot, affords a fair normal basis of acuity. 
Above this the gain in acuity is relatively much 
less than the increase in illumination. Acuity, 
however, is not independent of color, due to the — — Vile Blue Green vege Orange Gi 
chromatic aberration of the eye. Retinal images Fig. 2. 
formed by approximately monochromatic light are 
sharper than those due to a rich spectrum.  Luckeish (see Elec. W., Vol. 58, 
p. 1252) gives the data in Fig. 2 for the relative acuity with various colors. 
For near vision blue light is more readily focussed, whereas for distant vision 
red light is more readily focussed. 


Glare. — The effectiveness of illumination is depressed to a marked 
degree by disturbing influences grouped under the term glare, which may be 
approximately defined as the relative overbrightness of part of the field of view. 
Transient glare, caused by the slowly changing adaptation of the eye when 
emerging from a dim region into a brilliantly lighted one, causes only temporary 
discomtort. Persistent glare, in addition to the depression of visual functions, 
may be highly injurious. No complete quantitative analysis of glare has yet 
been made. The following qualitative relations have been well established: 

(a) Glare effect, or reduction of visual effectiveness, increases as the glaring 
source approaches the eye. Glare increases as the ratio of the distance of the 
glaring source to that of the visualized object from the eye diminishes. The 
distance at which a light source ceases to be glaring depends on its intensity, 
brilliancy and position in the field of view. 

(b) Glare increases with the quantity of light received from the source. 

(c) Glare increases with the brilliancy of the glaring source and with its de- 
gree of contrast to objects visualized. An automobile headlight is exceedingly 
glaring at night, but not glaring by day. Any light source giving an after- 
image is excessive in brilliancy. Glare due to this cause is accentuated by the 
reflex tendency of the eye to wander from the object of vision and fix on the 
brilliant source, causing a fatigue of attention. 

(d) Glare increases as the retinal image of the glaring source approaches the 
center of the field of view. Depression of vision from side light is due in part 


to contrast and in part to the dilution of the central image by light scattered . 


in the eye. Glare due to bright walls and backgrounds is largely of the latter 
class. The glare from bright sources situated at an angle from the line of vision 
exceeding 26 degrees is generally negligible. 

The chief practical cases of glare are due to directly visible light sources of 
high power and brilliancy, to scattered light from side sources and backgrounds 
and the direct reflection of bright images by glazed surfaces in the immediate 
field of view. Prevention should be sought by the proper location and shading 
of light sources, by creating suitable constrasts between the field and its 
surroundings and by avoiding the use of glazed surfaces, especially highly-sized 
paper. 

Duration. — Below certain frequencies intermittent sensations retain a 
measure of distinctness and produce a flicker effect. If a critical frequency is 
exceeded the sensations blend into a continuous effect equal in intensity to the 
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mean intensity over the complete cycle. Examples are the rotating sectored 
disk and the electric lamp operated by alternating current. The vanishing 
frequency of flicker increases with the degree of variation from maximum to 
minimum, with the solid angle subtended by the object viewed, and with the 
intensity of jts brightness. The vanishing frequency of flicker is higher for 
white than for colored light. Within the common limits of practice the vanish- 
ing frequency is between 30 and 45 cycles per second. Electric lamps display 
no observable flicker in themselves or in illuminated objects at frequencies 
exceeding 40 cycles. 


Quality or Color Relations. — Non-colored sensations are white, gray and 
black. Color sensations differ in brightness, in hue and in tone. The hue of 
a light is determined by the spectral position of its predominant component. 
Its tone or tint depends on the degree of dilution with white or black. Thus 
spectral red, pink and claret may agree in hue, but differ essentially in tone. 
Color sensations are equal in brightness when they may be rapidly alternated 
in the field of view without the appearance of flicker. 


Synthesis of Colors may be accomplished by mixing red, green and blue 
in proper proportions, or by diluting the predominant hue with the proper 
amount of white or black. A color may be specified by the synthesis necessary 
to reproduce it, Tri-chromatic specification gives the mixing proportions ol 
red, green and blue. Mono-chromatic specification gives the spectral hue and 
the degree of dilution. The tri-chromatic analysis as determined by the color- 
imeter (see Photometry) is of greatest practical utility. In this system the pro- 
portions of red, green and blue found in average daylight, though not equal, 
are taken as 33.3 per cent each to fix three color scales. The mixing propor 
tions of these colors on the scales so established which reproduce any given 
light serve to specify it and to compare its color composition with daylight. 
Ives gives the following color analyses of common light sources. 


Source 
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Mercury Vapor arc........ evellere 
Direct-current carbon arc.......,.........,.uuu. 
Welsbach mantle, %4% cerium................... 
Welsbach mantle, %4% cerium................... 
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Tungsten filament, 1.25 W. p. c.......,......e 


Nernst glower........ ouis n dA Wweobpd pe m Dis Pes 
Acetylene flame,.... M—— eens GNE eas mem 
Yellow flame aro.......... see eene, hn 
Carbon filament, 3.1 W. p. €......... eee m 
Hefner standard lamp...,.................seess 


Relation of Color of Light to Appearance of Objects. — Objects 
appear in the colors which they reflect or transmit to the eye. To produce 
true color effects light must possess all the components necessary to reveal ob- 
jects and possess them in proper proportions. If the spectrum is deficient in 
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parts or its components differ greatly from the proportions in daylight it will 
in general produce distorted color effects. 


Artificial White Light. — With the exception of the carbon dioxide 
vacuum tube no artificial illuminant approaches closely the color value of day- 
light. White light may be approximated by synthesis by combining the light 
of two sources, one excessive in red and the other excessive in blue, as the in- 
candescent electric lamp and the mercury arc. A closer realization may be 
obtained from any incandescent lamp by means of a selective absorption screen 
which removes the excess of red and green light. The latter method involves 
a large sacrifice of efficiency. 


SUMMARY OF CONDITIONS FOR BEST VISION. — The surface 
brightness of objects viewed should not be less than o.oors candle per square 
inch nor more than 1.5 candles. In terms of the illumination of ordinary white 
paper these values correspond roughly to limits of 1 to 1000 foot-candles. The 
value best adapted to any condition varies with the individual, the closeness of 
application, the nature of the surroundings and the general degree of diffusion. 
For reading by daylight roo foot-candles is approximately the best condition, 
by artificial light approximately from 4 to 10. The degree of illumination re- 
quired is strongly intluenced by the contrast between objects visualized and their 
surroundings. The high diffusion of daylight and the flatness of the contrasts 
which it gives account in large measure for the higher illumination desired. For 
best secing the objects viewed should be brighter than the surroundings, but the 
contrast should not exceed 10: 1. The illumination provided for work requiring 
close application should be in inverse ratio to the retlecting power of the pre- 
dominant surfaces. Directly visible light sources may generally be shaded down 
to a brightness of 2.5 candles per square inch with advantage to vision.’ Pre- 
cautions outlined under Glare should be observed. 

The accompanying table indicates the range of artificial illumination in 
foot-candles which has been found satisfactory under practical conditions. 


Residences: 
Living rooms 
Bedrooms 


Drafting rooms 
Factories: 
General lighting 
Specific lighting 
Games and amusements: Show windows: 
Dark goods 
Medium goods 
Light goods 
Passenger cars .0-3. Stores and show rooms: 
Postal service. .............. .0-6. Dark goods 
Reading rooms... .074. Medium goods 
Light goods 
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Definition. — Vision is aided by the sharp definition of details down to an 
angular range of 1 in 10,000. Reading is easiest with type subtending an angle 
of about 1 in 100. For comfort it should not be larger than 1: 20 nor less than 
I: 300. 

Contrasts in intensity are best at about 1: ro, but should not be less than 
1:100. Contrasts as slight as 98 : roo are readily perceivable in good light. 


Uniformity of light on the working area is important. Excessively bright 
spots constitute an annoying glare and interfere with the fixation of vision. 


Steadiness of light is essential, as flicker causes rapid fatigue. 


Color. — A well-balanced spectrum is required for the true revelation of 
surface colors. Fatigue is most rapid in the extreme blue end of the spectrum 
and ultra-violet radiations may cause injury if present in unusual quantity. 
Light having a strongly dominant yellow-green hue gives the highest visual 
acuity. 

Diffusion. — Complete diffusion tends to eliminate shadows, with the re 
sulting loss of relief.. The value of moderate.shadows varies greatly with the 
circumstances, but is greatest where color distinctions are lacking. 


VISUAL EFFICIENCY. — The resultant of all conditions affecting vision is 
‘included in the somewhat loose term visual efficiency. This concept must take 

account of the fundamental discriminations of brightness, detail and color and 
of the maintenance of these faculties in use. Tests of visual acuity have been 
largely used as a working criterion of visual efficiency. As applied to the momen- 
tary state of vision this criterion is unsatisfactory as it invites a semi-conscious 
mental spur to offset fatigue. An ideal criterion must take account of the 
maintenance of acuity in work, of the ease with which fixation of vision and 
attention are sustained, and of the general requirements of ocular hygiene. 
(See Trans. Ill. Eng. Soc., Vol. 8, p. 40.) 

Bibliography. — Steinmetz, C. P., Radiation, Light and Illumination, N.Y, 
Nutting, P. G., Outlines of Applied Optics, Phila., 1912; Bell, L., Art of Ilumina- 
tion, N. Y., 1913; Barrows, W. E., Light, Photometry, and Illumination, N. Y., 
1912; Lectures on Illuminating Engineering, Vol. II, John Hopkins University; 
Abstract Bulletin of the Physical Laboratory, National Electric Lamp Association, 
Cleveland, Vol. I, No. 1; Numerous papers in Electrical World and in Illumina- 
ing Engineer. 

[W. E. WickENDEN] 
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VOLTMETERS. — (See also Ammeters; Wattmeters.) A voltmeter is an in- 
strument for measuring the potential difference, or voltage, between the two 
points to which its two terminals are connected. Any type of ammeter (q.v.) 
may be used as a voltmeter, but when designed for this purpose the coil which 
carries the current is made of a number of turns of fine wire, so that the moving 
element will be deflected by a very small current (from ro to 200 milliamperes 
for full-scale deflection, depending upon the type of meter) and to limit the 
current to this value a high resistance, contained within the case of the instru- 
ment, is usually inserted in series with the coil. The high resistance may be 
provided with taps brought out to additional binding posts, so that the same’ 
instrument will give full-scale deflection for say 75, 150 and 300 volts, depending 
upon which binding post is used in conjunction with the terminal marked “o” 
or “+.” The range of a voltmeter may also be indelinitely extended by the 
use of multipliers (see below) or potential transformers (see Transformers, 
Instrument). 


Current Taken by, and Resistance of, Voltmeters. — The current taken 
by voltmeters of various types for full-scale deflection, and the resistance per 
volt of full-scale deflection are usually as follows: 


Milliamperes for Ohms per volt 
Type of voltmeter full-scale of full-scale 
deflection deflection* 


Moving magnet type 83 to 60 I2 to 17 
Iron-vane type 83 to 60 12 to 17 
Moving-coil type 10 100 
Electrodynamometer type 83 to 40 I2 to 25 
Hot-wire type 250 to 187 4 to 5.3 


* For example, an iron-vane type voltmeter having a 150-volt scale would have a 
resistance of from 12X 150= 1800 to 17X 1502» 2550 ohms. The resistance corre- 
sponding to a x5-volt scale would be from 180 to 255 ohms. The current taken by 
the instrument for either scale would be from 83 to 60 milliamperes. 


Temperature and Inductance Errors. — In order that a voltmeter cali- 


brated at one temperature shall read correctly at all other ordinary temperatures, 
it is necessary that the total resistance within the instrument shall not change 
appreciably with change in temperature, due either to variations in room tem- 
perature or to the heating of the windings by the current. To secure this con- 
dition, the resistance included in series with the active winding (which is usually 
made of copper wire) must have a practically negligible temperature coefficient. 
Various alloys may be used for this purpose; see Wires, Resistance. Precision 
voltmeters are sometimes provided with a thermometer, with the bulb within 
the case, and a small adjustable resistance to compensate for change in resist- 
ance due to temperature variations. 

The high resistance within an a-c. voltmeter is wound non-inductively, i.e., 
the wire is doubled back on itself before being wound on the spool, or otherwise 
suitably arranged; the total impedance of the meter is then practically equal 
to its total resistance, and consequently its indications are affected but slightly, 
if at all, by the frequency of the voltage, at least up to 100 or 125 cycles per 
second. Some voltmeters of the soft-iron vane type, however, should be cali- 
brated with voltage of the same frequency as that of the circuit on which they 
are to be used; for explanation see article on Ammeiers. 
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Multipliers and Potential Transformers. — A voltmeter multiplier is 
simply an external resistor placed in series with the voltmeter. These resistors 
are made of high-resistance alloys Raving a low lor am coefficient, and 
are wound non-inductively. Let 


r = resistance of voltmeter, in ohms, 
R = resistance of multiplier, in ohms, 
v = value of 1 scale division in volts without multiplier, 
V = value of x scale division in volts when a multiplier having a resistance 
R is used. 
"Then 


Vay, 


or the multiplier multiplies the voltmeter reading by the fraction (R4- rJ. 
'This ratio is frequently called the “multiplying power” of ‘the multiplier for 
the voltmeter in question. 

For voltages above 750 volts potential transformers are to be preferred to 
multipliers for a-c. circuits; see Transformers, Instrument. 


Low-voltage A-C. Voltmeters. — In voltmeters for measuring small alter- 
nating voltages the extra resistance in series with the active winding must 
necessarily be small or eliminated entirely for the lowest voltages, in which case 
the errors due to inductance, heating and change in room temperature may be 
quite large, 1 per cent to 3 per cent or even larger. When the voltmeter may 
be permitted to take a larger current than that given in the above table, without 
interfering with the actual voltage to be measured, a special low-resistance volt- 
meter may be used having a total resistance much lower than that of the ordi- 
nary voltmeter, the resistance of the active winding and the external resistance 
being reduced in the same proportion. For usual switchboard service and large 

"power work satisfactory instruments of this kind may be had, giving a full- 
scale deflection for 15 volts or less. 


Electrostatic Voltmeters. — When the current Eon by the ordinary form 
of voltmeter is an appreciable fraction of the load current or when the frequency 
is very high, as in wireless work, an electrometer (see article on Electrometers) 
or electrostatic voltmeter may be used. The ordinary electrostatic voltmeter 
is in principle the same as an electrometer, but is provided with a pointer and 
scale and is so constructed as to be more readily portable than the ordinary 
electrometer which is read by means of a telescope and scale. Repulsion elec- 
trostatic voltmeters are also used, the principle of operation being the repulsion 
of two conductors charged with electricity of the same sign, as in a gold-lal 
electroscope. | 

Condenser multipliers are sometimes used with electrostatic voltmeters; se 
Electrometers. 


Calibration of Voltmeters. — A voltmeter may be calibrated by comparing 
it with a standard voltmeter whose calibration curve is known, or it may be cli- 
brated directly by means of a potentiometer and standard cell; see Potention- 
eters. Hot-wire and electrodynamometer voltmeters for alternating-current 
work are calibrated on direct or alternating current; an iron-vane voltmeter 
should be calibrated by comparing it, on alternating current, with one of the 
other types which has been previously calibrated on direct current. Electro- 
static voltmeters are usually employed commercially only for high voltages, and 
therefore must be calibrated on alternating current. — . 

. Precautions in Use and Installation, Costs, Bibliography, etc. — See 
the article on Ammeters. 
(L. T. Rosmsos.] 
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WATER WHEELS AND THEIR SETTINGS.* — (See also Hydrau- 
lics, Principles of; Power Stations, Il ydroelcctric; Water Wheels, Speed Regu- 
lation of.) A water wheel is a machine for converting the energy of falling 
water into mechanical work. 


CLASSIFICATION. — The old-fashioned under-shot and over-shot wheels 
(see any dictionary) are now seldom used, although a few over-shat wheels of 
very high efficiency have been constructed recently, Modern wheels may be 
classified as (a) impulse wheels (5) reaction wheels and (c) turbines. 


Impulse Wheels are those in which the energy of the water is transformed 
into kinetic energy before reaching the wheel. The water is usually directed 
against the wheel in a single jet. The line of demarcation between turbines 
and impulse wheels is not sharply drawn. 


Reaction Wheels are those in which the work is done by the reactive energy 
of the jets of water as they issue from the whecl, 


Turbines may be defined as water wheels in which the energy of the water is 
gradually transformed into kinetic energy as it passes through the guides and 
wheel. Turbines in general have a series of curved moving vanes called 


"* huckets"" around their circumference into which the water is directed through 


curved "guide vanes.” "These vanes are so proportioned that they first trans- 
form the energy oí the water into kinetic energy and then use this kinetic energy 
in driving the wheel. The following classification depends upon the action of 
the water: 


Reaction Turbines are those in which the energy of the water is trans- 
formed into kinetic energy partly in the guides and partly in the wheel. They 
must run full of water and may be submerged without greatly reducing their 
efficiency. 


Impulse Turbines are those in which the energy of the water is trans- 
formed into kinetic energy wholly in the guides. The wheel may run partially 
empty without particularly affecting the efficiency. The discharge must be 
into the atmosphere. If the wheel becomes submerged a great loss of efficiency 


takes place. 


Limit Turbínes which are on the dividing line between impulse and re- 
action turbines and may act efficiently as either. 

Turbines may be classified also in accordance with the direction of flow as 
(a) radial flow, either outward or inward, (5) axial flow (parallel to the shaft) 
and (c) mixed flow, in which the flow is partly radial and partly axial. Again, 
they may be classified in accordance with the position of the wheel shaft as 
(a) vertical and (b) horizontal. Again, they may be classified according to 
whether the nozzles or guides extend partially or entirely around the wheel as 
(a) complete turbines and (b) partial turbines. 


APPLICATIONS OF VARIOUS TYPES. — The following is intended to 
serve as a broad general guide in the choice of the particular type of wheel for a 
given set of conditions. It is to be understood that these rules are subject to 
considerabld variation under varying conditions. 

Impulse Wheel to be used for high heads and small quantities of water. 


Reaction Turbine to be used for all heads and large quantities of water when 
the flow is fairly uniform at all times. 


* Much of the information in this article fs from the S. Morgan-Smith Co., manu- 
facturers of wheels, who also furnished most of the drawings from which the cuta were 
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Impulse Turbine to be used for high heads and large quantities of water when 
flow is variable.  ' 

Setting and Position for Various Heads. — The methods of setting and 
style of wheel used (whether horizontal or vertical) under different conditions 
are about as follows: 

Up to 12 ft. Head. — Vertical wheels in open or closed flumes are used. 

12 ft. to 3o ft. Head. — Either horizontal or vertical wheels are used, more 
often horizontal; either open or closed flume is used, more often open. 

30 ft. to 9o ft. Head. — Usually horizontal wheels in steel cases are used, 
sometimes in concrete cases. 

go ft. to 600 ft. Head..— Either horizontal or vertical whéels are used, more 
often horizontal, usually in a cast-iron scroll case. 


DESIGN AND CONSTRUCTION. — The actual design of the details of 
the guides and runners is too complicated and involved to be treated here in 
detail. Certain general principles should be observed of which the most im- 
portant is that the shape of the guides and runners should be such that the 
water will enter the wheel without shock and leave without velocity. It is 
possible to fulfl the first condition very closely. 'The last can only be ap 
proached because the leaving water must have velocity enough to carry it away 
from the turbine. The design of American turbines has been largely the out- 
growth of some 70 years of practical experience and tests. 

Runners. — The runner is the revolving part that directly transforms the 
energy of the water into mechanical work. It l 
is either cast solid or built up. The parts of 
a runner are the hub,- the crown, the ring, and 
the buckets or vanes. Fig. 1 shows a typical 
runner. All parts of the wheel, but more espe- 
cially the buckets, must be smooth and free 
from projections, as all inequalities of surface 
in a flowing stream of water cause appreciable 
losses of energy. For this reason the majority 
of cast wheels are made in one solid casting of 
soft iron to reduce shrinkage stresses; cast steel 
or bronze wheels are also used for high heads. 
The buckets may also be cast separately and 
afterward put in a mold-and the hub, crowns 
and rings cast about them. "The curve of the 
buckets may be almost any smooth curve which 
will direct the water backward sufficiently rel- " ‘ 
ative to the wheel as it leaves. 4 Fig. 1. Typical Runner 


Diameter of Runners. — Reaction runners are measured at inlet. For 
buckets like Fig 2A this is simple. Buckets are often however cut back as 
shown in Fig. 2B to give greater 


speed and capacity. The buck- 
ets are usually tapered as shown. 
Different manufacturers measure 
and list their wheels at different 
points. This lack of uniformity 
A e 


in practice partially accounts for 

apparent variations between 'Fig. 2. Typical Bucket (after Mead) 
wheels of the same nominal size 

made by different manufacturers. Mead's Water Power Engineering, p. 256, 
gives à table showing the practice of some American manufacturers in measur- 
ing and listing their wheels. 
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Peripheral Speed of Runner. — The efficient speed of a wheel de- 
pends upon the ratio of the peripheral velocity of the wheel to the spouting veloc- 


ity of water under the working head. This spouting velocity is equal to V 2 gh 
where k is the working head and g is the acceleration due to gravity (32.2 feet 
per sec.2), The ratio is practically 0.50 for impulse wheels; for reaction tur- 
bines it ranges from 0.65 to 0.95; for impulse turbines it ranges from 0.40 to 
0.50. 

Bearings. — The bearings in a turbine are often subjected to axial thrust and 
are quite often located of necessity in inaccessible places, and are sometimes 
even submerged. The forces causing thrust are (1) a reaction from the flowing 
water which acts in a direction opposite to the flow, and is of importance only 
in turbines which discharge axially and in one direction; and (2) thrust due to 
leakage into the space back of the runner, which may be relieved by leaving 
holes in the runner close to the shaft. In large turbines these pressures are 


carefully provided for and a thrust bearing is used to take care of them. In all | 


but the large vertical units a simple step bearing, consisting of a lignum vite 
block located at the bottom of the shaft, is generally used. Wood is used be- 
cause of the difficulty of lubricating a bearing in water. Wet wood is quite 
slippery and when hard enough to wear very slowly makes an excellent sub- 
merged bearing. A bearing of the ordinary type above the turbine serves to 
keep it in alignment. In some turbines the runner is suspended from above. 
The suspended type of bearing is easier to lubricate and to inspect but is more 
expensive than the step bearing. When twin horizontal turbines are used they 
are located on the shaft so that the water flows through them in opposite direc- 
tions. The thrust on each wheel is balanced by that on the other. It is usual 
to provide a thrust bearing in such a case so that one turbine may be operated 
if necessary without the other. 

Chute Case. — The chute case is the fixed portion of the turbine to which 
the bearings, guide vanes, and gates are attached. It surrounds the wheel and 
in it are formed the lower end of the penstock and the upper end of the draft 
tube. The chute case is generally made of cast iron or cast steel and some- 
times of steel plates riveted together. The cast case is preferable because the 
passages, which are usually more or less curved, can be cast much more readily 
than they can be shaped in plates. The plates have the further objection of 
the obstruction caused by the rivet heads. In the most up-to-date practice 
a scroll case is used. It is so constructed that the cross-sectional area of the 
case decreases gradually as the water leaves the case to enter the wheel. This 
keeps the water moving at a constant velocity at all points in the case, which 
results in its entering the wheel with the same velocity at all points on its cir- 
cumference and also obviates eddies and foam in the case. It is one of the im- 
portant elements which influence the efficiency of the wheel. 


Gates. — Three forms of gates are used in connection with reaction turbines, 
viz., the cylinder gate, the wicket gate, and the register gate. The cylinder gate 
is the cheapest and the wicket gate is best when properly designed and con- 
structed. 

Cylinder Gate. — This gate is a cylinder closely fitting the guides and 
located between them and the wheel. It moves parallel to the axis of the tur- 
bine and conttols the admission of water by its position. "This type of gate is 
sometimes used over the discharge. A gate of this type when partially closed 
causes a sudden contraction and expansion of the stream of entering water. 
This causes eddying and consequently decreased efficiency of the turbine at 
part gate. " 

Wicket Gate. — This type of gate, which is illustrated in Fig. 3, is very 
Satisfactory. The quantity of water admitted is regulated by rotating each 
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Fig. 3. Wicket Gate 


wicket or “slat” about its axis so that the cross-sectional area of the passage 


through the guides is reduced. "The wickets are connected together so that all 
are operated at once. Eddying is much reduced with this type of gate. 

Register Gate. — This gate is a cylindrical case with openings in it to 
correspond with those in the guides. When running at full gate the openings 
in gate and guide register. By rotating the gate about the axis of the turbine 
the openings can be partially or wholly closed as desired. There is considerable 
eddying and consequent decreased efficiency under part gate. 

Gates for Impulse Turbines. — These are often arranged so that the 
guide passages are opened one at a time. This causes less loss due to eddying 
at patt gate. i 

Nozzles for Impulse Wheel. — In the tangential impulse wheel the best 
method for varying the opening is with a needle nozzle. When properly de 
signed such a nozzle gives a very high velocity coefficient under a wide range of 
pening. 

The Draft Tube. — The draft tube is in principle a suction pipe attached 
to the discharge of the turbine with its end submerged in the water of the 


' tail race. It enables the full difference in head between the fore-bay and the 


tail-bay to be utilized. If the draft tube is not used it is still possible, with a 
reaction turbine, to utilize the full head by submerging the wheel. The sub- 
merged wheel is difficult of access for repairs and is likely to be injured by ice 
in case of a shutdown in weather cold enough to freeze the water in the tail-bay. 
The water in passing through the draft tube exhausts the air from it and thé 
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Fig. 4. Open-flume Setting for Horizontal Turbine 
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column of water in the tube then exerts a suction on the discharge from the 
wheel. A vacuum exists in the draft tube and it must be strong enough to with- 
stand the collapsing pressure of the atmosphere upon it. 

In many -plants the draft tube is cast in the concrete foundation for the tur- 
bine. Water should leave the wheel with a velocity of about 1.5 ft. per second 
and the draft tube should start away from the wheel in the direction which the 
water takes, in order to avoid losses due to eddying. The draft tube should 
gradually enlarge to as great a diameter as is practicable at its discharge end in 
order to reduce the velocity head as much as practicable, which in turn increases 
the head available at the wheel. 

The draft tube should not be longer than about 20 feet, both because it is 
difficult to hold the vacuum in a longer tube under the varying conditions of 
operation, and because the water in the tube is apt to surge when the position 
of the gate is changed. 


Fig. 6. Common Form of Setting 


TYPICAL SETTINGS FOR TURBINES. — Fig. 4 shows a single turbine 
set in an open flume with the shaft extending through the wall. Similar settings 
are also used for twin turbines. Fig. 5 is a typical open flume setting for 4 
vertical direct-connected turbine. To take out the turbine the generator must 
be removed and the turbine lifted up through the opening left in the floor. A 
similar setting may also be used for a pair of direct-connected turbines on the 
same vertical shaft, in which case two separate draft tubes may be used. Fig. 
6 shows a setting quite commonly used fora series of units. It is advantageous 
to have the turbines and generators in the same room and easily accessible. 
It is an economical installation for a considerable number of units. Fig. 7 is 8 
thoroughly modern setting with a cast-iron scroll case. This setting is used for 
very high heads (400 to 600 feet and up) and large quantities of water. Many 
other types of settings are used, but space limitations prevent their illustration 
here; see catalogues and publications of manufacturers, ¢.g., S. Morgan Smith 
Co., Holyoke Machine Co., etc. 
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TESTING OF WATER WHEELS. — The only practicable way to test a 
turbine is after it is set up and ready to run. The object of the test is to de- 
termine efficiency (ratio of out- 


put to input) under different IN anes: ` ELUIBH 
conditions of gate opening and i it siisi -- i E 
load. To determine input the | i: LASS l 


head and quantity of water 
flowing must be known. In 
computing the efficiency of the 
turbine it is not fair to take 
the head as the difference in 
level between the fore-bay and 
the tail-bay because the water 
must have some velocity in 
order to escape from the tur- 
bine. The velocity head corre- 
sponding to the velocity of the 
water at the exit to the draft oy Sa x 
tube should be subtracted from VS YETT Low Tail 
the difference in level between Y X AEE Nate 
the fore-bay and the tail-bay. 
The difference in level between 
the pond and the fore-bay 
should not be charged against 
the turbine as this is a loss in- 
curred in bringing the water 
to it. 


Determination of Input. — The greatest difficulty in testing lies in deter- 
mining accurately the quantity of water which flows through the turbine. For 
this purpose a Pitot tube may be inserted in the pipe or a current meter may 
be used to measure the velocities at different points on a cross-section of either 
the fore-bay or tail-bay; the Pitot tube and current meter are described in the 
article on Hydraulics. Multiplying the average velocity in ft. per min. on a 
cross-section by the area of the cross-section will give the cu. ft. per minute. 
This quantity multiplied by the head and by 62.4 (the weight of a foot of water) 
and divided by 33,000 will give the horse-power input. 

In some cases, when a penstock is used, it has a Venturi meter (see Hydraulics) 
built in it. This gives an excellent means of determining accurately the quantity 
flowing. This meter is not accurate below 20 per cent of its rated capacity, but 
results of tests below that point are seldom desired. 


Determination of Output. — The horse-power output up to 1500 horse- 
power is best determined by means of an Alden brake; this is a special form of 
water-cooled Prony brake (see Index). If the turbine is connected to a generator 
the losses in which are known the generator may be used to measure the 
output. 


Example of Test. — The appended table gives the results (for a number of 
points) of a complete test of a 33-inch special Smith turbine made by the S. 
Morgan Smith Co., who have kindly permitted its use. The test was made at 
the Holyoke Testing Flume, Holyoke, Mass. Study of the test shows that the 
highest efficiencies occur at about 0.8 gate opening. This is as it should be, be- 
cause when there is abundant water and the wheel is running at full gate the 
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Fig. 7. Setting with oar Case 


| efficiency is not so important as it is when running at part gate with a more or 


less restricted flow of water. Under the latter circumstances as much power 
as possible must be obtained from every cubic foot of water. Moreover, under 
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(PARTIAL) REPORT OF TESTS OF A 33-INCH L. H. SPECIAL SMITH 
TURBINE WHEEL (August 14-15, 1913) 


Swing-gate Conical draft tube 

te ee a Dura- | Revo-| . | | 

Num- : Head s 

b c of Proportional N iu tion of | lutions | Water | Power ES- 

th part of the | of the | dis- | devel- n 

e on the 7 chitred ciency 

experi- |_———_—— | wheel, | €*Peri- wheel rged| oped of the 

"| ment, | per |by wheel] by the heel, 

ment | full gate full dis- | feet minutes| minute | cu. ft. | wheel, E e 
opening, | charge persec.| h.p. 


————— | | ——————— |. [| | | | ee 


44 1.000 0.989 14.02 3 140.00 | 122.03 | 157.18 | 81.15 
43 1.000 0.990 14.03 3 150.67 | 122.28 | 160.48 | 82.63 
42 I.000 0.991 14.02 4 161.25 | 122.28 | 162.46 | 83.1 
38 1.000 0.996 14.07 4 174.00 | 123.15 | 165.29 | 84.27], 
39 I.000 I.004 14.03 3 187.00 | 123.90 | 166.88 | 84.8 
4I I.000 1.007 13.96 4 197.00 | 124.02 | 164.46 | 83.91 
93 I.000 I.OOI 16.11 4 208.75 | 132.37 | 204.31 | 84.63 
94 I.000 1.003 16.08 3 214.33 | 132.63 | 203.60 | 84.3 
II 0.857 o.855 15.16 3 112.67 | 109.67 | 132.98 | 70.65 
IO 0.857 0.868 15.14 4 129.50 | 111.36 | 149.12 | 78.23 
9 0.857 0.883 15.08 5 151.80 | 113.06 | 166.05 | 86.03 
6 0.857 0.890 I5.II 5 172.20 | 114.03 | 173.50 | 88.95 
7 0.857 0.894 15.09 4 184.00 | 114.52 | 174.79 | 89.35 
3 0.857 0.882 15.16 4 193.50 | 113.18 | 167.10 | 86.93 
I 0.857 0.843 15.28 6 209.50 | 108.59 | 144.74 | 77.05 
87 0.806 0.819 16.61 4 133.50 | 110.03 | 162.18 | 78.3 
86 0.806 0.831 16.59 4 148.50 | 111.60 | 175.27 | 83.62 
85 0.806 0.844 16.57 4 166.00 |: 113.18 | 186.36 | 87.7 
82 o.806 0.845 16.58 6 172.50 | 113.42 | 188.70 | 88.6 
83 0.806 0.847 16.58 4 177.75 | 113.67 | 191.37 | 89.70 
89 0.806 0.848 16.52 5 181.00 | 113.67 | 191.74 | 90.20 
80 0.806 0.842 16.60 5 186.40 | 113.06 | 187.80 | 88.3 
78 0.806 0.821 16.66 4 198.00 ! r10.5r [ 176.69 | 84.7] 
77 0.806 0.805 16.68 4 207.50 | 108.36 | 167.25 | 81.74 
76 0.806 0.781 16.70 4 216.00 | 105.15 | 149.23 | 75-07 
23 0.752 o. 782 15.08 3 127.33 | 100.11 | 133.42 | 78.07 
22 0.762 0.797 15.06 4 142.25 | 101.89 | 144.96 | 83.45 
20 0.762 0.807 15.06 4 155.50 | 103.26 | 153.99 | 97.4 
25 0.762 0.811 14.95 4 165.25 | 103.38 | 156.98 | 89.72 
16 0.762 0.777 15.23 4 182.50 99.99 | 147.10} 85.3 
15 0.762 0.762 15.25 4 193.25 | 98.02 | 139.08 | 82.18 
I4 0.762 0.737 15.31 5 201.80 95.04 | 127.80 | 71.9 
74 0.499 0.549 | 14.18 3 | 128.67 | 68.16 | 85.19 | 77.8 
72 0.499 0.537 | 14.27 3 ]|15o.00| 66.84 | 86.36 | 79.98 
75 O. 499 0.534 14.18 4 159.50 66.34 | 85.40 | 80.9 
70 0.499 0.518 14.35 3 184.00 64.73 | 74.15 | 70.52 
69 . 0.499 0.506 14.39 4 194.25 63.24 | 61.51 | 59.7! 
68 0.499 0.495 | 14.45 4 | 204.25 | 62.06] 47.04 | 46.3 


Nores. — The turbine and dynamometer carried during test on ball-bearing step. 
With the flume empty a strain of 3 lb., applied at a distance of 3.0 ft. from the center 
of the shaft, sufficed to start the wheel. 
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ordinary conditions the load should be such that somewhat less then full gate 
opening will take care of it, thus leaving something in reserve for a sudden ex- 
cess demand upon the wheel. "This is an exceptionally efficient wheel giving an 
efficiency of go.2 per cent under certain conditions. 

Usual Efficiencies. — A water wheel is usually designed so that the maxi- 
mum efficiency occurs at about 8o per cent gate opening. For tangential wheels 
this maximum efficiency is usually from 75 to 85 per cent and for reaction tut- 
bines from 8o to 85 per cent. The test given in the preceding paragraph shows 
much higher efficiencies than usually obtained, the wheel in this case being an 
unusually good one. 


COST OF WATER WHEELS. — The following figures give some {dea of 
the cost of the different sizes of wheels exclusive of settings, except as noted: 
the necessary pulleys and gears are included. Freight and cost of installation 
not included. The cost per horse-power, which varies from $2 to $20, de- 
creases both as the head and the size of the unit increase. See also article ori 
Power Stations. 


Cost per 


Style of wheel horse-power 


Vertical, open flume..............c uses $ 8.00 
Same except with steel case and steel 

SUDPOEPUS cS ae oo veu ess eva idw eed axles 13.00 
Pairs of horizontal wheels in open flume. 7.00 
Same conditions, steel case. ............. 10.00 
Pairs of horizontal wheels, open flume... §.00 
Horizontal wheel, single runner, cast- 

iron scroll case........... TENER 6.00 
Horizontal or vertical single-wheel cast- 

iron scroll case. ....... Lond aat edeDad 2.00 to 3.00 


BIBLIOGRAPHY. — A complete bibliography up to 1908 is given ín Mead's 
Water Power Engineering. Among the books in English there listed may be 
noted Church, I. P., Hydraulic Motors, N. Y., 1908; Thurso, J. W., Modern 
Turbine Practice, N. Y., 1905; Wood, DeV., Turbines, Theoretical and Practical, 
N. Y. 1901; Horton, R. E., Turbine Water Wheel Tests, Water Supply and Irri- 
gation Paper, No. 180, U.S. Geological Survey, 1906. Some more recent 
books on water wheels are Russell, G. E., Text Book on Hydraulics, N. Y., 1912} 
Daugherty, R. L., Hydraulic Turbines, N. Y.; Gelpke and Van Cleve, Hydraulic 
Turbines, N. Y., 1911; Von Schon, H.A.E.C., Hydro-electric Practice, Phila., 
1908; Koester, F., Hydroelectric Developments and Engineering, N. Y., 1909; 
Lyndon, L., Development and Electric Distribution of Water Power, N. Y., 1998. 
Some recent articles in the technical presa are: Testing Water Wheels after In- 
stallation, A.S.M.E., April, 1910; Prime Mover and Generator Capacity, Trans. 
A.LE.E., March, 1913; The Runaway Specd of Water Wheels, Trans. A.LE.E., 
June, 1912; Selection of a Water Wheel Unit, Trans. A.LE.E., Apr., 1913; 
Several articles in the Jour. Elec. Power and Gas, 1911 and 1912. 

[L. E. Moorse.) 
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WATER WHEELS, SPEED REGULATION OF.* — (See also Hy 
draulics; Power Stations, Hydroelectric; Water Wheels and Their Settings.) Ina 
few special cases close speed regulation of water wheels is unnecessary, for ex- 
ample, in pulp grinding, certain chemical processes and operating air com- 
pressors. Even in these cases experience has shown that better results may be 
obtained when wheels are controlled by properly designed governors. For 
factory work, where the power is applied through the medium of belting, the 
problem of regulation is simplified by the large inertia effect of the pulleys 
and belting. 


SPEED VARIATION IN HYDROELECTRIC PLANTS. — For elec- 
trical generators, which perhaps comprise the majority of installations, the ut- 
most nicety of speed regulation is required because the value of the electrical 
energy produced is greatly lessened if the voltage and frequency are not wi- 
form. In the best large modern power plants speed variations greater than one 
or two per cent are exceptional. In smaller plants, since there are usually 
larger proportional load fluctuations, it is more difficult to maintain close speed 
regulation. | 

Calculation of Speed Regulation. — When the gates are controlled by a 
governor (see below) the percentage change in speed of the wheel due to a chang 
in load, when the penstock, if any, is short, is given approximately by the 
formula: 

$28 zs 
= 01,000,000 I N? 
where 

s = percentage change in speed, 

T = time required to reset gates, in seconds, 

L = change in load, in horse-power, 

I = flywheel effect of wheel and generator, in foot and pound units, i.e. I 3 
the weight in pounds which at a radius of one foot would have the 
same moment of inertia as that of the wheel and generator combined, 

N = number of revolutions per minute. 


When the penstock is long, the calculation is more complicated; see section 
below under Long Penstocks and Auxiliary Devices. 


DIFFICULTIES OF REGULATION. — In an open flume installation ur 
der low heads the regulation is a very simple problem. Where the water is com 
ducted to the wheel through a long pipe, or penstock, regulation becomes 8 
very serious matter. Regulation is effected, in general, by varying the quar 
tity of water flowing to the wheel. This requires a change in the velocity ol 
the water flowing in the penstock, when one is used. 

The difficulty of regulating turbines at the end of long pipe lines becomes 
less in proportion as the flywheel effect per horse-power becomes greater, be 
cause an increase in the flywheel effect permits slower governor action for à 
given per cent change in speed. A slow governor action insures slower accelera- 
tion and retardation of the water column, and consequently smaller pressure 
changes. The necessity for large flywheel effects for a given head is greatet 
the less the slope of the pipe line. 

A successful governor must anticipate the effect of any gate movement. It 
must move the gate to, or only slightly beyond, the position which will give 
normal speed when the flow in the penstock has become adjusted to the new 
conditions. The gates are heavy and not infrequently bind; hence moving 
them with certainty and precision requires a powerful governor. 

* The material for this section was obtained from Mr. Henry E. Warren, Consulting 
Engineer of the Lombard Governor Co., Ashland, Mass. 
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METHODS OF REGULATING. — Under small heads the regulation is 
easily and safely accomplished, and depends almost solely upon the power and 
sensitiveness of the governor. Under large heads the practical impossibility, 
in most cases, of safely changing the velocity of the water column with the 
requisite quickness leads to various expedients. With impulse wheels a “de- 
flecting nozzle" (see below) is used in connection with a needle valve. In all 
turbines the regulation is accomplished by moving the gates. The difficulties 
met with in connection with high heads are taken care of by auxiliary devices 
which operate in conjunction with the governor. They may or may not be 
operated by mechanical connection with the governor. The devices are: (1) 
by pass valves, (2) relief valves, (3) stand pipes, (4) surge tanks, all of which 
are treated below. 


WATER-WHEEL GOVERNORS. — The governor proper is the device for 
automatically opening and closing the gates as the load on the wheel varies. 
The requirements to be met are (1) sensitiveness to small variations in speed, 
(2) quickness in action, (3) steadiness and accuracy in moving the gates the proper 
amount, (4) ability to operate continuously with minimum amount of attention. 


Types of Governors. — There are two gencral classes of governors; (1) the 
* mechanical" type, which takes energy from the water wheel itself, as required, 
through a belt or gearing, and by means of friction clutches applies this energy 
at suitable times to the operation of the water-wheel gates; (2) the “hydraulic” 
type, in which stored energy in the form of compressed air is made available 
when required to move the water-wheel gates through the medium of liquid 
acting against the piston in a hydraulic cylinder. The energy in the com- 
pressed air is thus transmitted by the liquid through a suitably controlled valve 
to do the work of moving the water-wheel gates, when necessary, and the energy 
of the air is afterwards restored by pumping the same liquid back into the air 
tank. The operation of restoring the energy by pumping is gradual; while the 
operation of moving the water-wheel gates, by utilizing the energy of the com- 
pressed air, may be as rapid as desired. 

Governors of the mechanical type were the first in the field, and, being simpler 
and cheaper to construct, have been very widely used. "They have certain ob- 
jectionable features, however, which have prevented them from being adopted 
under any conditions which require extreme nicety in speed regulation. Con- 
sequently, governors of the hydraulic type are almost exclusively used in large 
and important power plants. When properly designed, they are capable of 
giving extremely accurate speed regulation and are thoroughly reliable. Such 
governors are sometimes operated continuously night and day for weeks, or 
even months. 


Connections Between Wheel and Governor. — The connections between a 
water-wheel governor and the gates of a turbine must be strong, direct and 
free from lost motion; otherwise the governor cannot perform its functions 
properly. Governors are built nowadays in many different types, so as to be 
readily adapted for connections to any standard make of turbine. It is always 
desirable to submit plans of the water wheels, with surrounding portions of the 
power plant, to the governor builder so that the two machines may be fitted 
together to the best advantage. It is generally advantageous to have the 
hydraulic cylinder of the governor located near the water-wheel gates, although 
for very large units the control mechanism of the governor may be more con- 
veniently placed on the floorabove. For small water wheels, which are occasion- 
ally located in comparatively inaccessible places, it is sometimes necessary to 
place the governors at a considerable distance and connect them with the water- 
Wheel gates by means of special flexible steel cable. Occasionally several water 
Wheels are connected in this manner to a single governor. 
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Distant Control. — Large governors are frequently provided with suitable 
electric devices by means of which the speed of the wheel may be adjusted 
from any distant point, thus permitting alternators driven by independent 
water wheels being brought to the same speed and angular position for multiple 
connection. 


Rating of a Governor.— A hydraulic water-wheel governor is usually rated 
in terms of the energy, expressed in foot-pounds, which is developed by one 
stroke of the piston, and the time, in seconds, required for a complete stroke 
(i.e., to completely close or open the gates). The size of governor required for 
a given size of wheel depends so largely upon the type of gate, head, etc., that 
no general rules can be given here. 

Specifications for Governor. — The following is taken from the standard 
specifications of one of the large governor manufacturers: 

The governors are each guaranteed to develop the energy, expressed in foot 
pounds stated below, and if not called upon to develop a greater amount dl 
energy than that named, will completely open or close the gates to which they 
are attached in the following number of seconds: 


Said governors are further guaranteed: (a) to stand substantially steady 
when the speed does not vary; (b) to be dead beat in actíon and not to hunt; 
(c) to correct with maximum promptness for all load changes within the capacity 
of the water wheels to which they are attached; (d) to maintain the speed 
steady withjn half of one per cent under uniform load upon the water wheels 
to which they are attached; (e) to begin to adjust the water-wheel gates when 
the speed has varied half of one per cent; (/) after sudden decrease of load to 
bring the speed back to normal in...... seconds; (g) to operate perfectly in 
parallel with other governors of the same make. 

Dimensions, Weight and Cost of Governors. — On account of the very 
great variation in the design of governors, it is only possible to give some ap 
proximate dimensions and costs which are subject to very large variations fot 
special machines. The following figures pertain to a few standard hydraulic 
governors. 

HYDRAULIC GOVERNORS 


Extreme ippi Cost," 
height, feet igh F.0.B, 
factory 
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-+ The design of the turbine gates regulates necessary capacity of governor. For tht 
same capacity of governor the cost increases with the speed of the stroke. 

LONG PENSTOCKS AND AUXILIARY DEVICES. — When the power 
required from a wheel varies, the velocity of the water in the penstock must be 
changed. If the velocity be increased, no trouble will ensue, unless it be in 
creased so rapidly that the water column breaks. If this happens the re 
uniting of the parts of the water column will prove disastrous. The sudden 
checking of the velocity of the water may result in very large pressures, which 
throw severe strains upon the penstocks and wheel cages and may even rupture 
them. 
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Calculation of Speed Regulation at End of Long Penstock. — To com- 
pute the speed regulation obtainable at the end of a long pipe line proceed as 
follows: Find the excess energy, above the load requirements, passing through 
the water wheel gates while they are being closed by the governor in a definite 
time interval T. This excess energy will be due (1) to the extra water flowing 
during the time interval T , plus (2) the portion of the kinetic energy of the 
water column suddenly released by changing the velocity of the stream, minus 
(3) the energy absorbed in the standpipe, surge tank or other pressure-regu- 
lating device. Most of this excess energy will be added to the kinetic energy 
of the revolving parts, and the final speed will be such as to represent the initial 
kinetic energy of the revolving parts plus the added energy received during the 
time of closure. For small increments of energy the per cent increase in speed 
will be approximately one-half as great as the per cent increase in kinetic energy. 
There are so many variable factors, namely, length of pipe line, total effective 
head, velocity of flow, permissible rise in pressure, minimum time of governor 
action, flywheel effect per horse-power and speed, that it is not feasible to give 
& general equation for all cases. Each problem must be worked out by itself 
with the assistance of the water-wheel builder, the manufacturer of the gener- 
ator, and the builder of the governor. 


Water Hammer in Long Penstock. — The following formula, developed by 
A. H. Gibson of Manchester University (Water Hammer in I ydraulic Pipe Lines, 
London, 1908, p. 12) gives the water-hammer pressure (i.e., the rise in pressure 
due to closing the gates) under working conditions where there is no standpipe 
or other relief device. 


, wf fla’\2 la fa’ V 
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Where ?' = water-hammer pressure in lb. per sq. ft., 
V = weight of one cu. ft. of water (62.4 lb.), 
£ = acceleration of gravity (32.2 ft. per sec. per sec.), 
= length of pipe line in feet, 
6 = cross-sectional area of pipe line in sq. ft., 
a’ = cross-sectional area of turbine gate in sq. ft., 
T = time in seconds to close gate at a uniform rate, 
h — static head in feet. 


To obtain the pressure indicated by the formula it is not necessary that the 
gate be completely closed; closing it partially at such a rate that T is the time 
which it would require to completely close it gives the same rise in pressure. 


Effect of Elasticity of Water and Pipe.— In the case of extremely high 
head plants the amount of energy which may be absorbed by the compression 
of the water and the expansion of the pipe near the lower end should be taken 
into account in computing variations of pressure due to sudden velocity changes. 
Under certain conditions the elasticity of the water is sufficient to absorb all the 
kinetic energy even if the water column be very long and stopped very sud- 
denly without causing a dangerously great rise in pressure compared to the 
normal pressure. "This is only true where the normal pressure is very great. 


Standpipes. — Under favorable conditions a standpipe may be used to 
equalize the pressure fluctuations. A standpipe is a vertical pipe in which the 
water stands normally at the same lcvel as in the reservoir. If the standpipe 
has an overflow, increase in pressure beyond a certain point can be pre- 
vented, but there remains an effect upon the speed regulation due to the dimi- 
nution of pressure which follows a sudden opening of the gates. At such times 
the water in the standpipe will fall, while the water column as a whole is ac- 
celerating. This temporary fall in pressure will be less the greater the area of 
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the cross-section of the standpipe near the normal water level. If the stand- 
pipe has a very large cross-section the changes in gate opening caused by the 
governor will not seriously disturb the pressure at the turbine. The diameter 
of the standpipe may be a matter of relative costs. It does not pay to spend 
money on Closer regulation than the character of the service requires. 

For low head developments where long pipe lines are necessary, open gravity 
standpipes of liberal dimensions, preferably enlarged at the upper end, so as 
to contain enough water to operate the turbines for several seconds while the 
main water column is being accelerated, are preferable to other forms of pres- 
sure-equalizing devices, from the standpoints of both efficiency and economy. 
For pipe lines several miles in length it is desirable to provide equalizing reser- 
voirs at intervals along the pipe line, so that the changes in velocity of the water 
column will be as gradual as possible. If such equalizing reservoirs are not 
provided it will probably be necessary to arrange the governing mechanism so 
that the velocity of the water will be increased or decreased very gradually, 
speed regulation being effected by diverting a portion of the issuing stream, 
either by a deflecting nozzle, a movable shield, an auxiliary nozzle, or very slow 
closing by-pass valves. 


Calculation of Rise of Water in Standpipe. — The maximum pos- 
sible rise of water in a standpipe may be determined by computing the total 
kinetic energy in the moving water column and assuming that it is wholly 
utilized in raising the water level in the standpipe, which is the assumption 
equivalent to assuming that the water-wheel gates are closed instantly. Let 


A = area of standpipe at and above the normal water level in sq. ft., 
a = area of penstock, assumed to have uniform cross-section in sq. ft., 
l= length of penstock in ft., 

V = velocity of water column in ft. per sec., 

g = acceleration due to gravity =32.16 ft. per sec. per sec. 


Then the momentary rise of water in the standpipe, in feet, upon the instan- 
taneous closure of the turbine gate, is 


al 
Hz "V2. 


This formula takes no account of the loss of energy due to friction of water 
in the water column or standpipe, nor of the absorption of energy in compress- 
ing the water, the last of which is regained when the water expands; the error 
involved in neglecting these losses is small. 


Surge Tanks. — A surge tank is a closed tank containing air under pressure 
and communicating with the penstock. A sudden increase in pressure in the 
penstock will force the water into the surge tank and compress the air, thus 
transferring the energy of the water to the air. A decrease in pressure in the 
penstock will permit the air in the surge tank to expand, returning its energy 
to the water. Some form of throttling valve or equivalent device must be used 
between the penstock and the surge tank to dampen the pressure waves which 
may otherwise become periodic. 


Relief Valves. — These are valves similar in purpose to the safety valveson 
a steam boiler. They allow excess pressure to escape but do not restore energy 
when the pressure drops. In order to prevent the setting up of pressure wavts 
the relief valves must be so constructed that they will close very slowly aftet 
they have opened. 

There are many types of relief valves, some depending altogether on the 
pressure in the water column itself, and others being opened by the same 
movement of the governor which closes the gates. The latter class of valves 


M. 
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are, on the whole, preferable because they provide a passage through which 
the surplus kinetic energy of the water column may be discharged without 
waiting for a rise in pressure. These governor-actuated valves are generally 
designed to close slowly after the initial opening movement. 


By-pass Valves. — By-pass valves may be utilized to maintain constant 
velocity of the water in the pipe line by opening the by-pass the same amount 
as the passageway though the water-wheel gate is closed and vice versa. Such 
valves are very wasteful of water, but their usc is justified in certain cases where 
the stream is utilized for irrigating purposes. Detlecting nozzles used for im- 
pulse wheels belong to this class of devices. To conserve water the by-pass 
may be arranged so as to close gradualy after it has opened. This closing 
should be so gradual that no water hammer is produced in the penstock. 


Deflecting Nozzles. — When impulse wheels are used, the regulation is 
commonly effected by suddenly diverting the stream issuing from the nozzle so 
that a less or greater portion of the stream strikes the wheel. Such devices are 
preferably arranged so that when the deflection of the nozzle becomes greater 
than a certain predetermined amount, the cross section of the stream through 
the nozzle is slowly varied by the axial movement of a needle valve inside the 
nozzle. This is best accomplished by clectrical contacts which are touched by 
some part of the nozzle when it is deflected more than a certain amount from 
the normal. These contacts permit current to flow to a small motor which 
actuates the needle valve. 


BIBLIOGRAPHY. — A complete bibliography up to 1908 is given in 
Mead's Water Power Engineering. Some recent books and articles dealing with 
speed regulation of water wheels are: Koester, F., Hydroelectric Developments 
and Engineering, N. Y., 1909; Von Schon, H. A. E. C., Hydro-Electric Practice, 
Phila., 1908; Speed Regulation in H ydro-Electric Plants, A.S.M.E., Feb., 1911; 
Oil Pressure Governor for Water W heels, Elec. World, Jan. 6 and Feb. 17, 1912. 

[L. E. Moore.] 
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WATTHOUR METERS. — (See also Amperehour Meters; Electrodyna 


momelers; Wattmeiers.) A watthour meter consists essentially of (1) a small 
electric motor, which may be either of the commutator type, mercury and disc 
type, or induction type, (2) a brake system composed of a disc of non-magnetic 
material (usually copper or aluminum) mounted on the armature spindle and 
so arranged that its edge rotates between the poles of one or more permanent 
magnets, and (3) a system of gears with numbered dials forming a suitable reg- 
istering mechanism for indicating the number of revolutions of the armature 
or disc. One winding, called the “potential” coil, is connected across * (in 
~ shunt with) the load and the other winding, called the “current” coil, is con- 
nected in series with the load, the connections being the same as for an indicating 
wattmeter; see Wattmeters. 


Principle of Operation. — Motor-type meters are so constructed that the 
average torque exerted by the motor is proportional to the average power taken 
by the load. The brake system is so designed that the opposing torque, due 
to the eddy or Foucault currents induced in the disc as it rotates between the 
poles of the permanent magnets, is proportional to the speed of the disc. 
When the disc acquires a given speed the driving torque must be just equal to 
the opposing torque, and must therefore be proportional to the speed. Hence 
the speed of the disc is proportional to the average power, and therefore the 
total number of revolutions which the disc makes during any interval must be 
proportional to the total energy input during this interval, whether the power 
remains constant or varies. 'To determine the energy input to the load in watt- 
hours or kilowatt-hours it is therefore only necessary to take the difference 
between the dial readings at the beginning and end of the given interval, and 
multiply by the proper constant if the meter is not direct reading. 


Sources of Error. — In a d-c. watthour meter the chief. source of error is 
the friction of the brushes (which is more or less variable), friction of the 
bearings of the motor and gear train, and air friction, the brush friction being 
by far the most important. In a-c. watthour meters, the lack of exact 90° 
phase relation between the impressed voltage and the magnetic flux due to the 
current in the potential coil may cause additional errors which vary with the 
frequency, power factor and also with the distortion of the wave form; in 
modern meters these errors are practically negligible. Instrument transformers 
(see Transformers, Instrument), unless properly designed, introduce additional 
sources of error. Devices and methods for overcoming, or of correcting for, 
these errors are described below. 


Classification according to Service. — Watthour meters may be classi- 
fied according to the service in which they are used, viz., (1) house meters for 
use in residences or factories, (2) switchboard meters for use in central stations, 
and (3) meters for use in individual power installations and isolated plants. 
Meters for house service are generally front-connected, separately-sealed devices 
which can be installed and sealed to prevent tampering. Switchboard meters 
are generally back connected and of such design as to match other switchboard 
devices. '"Meter-boards," equipped with the necessary auxiliary or protective 
devices, are frequently used with house meters, in order to insure proper con- 
nections and sealing. 


COMMUTATOR TYPE OF WATTHOUR METER. — The commu- 
tator type of meter is now used only on direct-current circuits, although before 
the induction meter was so highly perfected large numbers were used for alter- 


* Either directly or through suitable instrument transformers; see Transformers, 
Instrument. 
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nating current as well as for direct current. The motor consists of a set of 
stationary coils, commonly called field coils, which carry the current, and an 
armature wound with small wire which is connected across the terminals of the 
load or in shunt with the supply circuit; generally a series resistance is used 
to absorb part of the line voltage. The connection to the armature is by a 
commutator and brushes, as in an ordinary commutator type of shunt motor. 
Special attachments are sometimes added for very large capacities, such as 
double armatures astatically arranged, and damping magnets inclosed in a 
laminated iron shield in order to reduce stray-field errors where heavy currents 
are used and heavy short-circuits are frequent. 


It should be noted that the operation ditlers from that of an ordinary shunt - 


motor in that the speed increases with increase of field strength, since its back 
e.m.f. is much less than 50 per cent of the line voltage. 


On account of the inductance of the windings of the commutator meter, it 


does not record accurately on a-c. circuits unless properly compensated, the error 
being greater the less the power factor. 


Compensation for Friction; Light-load Adjustment. — Friction in a well- 
designed watthour meter will be very small and will be noticeable only on light 
loads of 19 per cent and below. To compensate for this friction, a **light-load 
adjusting coil" is added, which is an auxiliary or compounding coil. "This light- 
load coil is connected in series with the armature. It is placed adjacent to the 
field coils so that its field strengthens the main field and produces a slight torque 
independent of the power and just sufficient to compensate for friction. 


Details of Construction, Bearings, etc. — In the design of the modern 
direct-current commutator type of watthour meter, great thought has been 
given to the mechanical construction in order to obtain small air gaps between 
the armature and ficld coils, light-weight armatures and commutators and 
brushes which will have very small friction and yet stand the wear and carry the 
current to the armature without undue sparking and pitting of the contact parts. 


In a watthour meter of the most approved design the field coils are wound with . 


enameled copper strips and the armature winding is enamel-covered wire wound 
on à paper sphere mounted on a spindle of light steel tubing. The lower bear- 
ing carries all of the weight and the upper bearing is a guide bearing, as all 
meters have vertical shafts. The lower bearing consists of a steel pivot mounted 
in the end of the spindle or armature shaít, running on a jewel bearing. In 
most cases a good grade of sapphire is used for the jewel and is cupped and 
polished so as to provide a bearing with as little friction as possible. Of late 
years a great deal of attention has been given to the bearings and in some cases, 
particularly on high-capacity meters with astatic armatures aud a correspond- 
ingly heavy weight, diamond jewels are being used with excellent results. 
The diamond jewel will last much longer than the sapphire before wearing 
sufficiently to increase the friction and thereby change the accuracy of the 
meter, particularly at light loads. Sce also section below on Data on House- 
Type Meters. 


Capacity of Commutator Watthour Meters. — Commutator-type direct- 
current meters are built in capacities ranging from 5 to 10,000 amperes, 100 to 
600 volts. Meters of this type are furnished with double-current circuits for 
three-wire circuits, the maximum ampere capacity for three-wire meters being 
about 6000 amperes. Special meters have been supplied for 1200- and 2400-volt 
railway circuits. 


Accuracy. — Tests on direct-current commutator meters show that a meter 
of good design should start on two per cent of full load and should give accu- 
racies about as follows: — To within 34 per cent from 5 per cent to % load, 


"m 
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2 per cent from % to full load. The Public Service Commission of New York 
State allow no d-c. watthour meters to be used which are not accurate within the 
following limits: 


t 


Per cent rated current..... 5 IO 20 50 IO00 I5O 
Maximum deviation, percent.7.5 3.0 2.0 2.0 2.0 2.0 


MERCURY-MOTOR WATTHOUR METER. — The mercury-motor 
watthour meter has been manufactured-for both alternating and direct current, 
but at the present time its use is practically limited to direct current, as the 
induction type of meter has been found superior for alternating current. The 
motor element consists of a mercury well or reservoir in which is partially 
floated a metal armature disc or drum, usually of copper. The chamber is 
. filled with mercury and fitted with a non-spillable opening at the top through 
which the spindle is attached. The main current is led into the mercury by 
means of electrodes, and since mercury has about forty times the resistance of 
copper the major part of the current traverses the armature disc or drum, 
passing out through the mercury to the opposite electrode. The potential or 
shunt coil is wound with many turns and is mounted on a laminated iron core 
so placed that the flux set up will cut the armature disc or drum. 

The torque exerted on the disc or drum is proportional to the product of the 
current through the disc and the current in the potential coil, and therefore to 
the power supplied to the load. A brake system similar to that used in the 
commutator type of watthour meter renders the speed proportional to the 
torque and therefore to the power supplied to the load. 


Compensation for Friction, Light-load Adjustment. — For compound- 
ing or light-load compensation for friction, a thermal device is used in some cases, 
and it is also possible to obtain compensation by shunting part of the potential 
circuit through the armature disc. The thermal device employed is a thermo- 
couple shunted around the mercury chamber, and heated from a resistance coil 
connected across the line. 'The small current generated in the thermal couple 
forces a slight current through the armature and produces a compounding effect. 


Application of Mercury Meters. — Mercury-motor meters, on account of 
the low resistance of the current circuit (disc or drum), are particularly well 
adapted for use with external shunts, since but a small potential drop in the 
shunt is required. They are therefore used in comparatively large numbers 
for switchboard work where large currents are used and where external shunts 
can be conveniently installed. 


Details of Construction. — The several designs of mercury-motor meters 
on the market differ in niechanical construction and in methods for obtaining 
light-load adjustments. The chief difference in mechanical construction is in 
the motor element, where a mercury chamber of non-metallic compound is 
used in some cases, and a german silver chamber enameled on the inside in 
other designs. Armatures differ in that some designs use a copper disc and 
others a copper drum or thimble. See also section below on Data on House- 
Type Meters. l 


Capacity of Mercury Watthour Meters. — Direct-current mercury meters 
are in themselves independent of ampere capacity, as external shunts are used. 
Shunts giviag a capacity as high as 60,000 amperes have been furnished. 
Meters designed for voltages up to 600 volts can be furnished without any diff- 
culty and special meters have been supplied for 1200- and 2400-volt direct- 
current railway circuits. 


Accuracy. — The light-load accuracy of a mercury-motor meter may vary 
on account of varying friction of the armature disc in the mercury, 
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there is an overload droop in the accuracy curve due probably to heating 
of the mercury and a slight buckling of the armature disc by the current; see 
Fig. l. The mercury meter also shows hysteresis errors due to the fact that 
iron is used in the potential circuit. For thfs reason the meter shows a small 
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Fig. 1. Calibration Curve of Mercury Motor Meter 
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difference in reading when the voltage is raised and then lowered even though 
through a comparatively small range. Direct-current mercury-motor meters 
for house service should have an accuracy within the limits given above for 
commutator meters. 


INDUCTION WATTHOUR METER (Fig. 2). — This type of meter, the 
essential elements of which 
are illustrated in Fig. 2, has 
a laminated soft-iron core on 
which is mounted the cur- 
rent and potential windings. 
The current winding con- 
sists of a few turns of coarse 
wire, while the potential coil 
has many turns of fine wire. 
The flux due to the current 
coil is in phase with the 
load current, and the flux 
due to the potential coil is 
approximately in quadrature 
with the. voltage across the 
load, since the potential coil Current Coils 
is highly inductive; see Alter- 
naling Currents. The poles 
from the two windings are arranged so that the armature disc passes between 
them and is cut by the alternating flux due to each winding. 


Principle of Operation. — There is thus set up in the disc currents which 
flow about each pole in approximately concentric circles, the induced currents 
due to the two windings being in quadrature for a load of unity power factor 
(approximately only, unless a suitable phase compensator is used; see below). 
Part of the current induced by the current coil passes under the pole of the 
potential coil and therefore through a magnetic field whith is approximately in 
phase with this current, and similarly part of the current induced by the poten- 
tial coil passes under the pole of the current coil and therefore through a mag- 
netic field approximately in phase with it; for power factors less than unity the 
phase difference between these currents and the magnetic fields through which 
they pass is the same as the difference in phase between the load current and 
voltage. Hence a torque is produced on the disc having an average value pro- 
portional to the load supplied through the meter; see Electricity and Magnetism, 


Fig. 2. Diagram of Induction Watthour Meter 
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Principles of. A braking system similar to that employed in the commutator 
type of meter (see above) causes the speed of the disc to be proportional to this 
average torque, and therefore the number of revolutions is proportional to the 
energy supplied. 


Phase Compensation; Lag Coil. — In order to make the induction watt- 
hour mefer record correctly, especially for power factors less than unity, it is 
necessary tg cause the current in the potential coil to lag exactly go degrees be- 
hind the current in the current coils. A common method of securing this con- 
dition is to mount on the potential pole a short-circuited winding the resistance 
of which can be varied by a resistance wire soldered to the terminals. 

Compensation for Friction; Starting Plate. — The light-load adjustment 
can be obtained by placing a short-circuited Joop of copper adjacent to the poten- 
tial pole so that it can be shifted in a plane at right angles to the axis of the 
potential coil. This loop has induced in it currents which produce a field out 
of phase with the flux from the potential coil, and the reaction between these 
two produces on the disc a slight turning moment independent of the current 


in the current coil, The amount of compensation can be varied by shifting the l 


position of the light-load coil, or starting plate, as it is sometimes called, 
Details of Construction. — The induction type of watthour meter is many- 


factured in several different types all based on the same principle of operation ; 


but differing in mechanical construction and electrical characteristics. The 
general type of construction is to mount the iron core and windings on a metal 
frame, which carries the bearings for the armature, the core and windings being 
combined as a single unit in some designs, whereas in others the current and 
potentia] coils with their iron cores are mounted separately on a common frame 
or on the meter case. The other details of design consist of mounting the 
registering train and damping magnets and arranging the full-load, light-load 
and power-factor adjustments so that they are readily accessible. See also 
section below on Data on House-Type Meters. 

Polyphase Induction Meters. — The polyphase induction meter in 
commercíal use is nothing more than two single-phase meters with a common 
spindle connecting the two armature discs. The measurement of power with 
the meter is based on the two-wattmeter method for three-wire, three-phase 
and quarter-phase work (see Watimeters), and a slight modification of the two- 
element meter is used quite extensively for four-wire, three-phase work, The 
modification consists of making a third current circuit by adding a winding to 
the current coils of both elements. Such a construction is quite accurate except 
on badly unbalanced voltages, the most accurate arrangement for such work 
being three separate single-phase meters, or a single meter which contains three 
single-phase elements. 

Capacity of Induction Watthour Meters, — Induction type meters are 
supplied in standard capacities ranging from 5 to 300 amperes both two- and 
three-wire single-phase and up to 150 amperes polyphase. Meters are generally 
used with self-contained potential circuits up to 600 volts, and for higher voltages 
and current capacities potentjal and current transformers are used with $- 
ampere, riro-volt meters. When transformers are used, either a multiplying 
constant for the dial alone can be used in connection with the ratio of transforma- 
tion of the transformers, or the ratio of the transformer can be included in the 
meter constant (see below), so that. the register is direct reading with the trans- 
formers of proper ratio. For three-wire, single-phase circuits it is possible to 
obtain a special form of current transformer with double primary windings and 
a single secondary winding for connection to the meter. 

Accuracy, — Modern induction watthour meters are susceptible of a higher 
degree of accuracy than the commutator or mercury-motor meter. Fig. 3 shows 
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a typical characteristic curve of an induction watthour meter. It is possible to 
obtain by special calibrations a combination of induction watthour meters and 
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Fig. 3. Calibration Curve of Induction Watthour Meter 
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instrument transformers which will be accurate to within x per cent over the 
ordinary range of commercial operation. 

The requirements of the New York Public Service Commission, Second Dis- 
trict, are cited as showing accuracies whìch are necessary and which are met by 
the modern meter of the induction type: 


Per cent rated current....5 IO 20 5O  IOO 150 
Maximum deviation...... 3.0 I.5 2.0 2.0 1.5 3.0 


The characteristic curve usually crosses the roo per cent line at about ro per 
cent and roo per cent load; the meter can therefore be held to closer limits at 
these points. Meters must also be adjusted for measurement on power factors 
of 75 per cent and so per cent to within ? per cent and 4 per cent respectively. 
Other requirements of accuracy can be found in the rules and regulations govern- 
ing watthour meters issued by Public Service Commissions. 


PREPAYMENT METERS. — Standard watthour meters are sometimes 
fitted with a device whereby the circuit through the meter and load is closed 
only upon the insertion of a coin into the device, and remains closed only until 
& certain predetermined amount oí energy has been recorded by the meter, when 
the circuit again opens automatically. When so equipped the meter is called 


a prepayment meter. The prepayment device may be either inserted in the - 


watthour meter, or it may be placed in a separate attachment electrically con- 
nected to the meter. 


OTHER TYPES OF WATTHOUR METERS. — The descriptions of 
watthour meters given above refer particularly to the types manufactured in 
the United States. Meters of the same general types are manufactured abroad, 
as well as certain other types. Among the latter, the Aron clock meter is worthy 
of ‘notice. In this meter the potential coils are carried on two pendulums 
arranged in such a manner that they swing close to the coils carrying the line 
current. One pendulum must be retarded as the other is accelerated and to do 
this connections are so made that the instantaneous polarity of the pendulum 
coils is always opposite while the current coils are always alike. The meter 
contains no iron and has no commutator and is, therefore, a very accurate 
measuring device, although somewhat complicated and delicate of adjustment 
for ordinary commercial work. 


DATA ON HOUSE-TYPE METERS. — General data on house-type 
watthour meters of different types is tabulated below. These data are approxi- 
mate, but are representative of modern practice in this country. 
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COMMERCIAL SINGLE-PHASE HOUSE-TYPE METERS 


Com- 
Item mutator 
type 


Total weight, pounds..............-..0.00: 


Height inches: esses tr y dS dace. 12 

Width, inches ss. 2o vore eR ERRAT 7.5 

Depth, inches: odo pe ADEM RE VER TREE 6.5 

Torque of motor element at full load, 
gram-millimeters.................. sees. 170" 

Weight of armature, grams................ 100 

Watts lost in potential circuit at 110 volts.. 5 

Watts lost in current circuit at full load.... 5.5 

Resistance of potential circuit, ohms....... 2100 [P iuo eae | |e eae ae 


Drop across shunt, millivolts....... Du ren 


DTI 


* The data on the mercury type also apply to meters used with shunt of any capacity. 
f Partially supported by mercury. 1 Not including shunt. 


TESTING OF WATTHOUR METERS. — For laboratory tests the 
meter should be mounted on a firm support and set level. 'These conditions 
should also obtain when the meter is permanently mounted for service; see below 
under Installation. For laboratory tests a bank of lamps or some form of rheo- 
stat may be used for aload. The instructions given below apply to both labora- 
tory and service tests. 


Testing Instruments. — For d-c. measurements a portable ammeter and 
voltmeter or a standard watthour test meter may be used; for a-c. measurements 
an indicating wattmeter or standard watthour test meter may be used. Two 
instruments of different capacities should be provided, one of sufficient capacity 
to take care of the full load of the meter and the other of small enough capacity 
to read the light load with a proper degree of accuracy. 


The use of a portable watthour test meter is now recognized as the standard 
method for testing watthour meters up to 100-ampere capacity. There is no 
question as regards the accuracy of this method, since it is not necessary that 
the load be constant. With the portable test meter, indicating instruments and 
stop watches are unnecessary, and personal errors in reading are thereby reduced. 

When indicating instruments are employed, a reliable stop watch is essential 
for taking the meter speed. As a matter of safety, it is advisable to have at 
least two stop watches, one to serve as a check on the other in test. Too much 
care cannot be used in the handling of these watches and in giving them careful 
checks with some local jeweler's standards. In checking the stop watch it is 
advisable to check at different points of the dial. 


Precautions. — In order to insure accuracy, d-c. meters should not be tested 
until they have been connected in circuit and the current on for fully 15 to 20 
minutes before the test is made. "This enables the heating effect of the current 
in the potential circuit to become constant. If the meters are tested before this 
consecutive readings may not check. i 

The testing instruments should not be allowed to measure the losses of the 
potential circuit of the meter under test, or vice versa. In order to avoid this 
the current circuits of the testing instrument should be connected in series witb 
the meter under test, while the potential circuits of the testing instrument and 
of the meter under test must both be connected across the line at the same place 
and between the generator and the nearer instrument. 
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A number of revolutions should be taken so that the time of observation will 
be at least from 40 to 60 seconds. If the time is materially less than 40 seconds, 
errors in the measurement of time are probable; a time interval longer than 120 
seconds is generally unnecessary. 


Meter Constant. — In checking a watthour meter the speed of the disc is 
timed directly, since too long a time would be required to obtain a suitable 
reading on the dial of the instrument. The relation between the number of 
revolutions of the disc and the corresponding dial reading may be expressed by 
a constant multiplier, called the “meter constant," which depends only upon 
the gearing between the disc and dial. Various manufacturers express this 
constant differently, viz: 


G. E. Meter Constant (K). — The number of watthours indicated by 
the register per revolution of disc; its value is marked on the disc. 


Westinghouse Meter Constant (K). — Meters of Westinghouse manu- 
facture are all adjusted for a certain speed at full load or rated capacity, which 
is stamped on the nameplate. Meters of modern manufacture have a speed of 
25 r.p.m., and older forms of 50 r.p.m. Let N be the number of revolutions 
per minute corresponding to a rating of P kilowatts, then the meter constant 
K (the number of watt-seconds per revolution of disc), as given in the instruc- 
60,000 P 

N 


Fort Wayne Meter Constant (C). — For type K meters the number 
of watthours for 36 revolutions of the disc; for types Ki, Ks, Ks and K, the 
number of watthours for 1 revolution of the disc; the constant is marked on the 
disc. 3 

Duncan Meter Constant (K). — The number of watthours per revolu- 
tion of the disc; it is marked on the disc. 


Sangamo Meter Constant (K). — The number of watt-seconds per 
revolution of disc; it is marked on the register in the mercury-motor meters and 
on the disc of the induction meters. 


Calibration Formulas. — Let R = number of revolutions of disc, S or T = 
number of seconds for R revolutions, K or C = meter constant as defined above: 
Then the corresponding reading of the meter in watts is: 


tion books issued by this company, is K — 


Meter read- 
Type of meter ing in 
. watts 


3600 KR 
G. E. 


KR 


Westinghouse 

Fort Wayne, Type K 

Fort Wayne, Types Ki, Ks, Ks and Ka 
Duncan 


Sangamo 


: adi aca 
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Per Cent Accuracy. — The meter reading as thus calculated divided by the 
true watts, as read on the test meter, and multiplied by roo, gives the per cent 
accuracy. If the per cent accuracy is less than 100 the meter is running slow; 
if greater than 100 it is running fast. 


Adjusting Speed of Meter. — If the error in the meter reading at full load 
is in excess of the permissible error the speed should be altered by adjusting the 
position of the permanent magnets or shunting part of their flux by the means 
provided therefor. If the error at light load, say 5 per cent load, is excessive, the 
light-load adjustment should be altered to bring the speed to its correct value. 


Method of Using the Portable Watthour Test Meter. — The dia! of the 
test meter reads directly in revolutions of the meter disc. At the instant the 
mark on the disc of the service meter passes some arbitrarily chosen fixed point, 
note the dia} reading of the test meter. Count the number of revolutions of the 
disc of the service meter, and at the instant when a suitable whole number of 
revolutions are completed note the dial reading of the test meter again. Let 
Ro be the difference in the two dial readings of the test meter, Ko the meter 
constant of the test meter, R the number of revolutions of the service meter and 

R 
KoRo 
constants of the two meters must be expressed in the same manner, i.e., as watt- 
hours per revolution or as watt-seconds per revolution. 


Testing of Three-wire and Polyphase Meters. — A three-wire meter can 
be tested as a two-wire meter by connecting the current coils in series. The 
three-wire meter will then read twice the number of watts actually supplied to 
the test load. By using two sets of instruments three-wire meters may be 
tested as actually used. 

A polyphase meter is most readily tested as a single-phase meter with the 
current circuits in series and the potential circuits in parallel. The reading of 
the meter is then twice the number of watts actually supplied to the test load. 


INSTALLATION OF WATTHOUR METERS. —A watthour meter 
should always be mounted on a firm support, should be set level, and in a place 
where it will not be liable to be injured or subjected to weather. A firm support 
is particularly essential, as continual vibration of the meter may cause it to 
* creep," since vibration tends to lessen the friction, and the friction compens- 
tion may then be excessive. 

Meters should not be installed closer than about fifteen inches between 
centers, and should not be too close to conductors carrying heavy currents ot 
in the vicinity of iron girders, posts, water or steam pipes. 

A check on its accuracy should always be made after the installation of a meter. 


Determination of the Capacity of Meter. — Before installing a meter 
some tests or accurate estimates should be made to determine the correct capacity 
of meter to install, as it is not advisable to run a meter continuously above its 
rated capacity, and too large a capacity of meter means in general poor accuracy 
on account of running it at light load. As a rough guide, the capacity of the 
meter should be one-half the combined capacity of the total connected load for 
ordinary residences, three-fourths the total connected load for stores and offices, 
and 132 times the connected load for elevator, hoist and other motors taking 
a large starting current. 


Precautions in Connecting Polyphase Meters. — Direct-current and single- 
phase alternating-current meters are comparatively simple to install and connect 
properly, but all installations on polyphase circuits require considerably more 
care and knowledge to insure proper connections. Polyphase induction meters 
must be connected properly in regard to phase relations, as otherwise very inaccu- 


: . K 
K its meter constant. Then the per cent accuracy is ——-. Of course the meter 


Watthour Meters 1815 


rate results will be obtained, which may not be apparent on casual examination 
of the meter. The manufacturers instructions should be followed very care- 
fully and the phase relations traced out to make sure that they are correct. 
Practically all instrument transformers are now marked in some distinctive 
manner to indicate the relative instantaneous polarity of the primary and second- 
ary windings, in order to facilitate making connections. 


MAINTENANCE, REPAIRS AND DEPRECIATION. —It has been 
found from experience that except for the very smallest central stations or 
distributing companics that it is economy to maintain some systematic method 
of testing and caring for all meters on the system. For ordinary house service 
and all except very large installations, readings are taken about once a month 
and meters are examined and tested about once a year. Commutator-type and 
mercury-motor meters should undoubtedly be tested and put in good condition 
at least once a year; induction meters may be left for two years and perhaps 
more before examination, as the very slight change in accuracy is not enough to 
warrant the expense of the test. With very large capacity meters, where the 
amount of money involved is large, frequent tests are made and in some cases 
a monthly check and adjustment is made, and whenever necessary the meter 
is given a complete overhauling and a spare meter installed in the meantime. 


Repairs. — In making repairs on watthour meters, it is practically necessary 
to maintain considerable equipment and a department for this class of work. 
Unless such a department is available it is preferable to return meters to the 
manufacturer for all repairs except those of a minor nature, such as cleaning of 
commutators on direct-current meters and inserting new jewels and pivots for 
thelower bearing. Manufacturers will usually supply repair parts at reasonable 
prices and quite extensive repairs can be made by the central stations if they are 
properly equipped. In service the attention and care necessary vary with the 
type of meter, induction meters bcing by far the cheapest to repair and under 
most conditions such meters require the least attention of any type. 


Cost of Watthour Meters. — The ordinary house type of commutator 
type meters for direct-current service range in price from $12.00 to $100.00. 
Large-capacity switchboard commutator meters in capacities from xooo to 10,000 
amperes are sold at prices ranging from $100.00 to $500.00. 

Mercury-motor meters usually have external shunts and the meter itself {s of 
about 10 ampere capacity and sells for about $10.00 in the house type and for 
about $50.00 to $60.00 in the switchboard type. Prices of shunts for these 
meters vary, being roughly $2.00 for a 1oo-ampere, $20.00 for a s00-ampere, 
$30.00 for a 1000-ampere and $50.00 for a 5000-ampere meter. 

At the present time small-capacity single-phase induction meters for house 
service are sold for about $7.00 to $10.00 each; larger capacities and polyphase 
meters vary in price from $30.00 to $50.00. The commercial forms of switch- 
board induction meters of large capacity sell for about $40.00 to $75.00; they 
are s-ampere meters designed for use with instrument transformers, q.v. 

Besides the original expense of the cost of the meter itself, there is the cost of 
installation and necessary attachments to mount and connect the meter. In 
most cases, except for very large installations, the expense of the meter itself 
is a small part of the total installation cost. It has been estimated that the 
installation cost of an ordinary house meter is about $5 or $6, not including the 
cost of the meter itself, 


BIBLIOGRAPHY. — Jansky, C. M., Electrical Meters, N. Y., 1913; Reed, 
L. C., American Meter Practice, N. Y.,1903; Electrical Meterman's Handbook 
issued by Nat. El. Light Assoc.; Solomon, H. G., Electricity Meters, London, 
1906; Shepard and Jones, The Watthour Meter, San Francisco, 1916; Ziegenberg, 
R. Der Hlekirisititszahler, Berlin, 1912. (L. T. Rosrnson.] 
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WATTMETERS. — (See also Ammeters; Brats Tube; Electrodynamometers, 
Electrometers; Voltmeters; Watthour Meters.) A wattmeter is a device for 
measuring electric power and is particularly useful for measuring alternating- 
current power. Usually some form of electrodynamometer is used in which 
the current in the circuit or a known part of it is sent through one winding, the 
current coil; and a small current in phase with the e.m.f. across the terminals of 
the circuit is sent through the other winding, or potential coil; see Figs. 1 and 2. 
The small current in the potential circuit is drawn through a resistance as in 
a voltmeter. For voltages above 150 to 750 volts, potential transformers (sce 
Transformers, Instrument) are usually employed. In some cases specially-con- 
structed resistances, or multipliers, are employed in testing work up to 25,009 
volts or even higher. The moving coil is generally used for the potential circuit 
as it is more convenient to carry through it a small current than a large one. 


Principle of Operation. — In an instrument constructed and used as above 
described, the current in the current coil is practically proportional to the load 
current z at each instant and the current in the potential coil is practically pro- 
portional to the voltage v across the load at that instant. Hence the instan- 
taneous torque acting on the moving element at this instant is proportional to 
vi or to the instantaneous power. The average torque acting on the moving 
element during each cycle of the current and voltage is then proportional to the 
average power. If the free period of the moving system is large compared with 
the period of the current and voltage, then the steady reading will also be pro- 
portional to the average power. 


CONSTRUCTION OF WATTMETERS. — The electrodynamometer 
type of instrument is built in several forms, e.g., the original Siemens electro- 
dynamometer in various forms in which the moving coil is brought back to zero 
by means of a torsion head from which the reading is obtained; deflection in- 
struments in which the moving coil is allowed to advance through an angle until 
the force exerted on it by the currents in the instrument windings is balanced by 
the restoring torque developed in a spring or equivalent device. In the latter 
form of instrument the position of the moving coil is usually read by means of 
an attached pointer passing over a scale, graduated to read directly in watts ot 
decimal multiples. In very sensitive instruments for laboratory use a beam of 
light or a telescope and scale like those used with mirror galvanometers is em- 
ployed; see also Electrodynamometers. . 

In addition to the electrodynamometer type of instrument, induction watt- 
meters, operating on the same general principle as the induction watthour 
meter (see Watthour Meters), are sometimes used for switchboard and even for 
portable work, but they are not so generally useful through wide ranges of fre- 
quency and voltage as electrodynamometer instruments. 

For certain limited conditions electrostatic wattmeters (see Electrometers) 
have been successfully used; in this general class of wattmeters for special pur- 
poses may be included the cathode-ray oscillograph or Braun tube (see Braun 
Tube). 

Polyphase wattmeters, having two or more sets of current and potential wind- 
ings contributing torque to a common shaft, are made for use on polyphase 
circuits; see below under Measurement of Three-phase Power. 


Range of Different Types of Wattmeters. — Reflecting electrodynamom- 
eter wattmeters for laboratory use are made for currents up to roo or 200 amperes 
and for use on circuits from a fraction of a volt up to 150 volts. Such instru- 
ments have been specially constructed for larger currents and higher voltages. 
See article on Electrodynamometers. Such instruments are chiefly useful for 
measurements on circuits of low voltage and of low power factor where even 
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the small power required to operate the instrument makes the use of ordinary 
portable instruments inconvenient or impossible. 

Portable wattmeters are usually made to give a full-scale deflection with two- 
thirds of the product of their rated amperes and volts, i.e., an instrument rated 
as 5 amperes and 150 volts would usually have a 500-watt scale. For determin- 
ing core-losses and other service where the power factor is low, instruments may 
be found giving full-scale reading with one-third or less of the product of the rated 
amperes and volts. It is customary to supply such wattmeters with a certifi- 
cate showing the values of the equivalent phase angle œ (see below) that have 
been determined, so that they may be used where a high degree of precision is 
required on low power factor work. 

Portable instruments are made in sizes up to 200 amperes and 750 volts. 
Extra potential terminals are sometimes supplied so that the instruments may 
be used on more than one voltage, e.g., 125 or 250 volts. On the low power 
factor instruments this makes it possible to measure the watts with a good scale 
reading on either low or high power factor, the 250 terminal being used on a 125- 
volt circuit and the reading multiplied by two. Doublc-current windings are 
also supplied with a paralleling switch, thus extending the current range, and in 
some sizes it is possible to procure double range for volts and current in the same 
instrument. 

Portable instruments for larger currents than 200 amperes and higher voltages 
than 750 have been successfully constructed but are not generally used, because 
the higher ranges can usually be taken care of with 5-ampcre 150-volt instruments 
in connection with calibrated instrument transformers. 

Switchboard instruments are made single phase up to 200 amperes and 750 
volts, and polyphase up to 50 or 100 amperes and up to 750 volts. Higher 
ranges are usually taken care of by using 5-amperc instruments in connection 
with instrument transformers. 

Switchboard wattmeters are constructed in various sized cases and forms to 
match other switchboard instruments. 


METHODS OF CONNECTING WATTMETER TO LOAD; COR- - 
RECTION FOR POWER LOST IN WATTMETER. — A wattmeter may 
be connected to the load which it is to measure in either of the two ways illus- 
trated in Figs. 1 and 2. When connected as in Fig. 1 the current through the 


B 
Supply B’ Load 


lg 


Fig. 1. Includes Loss in Potential Circuit Fig. 2. Includes Loss in Current Coil 


current circuit is equal to the sum (vector sum in the case of alternating cur- 
rents) of the current taken by the load and that taken by the potential circuit 
of the wattmeter; hence the wattmeter will read the sum of the watts taken by 
the load and the watts lost in the potential circuit. The loss in the potential 
arcuit is equal to RS where Rp is the resistance of the potential circuit and E 
p 

the voltage across the load. For precise work this correction should always be 
made, unless the wattmeter is “compensated”; see below, 
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In the second scheme of connection, Fig. 2, the current through the current 
circuit is the same as that taken by the load, but the voltage across the potential 
circuit is higher than the voltage across the load by the voltage drop through the 
current circuit of the instrument, and the wattmeter reads too high by an amount 
equal to the watts lost in the current circuit. This loss is equal to R,J?, where 
Re is the resistance of the current circuit and J the load current. This loss is 
usually less than the loss in the potential circuit which occurs when the first 
scheme of connection is used. If no correction is made for the wattmeter loss 
the scheme of conngctions shown in Fig. 2 should therefore be used. If the 
highest precision is required, especially when a small-capacity wattmeter is used, 
the connections shown in Fig. 1 should be used, and a correction should be ap- 
plied. The resistance of the potential coil is usually stated on the case of the 
instrument. 


When a voltmeter is connected to the load across AA’ in Fig. 1, while the 
wattmeter reading is being taken, a correction should also be made, if appre- 
ciable, for the power taken by the voltmeter. Calling Ry the resistance of the 
voltmeter and multiplier, if any, and E the voltage across the load, the loss in 


i e E " à ë . . e 
the voltmeter is E' In most cases the potential circuit losses in the watt- 


o 
meter and voltmeter are best determined by a direct measurement with the 
wattmeter using the test voltage and leaving the current circult open. If the 
voltmeter is connected across BB’ in Fig. 2, then the power lost in it is not 
read by the wattmeter, but the voltmeter reading is not exactly equal to the 
voltage across the load, but equals the load voltage plus the resistance drop 
(or impedance drop, added vectorially, in the case of an alternating-current 
Circuit) through the current circuit of the wattmeter: i 


Compensation for Wattmeter Loss. — In the so-called compensated watt- 
meters a stationary compensating coil inside the instrument is connected in 
sérles with the potential coil, this compensating coil being so placed that the 
current through it produces on the moving elenient a torque equal and opposite 
to that produced by this same cutrent when it passes thtotigh the current coil. 
A compensated wattmeter should always be connected to the circuit, as shown 
in Fig. 1; when so connected no correction for the loss in the wattmeter is made. 


SOURCES OF ERROÓR.— Due to the unavoidable inductarice in the 
potential circuit of a wattmeter, the current in the moving system is reproduced 
not exactly in phase with the e.m.f. impressed on the circuit; in addition there 
are other small inherent defects in wattmeters, such as eddy currents in windings, 
supports, etc., which tend to make commercial wattmeters tore or less imper- 
fect. These imperfections are more serious as the frequency of the circuit is 
raised and the power factor is lowered. 

For precision testing uhder service conditions when the best obtainable accu- 
racy is required, it is often desirable to apply corrections to wattmeter observa- 
tions to eliminate the errors due to phase displacement, or its equivalent, in the 
potential circuit; when instrument transformers are used, additional phase dis- 
placement occurs, rendering such corrections especially important. In other 
cases where corrections cannot well be applied, it is useful to consider the mag- 
nitude of the error that will occur under any given conditions, in order to select 
suitable instruments and transformers and to arrange the loads connected to 
their secondaries in such a way as to produce as near as may be the desired 
results. In many cases indications that would otherwise be considerably in 
error may be made to give results of satisfactory accuracy by correcting for phase 
displacement in the wattmeter, and particularly in the instrument transformers. 

There are many ways in which the necessary corrections may be determined 
and applied but the following has been found satisfactory in practical work. 


—s pp 
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Equivalent Phase Angle of Wattmeter. — All the errors in wattmeters 
may be considered as due to a certain phase displacement between the current 
in the potential coil and the impressed e.m.f. of the circuit. This equivalent 
angle of phase displacement may be due to a variety of causes, but can be deter- 
mined for any given instrument from the following relations. Consider a watt- 
meter in which the current in the potential circuit lags œ degrees behind the 
e.m.f. impressed on the potential circuit, the meter being in all other respects 
perfect. If such a meter is used to measure the watts P supplied by a current Z 
at a voltage E, this current lagging behind £ by an angle 6, the wattmeter will 
read P = EI cos 09 watts, where 0; — 0— o. Hence if a wattmeter is used to 
measure a known load of P watts with 7 amperes and E volts, and the watt- 
meter reads Ps watts, the equivalent phase angle of the wattmeter may be 

- defined by the relation 


Q = cos"! La — cos"! (=) 
EI EI 


This angle a is to be taken positive when the wattmeter reads too high on an 
inductive load and negative when it reads too low on an inductive load. 

For a given wattmeter and given potential coil this equivalent phase angle is 
practically constant for all currents, voltages and load power factors, provided 
the frequency remains constant. 

In the best portable and reflecting instruments @ is usually + and very small. 
In a portable instrument built for a 125- to 150-volt circuit, when used on a 
60-cycle circuit, œ may have a value of + 5 minutes or + 6 minutes and possibly 
as much as+ 1o minutes; for higher voltages and lower frequencies @ is cor- 
respondingly less. For example, in a particular wattmetcr this equivalent phase 
angle equals 3' for the 125-volt coil and 1.5’ for the 250-volt coil, both at 25 
cycles per second, and equals 7’ for the 125-volt coil and 314’ for the 250- 
volt coil, both at 6o cycles per second. 


Correction for Phase Angle of Wattmeter and of Instrument Trans- 
formers. — Let a = the phase angle of the wattmeter, as defined above, B = the 
phase angle of the current transformer, y = the phase angle of the potential 
transformer (see Transformers, Instrument), Pz = wattmeter reading corrected 
for scale error and multiplied by the product of the corrected ratios of the cur- 
rent and potential transformers, E — voltmeter reading corrected for scale error 
and multiplied by the ratio of the potential transformer, and J = ammeter read- 
ing corrected for scale error and multiplied by the corrected ratio of the current 
transformer. Then the apparent power factor is 


cos, = = 
+ EI’ 

and the true powers is 5 

cos (+a - B - y). 


icri cos 62 
The angle 0; is to be taken positive when the current lags behind the voltage, 
and negative when the current leads. Note that o, 8 and y may also be posi- 
cos (02 +a+ B 4- y) 
are 
; COS Oz 
given in Tables I and II. Note carefully the conditions, stated at the head of 
each table, to which each table applies. 

On three-phase systems (see pp. 1824 and 1825), when badly unbalanced, 
corrections should be applied separately, as above, to each wattmeter. When 
the circuit is balanced a single correction based on cos @2 for the whole cir- 
cuit may be used. 


tive or negative angles. Values of the correction factor 
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TABLE I. CORRECTION FACTORS FOR,PHASE ANGLE 


cos (6» 4- « 4- 8 - y) 
cos 0s 


For lagging current when (& + B -- y) is positive 
For leading current when (& + B + y) is negative 


Apparent power factor cos 95 


0.10 |o. 15 |0. 20 |0. 25 |o. 30 |o. 40 |o. 50 {0. 60 lo. 70 |o. 80 jo. 90 
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0.9855|0.9904|0.9928/0.9943|0.9953|0.9966|0.9974/0.9980|0. 9985/0.9989/0.9993 
0.9710/0.9808|0.9857|0.9887|0.9907|0.9933/0.9949|0.9961]0.9970/0.9978/0.9985 
0.9565/0.9712|0.9786/0.9831/0.9860/0.9899|0.9924/0.9941|0.9955|0.9967,0.0978 
0.9420|0.9616/0.9714|0.9774|0.9814/0.9866|0.9898/0.9922|0.9940|0.9956/0.9971 
0.9276/0.9520|0.9643|0.9718|0.9768|0.9832|0.9873|0.9902|0.992510.9945/0.9964 
0.9131|0.9424]0.9571|0. 9661] 0. 9722/0.9799|0.9848/0.9883/0. 9910!0.9934]0.9956 
0.8841|0.9232]0.9429|0.9548|0.9629/0.9732|0.979710.9844|0.9880|0.9912/0.0942 
0.8552|0.9040|0.9286/0.9436/0.9537/0.966510.974710.9805|0.98500.9890/0.9928 
o.8262|0.8848|0.9143]0.9323|0.9444|0.9598 0.9696/0.9766/0.9820|0.9868/0.9914 
0.7971/|0.8655|0.8999/0.9210|0.9350|0.9539/0.9645]0.9726|0.9789|0. 9845/0. 9899 
0.7681,0.8463/0.8857|0.9097/0.9257/0.9463/0.9594|0.9687|0.9759/0.98220.0884 
0.739110.8271/0.8713|0.8984/0.9164|0.9396|0.9543|0.9647|0.9729|0.9800 0.9809 
o.7101|0.8c79/0.8570|0.8872|0.9071|0.9329/0.9491]|0.9608/0.9699|0.9777/0.9854 
o.6811/0.7887/0.84270.8759|0.8978|0.9261/0.9440|0.9568|0.9668|0.9755]0.9839 


0.6521/0.7695/0.8284/0.8646/0.8885/0.9194|0.9389|0.9529]0.9638/0.9732/0.9824 
0.6230/0.7502/0.8140|c.8531|0.8791|0.9126/0.9337|0.9488/0.9607|0.9709/0.9808 
0.5940|0. 7309|0:7996/0.8417|0.8697|0.9058|2.928610.9448/0.9576/0.968610.9793 
0.5649|o. 7116/0. 7853|0.8303|0.8604|0.8990|0.9234]0. 9408|0.9545|0.9663/0.0778 
0.5359/0.6924|0.7709|0.8189/0.8510|0.8922/0.9183|0.9368]0.9514/0.9640 0.9703 
0.5068/0.6731|0.7566/0.8074|0.8417/0.8855,0.9131|0.9328/0.9483]0.9617/0.9749 
0.4778|0.6538|0.7422]0.7960|0.8323|0.8787,0.9080|0.9288|0.9452|0.9594|0.9733 
0.4487|0.6343|0. 7277/0. 7845|0.8228/0.8718/0.9028 0.9247|0.9420/0.9570|0.9717 
o. 4196/0. 6148/0. 7133|0. 7731/0.8134|0.8650|0.8976/0.9207|0.9389/0.9547 0.9701 
0.3906] 0. 5953/0.6989|0.7617/0.8040|0.8582/0.8924/0.9166|0.9358|0.9523/0.0^85 
0.3615|0.5759|0.6845]0. 7503/0. 794610. 8514/0. 8871/0. 9126/0. 9327/0. 9500|0.9670 
0.3325]0. 5564|0.6701]0.7388]0.7852)0.8445}0.8819|0.9085!0.9295/0.947610.9654 
©. 3034/0. 5369/0. 6557]0. 7274] 0.7758! 0.837710.876710.9045]0.9264/0.9453/0.9638 
0.2743|0.5177|0.6412|0.7159]0. 7663] 0.8308/0.8714/0. 9004/0.9232!0.9428|0. 962! 
0.245210, 4985|0.6268] 0. 7045] 0. 7569|0.8239/0.8662|0.896310.9200/0.9404|0.9605 
0.216110. 4793|0.6124/0.6930|0.7474|0.8171/0.8609|0.8922|0.9168/0.9380/0.9590 
0.1871/0. 460210. 5980/0. 6816] 0. 738010.8102]0.8557|0.8881|0.9136/0.9356,0.9573 
0.1580]0. 4410/0. 5836|0.6701|0.7285|0.8034|0.8504/0.8841/0.9104/0.9332/0.9557 
o. 1289/0. 4218|0. 5692/0. 6587/0. 7191|0. 7965/0. 845210.8800 0.9072|0.9308,0.9540 
0.0998/0.4026|0. 5548/0.6472/0.7096/0.7896,0.8399/0.8759|0.9040|0.9284 0.9524 
0.0707|0.3834|0. 5404] 0.6358] 0. 7002/0.7828/0.8347|0.8718/0.9008|0.9260/0.9507 


x - 
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TABLE II. CORRECTION FACTORS FOR PHASE ANGLE 
cos (02 d- a - B 4- y) 


Cos 62 


For lagging current when (a + B + Y) is negative 
For leading current when (& + B + y) is positive 


.0434 1.0288 1.0213 1.0170 I. 
.0578|1.0383/1.0284/1.0225|I. 
1.0723} 1.0479; 1.0355|/1.0282/1. 
I.0867|1.0575|1.0426/1.0338|I. 
I.I156|1.0766/1.0568,|1.0450|I. 
|1- 1445 1.0958] 1.0711}1.0563|1. 
I 
I 
I 


I 
1.0289, I.0192'I.0142/1.013OI. 
I 
I 


.1734| I. 1150] 1.0853, 1.0675|I. 
.2023|I.1342 1.0995 1.0787 I. 
.2311|1. 1533| I. 1136, 1.0899| 1. 
1.2600|I.1725|r.1278 I. IOIO|I. 
I.2888|1.1916|1.1419|1.1122|I. 
I.3177|1.2108|1.1561|1.1234|I. 


1.3466|1.2300|1.1703|I.1340/1. 
I.3754|1.2492| 1. 1844|1.1402|I. 
1.4042/1.2683|1.1985|1.1578|1. 


I.4329|1.2875|1.2126|1.1693|1. 
1. 4617/1. 3066}1. 2267/1. 1809/1. 


1.4905/1.3258|1.2409|I. I925|1. 
I.5193|I.3449|1.2550|I.204I|I. 
I.5480|1.3637|1.2690|I.2147|I. 
1.57069|1.3824|1.2831|1.2253|t. 
1.6056)1. 4012/1. 2971/1. 2359/1. 
1.6344|1.4199|I.3111|I.2465|1. 
1.6632|1.4387|1.3252|1.2572|t. 
I.6920|1.4575|1.3392|1.2678|1. 
I.7206|1.4764|1.3532|1.2788 1. 
1.7491|1.4952|1.3672|1.2898|1. 
I.7777|1.5I41|I1.381I,I.3007|I. 
1.8062|1.5329|1.3951I|I.3117|I. 
1.8348|1.5518|I.4091|1.3227|I1. 
1.8634|1.5707|1.4231|1.3337|1. 


1.8920|1.5896|1.4371|1.3447|1. 
I.9205|1.6084|1.4511|1.3557|I. 


OL3S, 1.0099 I. 


0185, L.0I33|I. 


O23I | I.O166,I. 
0277; I.O0IQ9|I. 
0369|1.0265|I. 
0462:1.0332|I. 
0554! I.0398 I. 
004010104 I. 
9737; 1.0530] 1. 
0829:1.0595|I. 
ogot b01 I. 
IOI2|1.0727|1I. 
II04| 1.0793 I. 
1195/I.0858;I. 
1286| 1.09241. 
1377!1.0989\1. 
1468|1.1054|I. 
1560, I.II2O!I. 


1651/1. 1185/1. 
1742|1.1250|1. 
1832/1. 1315/1. 
1923/1.1379|t. 
2013/1.1444|£. 
2104/1. 1509/1. 
2194|1.1574|I. 
2284|1.1638|1. 
2374|1.1703|I. 
2463|1.1767!1. 
2553|I.1831I|1. 
2643 1. 1896/1. 
2133|1.1960|I. 
2823| 1.20241. 
2913)1. 2089/1. 


O350/T. 
0399|T. 
0449. 1. 
0498/1. 
0548|I. 
0598! I. 
06471. 
0696,I. 
0745, I. 
0794 I. 
0844/1. 
0893/1. 
0942|I. 
0990 I. 
1039 I. 
1087/1. 
I135|I. 
1184/1. 
1232|I. 
I280|I. 
1328/1. 
1376/1. 
1424|I. 
1472|I. 
1520|I. 
1568|I. 


Apparent power factor cos 0; 


0.10 |0. I5 |o. 20 |0. 25 lo. 30 lo. 40 0.50 |o. 60 |o. 70 |o. 80 |o. 90 


u 


.OIS4|I.OII7|I1.0086|1.0055 
.0193|1. 0147, I. 0IO8! I. 0069 


0231|I.0176/1.0129| 1.0083 
0269/1.0205|I.0150|1.0096 
0307|I.0234|I.O0I7I|I.OIIO 
0345| I .0262| I . 0192| 1.0123 
C383) 1. 0291|1.0213|1.0136 
0421|I.0320|I.0235|I.0IS50 


0459/1.0349 | I.0256|1.0163 
0497,1.0377/1.0277|1.0176 
0534| 1. 0406| I . 02971 1.0189 
0572; I . 0435| I . 0318| 1.0201 
0609) I . 0463| I .0338| I . 0214 
0647| I . 0492| I .0359|1.0227 
0684| I . 0520| I . 0379| 1.0240 
0721| 1.0548) I .0399| I . 0252 
0758| 1. <576| I .0419) 1 . 0264 
0795| r .0603| I .0438| 1.0276 
0832| 1 . 0631| I . 0458| T . 0288 
0869! 1.0660) I .0478| 1.0300 
0906! r .0687] 1.0498] 1.0313 
0942|I1.0714|1.0518|1.0325 
0979;1.0742|1.0537|1.0337 
I0I5/1.0769|1.055711.0348 
1051/1.0796|1.0576|1.0360 
I088|1.0824|1.0596|1.0372 
II24|1.0851/|1.0616|1.0384 
1160} I .0878] £ .0636] 1.0396 
I196|1.0906|1.0655|1.0408 
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Example No. 1.— Given a single-phase circuit with lagging current in 
which the wattmeter reading corrected for scale error and multiplied by the cor- 
rected ratios of current and potential transformers equals 24,520 watts, and the 
product of the voltmeter and ammeter readings, similarly corrected, equals 35,600 
24,520 

3 
of the wattmeter is + 4' and if from examination of characteristic curves the 
current transformer phase angle 8 is found to be + 48’ and the potential trans- 
former phase angle y is — 10’, then œ + 8+ Y = +42’, and from Table I, the cor- 


volt-amperes. Then cos 0; = 


rection factor is 0.9870. Whence the true power equals 24,520 X 0.9870 = 24,201. 


watts. l - 


Example No. 2.— Given a single-phase circuit with leading current, in 
which the wattmeter reading, corrected as in example No. 1, equals 12,266 watts 
and the product of the voltmeter and ammeter readings, similarly corrected, 


equals 24,532 volt-amperes. Then cos ô= od =o.8. If the equivalent 


4,53 
phase angle œ of the wattmeter is+ 5’, the phase angle B of the current trans- 
former + 2? 33' and the phase angle y of the potential transformer is +38) 
then a 4- B +y = + 3° 16’ and therefore from Table II the correction factor to be 
used is 1.0971. Whence the true power equals 12,266 X 1.0971 = 13,457 watts. 


Errors Due to Stray Fields. —- Stray magnetic fields influence the reading 
of a wattmeter in much the same way as such disturbances influence the readings 
of other electrical instruments; see Ammeters. In unshielded instruments 
errors due to stray fields may be quite large. Considerable errors are often 
caused by the effect of neighboring instruments on one another. To avoid these 
errors some wattmeters are magnetically shielded. 


ACCURACY OF WATTMETERS, — The question of the accuracy of 
electrical instruments is discussed in detail in the article on Ammeters. High- 
grade portable wattmeters may be obtained having a stated accuracy of 0.4 per 
cent of full-scale deflection, and when the readings are corrected in accordance 
with the calibration curve furnished with the meter, they may be relied upon 
to within o.2 per cent of full-scale deflection. For example, if a single reading is 
150 watts and the full-scale deflection is 500 watts, then the true watts will be 
between 149 and 15r watts. If the average of a number of readings is taken, 
this average will have a much greater degree of precision than the stated accuracy 
of the meter. 

High-grade switchboard wattmeters may be obtained having a stated accuracy 
of 1 per cent of full-scale deflection. Of course the higher the degree of precision 
demanded the more costly is the meter, 


TESTING OF WATTMETERS. — Wattmeters are usually tested by 
being compared with other standard wattmeters, which have in tum been 
examined by special methods and their behavior under various conditions of 
use determined. For examining the effect of low power factor on wattmeters 
phase-shifting transformers or generators having shifting fields are conveniently 
employed. By these means low power factor conditions may be produced on 
instruments without tbe necessity of troublesome adjustments of reactances, 
condensers, etc. 

After a given instrument or type of instrument is known with certainty to 
give no sensible error on alternating current due to structural defects, it is usu- 
ally more convenient to make subsequent checks to detect any change in the 
instrument by using direct current. The volts and amperes are in this case 
determined by means of suitable standard ammeter and voltmeter or by direct 
reference to potentiometer and standard cells; -see Potentiometers. 


= 0.688 if the equivalent phase angle æ 


ee e 
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MEASUREMENT OF THREE-PHASE POWER. — (See also arlicle by 
L. T. Robinson in General Electric Review, 1912, Vol. 15, p. 350.) The measure- 
ment of the power supplied to a three-phase load may be effected in one or 
more of the following ways. The connections in each case may be made either 
directly or through proper instrument transformers, the latter being used for 
heavy currents and high voltages. 


Single (One-element) Wattmeter on Three-wire System. — The current 
circuit of the wattmeter is connected in series with one of the mains supplying 
the load and the potential circuit of the wattmeter is connected between one 


"terminal of the load and the neutral. If the neutral point of the load, or of the 


transformers supplying the load, is not available, a ** Y-box" (see below) can be 
used to establish an artificial neutral. If the load is perfectly balanced (see 
Alternating Currents) the power input is then three times the wattmeter reading. 
However, a threc-phase load is seldom sufficiently well balanced, even in the 
case of a threc-phase motor load, to render this method of measurement an 
accurate one. In most practical cases it gives merely a rough approximation 
to the true power. 


Y-Box. — The simplest form of Y-box consists of two equal non-induct- 
ive resistors connected in series, each of the free ends and the junction point 
being connected to a binding post. 
Each resistor has a resistance equal 
to that of the potential circuit of _ 
the wattmeter. One terminal of J a Load 
the potential circuit of the watt- Ta «— Terminals 
meter is connected to the junction 3 o Y orÀ 
terminal of the Y-box and the ; 
other terminal of the potential 
circuit to the line wire in which 
the current circuit of the watt- 
meter is connected. The other 
two terminals of the Y-box are 
connected to the other two line 
wires respectively. 

In the case of wattmeters de- 
signed especially for use with a 
Y-box, part of the resistance of 
the potential circuit of the watt- 
meter is placed in the Y-box, being connected permanently to the junction point 
between the other two resistors. A similar arrangement may be used as a mul- 
tiplier. The connections of such a Y- 
box, wattmeter and instrument trans- 
formers are shown diagrammatically 
in Fig. 3. 


Two-wattmeter Method for a 
Three-wire System. — The simple 
arrangement of two wattmeters shown 
in Fig. 4 will give exactly the total Fig. 4. Two Single-phase Wattmeters 
power in any three-wire circuit, pro- for Three-phase Circuits 
vided each meter by itself gives accu- 
rate indications. Aside from the sources of error, as noted above, which may 
affect the accuracy of a meter on a single-phase circuit, the arrangement shown 
in Fig. 4 will give the true power for any condition of unbalancing, wave- 
form, frequency, etc. It is also immaterial whether the load be Y or A con- 
nected. The connections may be made directly as shown or through two 


Fig. 3. Single-phase Wattmeter and Y-box 
for Three-phase Circuit 


-F 
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current transformers and two potential transformers, the connections being the 
same as in Fig. 5, except that two separate meters instead of a polyphase meter 
are used. 


Rule for Adding or Subtracting Readings. — With the arrangement 
shown in Fig. 4 the total power is always the algebraic sum of the readings of 
the two wattmeters. Since a wattmeter reads only in one direction, usually 
to the right, the potential terminals of the two instruments must be so con- 
nected to the line that the needle of each instrument is deflected over the scale 
and not against the stop. For a balanced load having a power factor greater 
than 50 per cent, the sum of the two wattmeter readings, when the connection: 
are thus made, gives the total power; for a power factor less than 50 per cent ` 
the difference of the two readings must be taken. When the power factor is not 
known, one can determine whether the readings should be added or subtracted 
by interchanging the two meters, leaving unaltered the potential connection 
to the third wire (C in Fig. 4); if the pointers of the two meters deflect in the 
same direction as before add the two readings, if the pointers deflect in the 
opposite direction (i.e., against the stop) subtract. 

When the load is balanced, and the two wattmeters are connected, as in Fig. 
.4, so that each gives a positive reading, the question as to whether the power 
factor is above or below 50 per cent can be determined by changing the poten- 
tial lead of the lower reading meter from the common connection C to the line 
in which the current coil of the other wattmeter is connected. If the reading 
thus obtained is positive, the power factor is more than 50 per cent and tht 
readings should be added; if the reading is negative the power factor is les 
than 50 per cent and the readings should be subtracted. 


Phase Difference between Voltage and Current in the Meter 
Windings. — In case the load is balanced it can be shown that if @ is the 
power-factor angle of the load, J the line current (current per wire) and £ 
the line voltage (voltage between wires), then the power read by one watt 
meter is 


Pı = EI cos (0 — 30), 
and the power read by the other is 
P3 = EI cos (0 + 30). 


The performance of the first wattmeter is the same as it would be on a single 
phase load having a power factor of cos (0 — 30) and the performance of tht 
second meter is the same as it would be on a single-phase load having a pov 


— peste FF o a — —--L 0 ——— ^ mm 0.2 2 


t 


factor of cos (9 +30). These relations should be borne in mind when mak . 5 


any corrections for errors due to low power factor (see above). 

Measurement of Power Factor by Two-wattmeter Method.- 
From the above relations it can be shown that the power factor of the load 
when the load is balanced, may be calculated from the two wattmeter reading 
Pı and P; by the formula 


Power factor = roo cos [tan (v 3 TE 2J] per cent, 
- when the power factor is greater than 50%; and by the formula 
Power factor = 100 cos | tan (vs zr 2] per cent, 
P;— P3 


when the power factor is less than 50%, P1 and P3 both being taken as positive 
in both cases and P$ being the smaller reading. 


£x 
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Two-element Polyphase Wattmeter on Three-wire System. — Instead 
of using two separate wattmeters, as shown in Fig. 4, the two meters may be 


combined into a single meter 
with but one shaft and pointer. 
The connections for such a two- 
element meter, when instrument 
transformers are used, are shown 
in Fig. 5. For measurements 
where the power is badly fluc- 
-tuating and especially when 
accompanied by low power 
factor, polyphase wattmeters 
may be more accurate and con- 
venient. For ordinary polyphase 
service a polyphase wattmeter 
is not capable of as high accu- Fig. 5. Two-element Polyphase Wattmeter with 
racy as two single-phase watt- Instrument Transformers 

meters. 
Determination of Power Factor with Two-element Wattmeter. — 
The two-element wattmeter reads directly the sum Pı + P», using the notation 
in the previous paragraph. By reversing the connections of one set of potential 
terminals to the corresponding potential transformer the meter may be made to 
read Pı — P}. Hence by the use of a suitable reversing switch the power factor 
of the load may be readily determined by taking two readings; see preceding 


paragraph. 

Three Wattmeters for Three-wire System. — As noted above, where two 
wattmeters, or a two-element polyphase wattmeter, are used on a three-wire 
system, the phase difference between the voltage and current in each meter or 
element may differ greatly from the power factor angle of the load. Fg exam- 
ple, in the case of a balanced load having a 50 per cent power factor, the current 


in one meter differs by 90° from 
the voltage on the potential cir- 
cuit of this meter, and this 
meter should read zero watts, 
i.e., this meter operates under 
the worst possible conditions as 
regards power factor, and con- 
sequently the phase-angle error 
(see above), particularly when 
instrument transformers are 
used, may be quite large. It 
should be noted, however, that 
the reading of the meter or ele- 
ment in which the large phase 
difference da contributes 
proportionally less to the total .,.. i 
reading as this phase difference Bet, y pa need de vee 
approaches 90°, and conse- 

quently the percentage error of the total reading will be only a correspondingly 
small part of the error in this meter or element. 

Where the highest degree of precision is demanded, it is therefore advisable 
to use three meters connected as shown in Fig. 6. It should be noted, however, 
that for most practical purposes the very slight gain in accuracy by such an 
arrangement over the two-element meter does not justify the expense of the 


Potential ; 
Transformers 


— Primary 
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additional meters and instrument transformers. Again, a precision measure- 
ment of power with the three-meter arrangement requires the accurate cali- 
bration and the accurate reading of three meters instead of one. The three- 
meter arrangement, however, possesses a practical advantage in that a failure of 
one or even of two of the meters may occur and still a fairly accurate determi: 
nation of the power may be obtained from the meters or meter left in service. 


Measurement of Power in Four-wire Circuits. -— When part of the load 
current returns through a fourth wire, e.g., Ín an unbalanced three-phase system 
having a neutral wire, at least three wattnieters ot wattmeter elements are te 
quired to obtain a theoretically accurate measurement of the power. A two- 
element meter, having three current circuits may be used for the measurement 
of power on a four-wire system, and under most circumstances will give results 
having as high a degree of precision ag can be obtained with a two-element 
meter on a three-wire system, 

When three meters are used, they should be connected in a manner similar to 
that used for two meters on a three-wire system, i.e, each of the three potential 
circuits should be connected between a main wire and the neutral wire, and 
each of the three current circuits should be connected in series with a main 
wire. When instrument transformers are used the primaries of the potential 
transformers are connected in Y, with the neutral point connected to the new 
tral wire, the three branches being connected to the main wires; the seconda 
ries and the potential circuits of the meters are al&o connected in Y, with the 
meters Y-connected to the Y made by the secondaries. 


Two-element Wattmeter on Four-wire System. -— When used ont 
four-wire system the current coil of each element is divided into two sections 
and one section of each 
current coil is connected 
in series with one section - 
of the other coil, thus 
forminf three groups of a 
current coils. Each group Terminals 
is connected to a current Y with neutral 
transformer as shown in a à 
Fig. 7, which also shows 
the cohnection of the . 
potential transformers, 
only two of which are 
required. With thís ar- 
rangement the instru- 
ment measures correctly 
the power supplied by 
two btanches of thé sys- d: 
tem, but fot the third = Fig. v. Connections for Two-element Wattmeter on 
branch the power meas- Four-wire System 
ured is that correspond- 
ing to the current in this branch and the resultant (vector sum) of the voltages 
to neutral in thé other two branches. Unbalancing of the system of badly dis- 
torted current and voltage waves will cause this resultant voltage to differ from 
the actual voltage to neutral in the third branch, producing an ertor In the 
measurement of this third of the total power. As noted above, however, this 
error is practically negligible under ordinary conditions unless the power must 
be measured with the highest degree of precisión. 


GRAPHIC WATTMETERS, — These instruments are designed to draw 
on 4 chart @ curve of power against time, without any appreciable time lag 


aT m. um p pe — uu»r 
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All instruments of this type consist of a wattmeter element and of a time ele- 
ment. The curve-drawing pointer is actuated either directly by the motion of 
the moving part of the wattmeter element, or indirectly on the relay principle 
through a system of contacts and solenoids. The purpose of the time element 
is to produce a steady motion of the paper at the point where the curve-drawing 
pointer (pen) is in contact with it. The clock, which turns the paper rolls, is 
either of the hand-wound type or of the electric self-winding type. In several 
types the rate of the paper feed may be varied from 34 inch per hour to as high 
as 6 inches per minute. 

Semi-portable forms of graphic wattmeters are on the market, but the more 
accurate instruments are for switchboard use only. Large errors due to fric- 
tion between paper and curve-tracing pen or pointer, or due to change in level 
of the instrument, are not uncommon with certain types of graphic wattmeters. 


COSTS, WEIGHTS AND DIMENSIONS OF WATTMETERS. — 
The following figures give a rough idea of the cost of wattmeters: 


Switchboard 


Indicating wattmeters Portable 


Single-phase: 
Low-grade 
High-grade 
Polyphase (two-element) 


$50-$100 $35- $50 
$100-$150 $60-$125 


Current transformers are required when the current excecds 200 amperes for 
single-phase or 50 amperes for polyphase wattmeters, and potential transformers 
are required when the voltage exceeds 600 volts for portable or 750 volts for 
switchboard wattmeters. Instrument transformers are also frequently used 
with lower voltages and currents. 

A shielded single-phase switchboard wattmeter weighs about ro lb., and has 
roughly the dimensions 8 in. by 8 in. by 544 in. A shielded polyphase switch- 
board wattmeter weighs about 20 lb., and has roughly the dimensions 10 in. by 
gin. by 8in. An unshielded single-phase wattmeter weighs about 4.5 Ib. and 
has roughly the dimensions 7 in. by 6 in. by 4.5 in. Weights and dimensions of 
course vary with the make of the instrument. 


BIBLIOGRAPHY. — See the Bibliographies in the articles on Ammeters 
and Watthour Meters; also Robinson, L. T., Metering on Three-phase Systems, 


Gen. Elec. Rev., 1912, Vol. 15, p. 350. 
[L. T. RobiNsoN.] 
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WAVE ANALYSIS. — (See also Alternating Currents.) Any sine func- 
tion y of a variable /, that is, any function of the form y= Y sin (wi+ $), 
may be plotted as a wave, as shown in Fig. 1. The constant Y is called the 


Fig. 1. l Fig. 2. 


* maximum value" of the wave, the constant $ the “phase” of the wave, and 
the constant w is called the “periodicity ” of the wave. The distance between 
successive positive maxima (or between successive negative maxima) of sucha 
wave is called the “period” of the wave, and is usually represented by the 
symbol 7. The reciprocal of the period is called the “frequency,” and is 


usually represented by the symbol; . 
Period, frequency and periodicity are related as follows: 


2T 
w= 27 [— MEL" 
f T 


The phase ($) of the wave is also equal to the product of the periodicity by 
the distance to the left of the origin at which the wave first crosses the / axis in 
a rising direction; see Fig. 1. 

In plotting a wave it is usually more convenient to take as the distance along 


the horizontal axis, not the value of the variable /, but the value of wi. Thatis- 


putting x = wt, the equation for the wave may be written y = Y sin (x +4) 
and Fig. 1 then reduces to Fig. 2. When the wave is thus plotted the distane 
between successive positive maxima (or between successive negative maximi) 
is equal to 27 radians or 360°, and the phase is the distance to the left of the 
origin at which the wave first crosses the axis of x in the rising direction. 


FOURIER’S SERIES. — Any periodic function y of a variable ¢ may be 
plotted as a wave as shown in Fig. 3. If the function y and its first derivative 
with respect to ¢ (that is, dy/di) are finite — 
and continuous for all values of /, then the A——[———5. 
function y may be represented by a series of. y 
terms of the form 


y= Yı sin (f+ gi) + Ys sin 2 (t + d») 
+ Yssin 3 (wt + $3) + etc., 


in which w = 2 T/T, where T is the period Fie. 3 

of the given wave (i.e., the distance be- Mm 

tween successive positive, or between successive negative, maxima) and the 
Y's and $'s are constants. "That is, the wave, no matter how complex, may be 
represented by the sum of a number of sine waves whose frequencies are even 
multiples of the period of the given wave. 

This theorem is of great value in the theory of alternating currents (q.v.), 
since any alternating current or voltage satisfies the above conditions. The 
series is known as Fourier's Series. 

As in the case of simple sine waves, it is usually more convenient in plotting 


* 


g 


War 
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to take the distance along the horizontal, not the variable /, but the value of wt. 
That is, putting x = «f, the series for y may be written 


y= Yı sin (x+ $1) + V2 sin 2 (x + 42) + Ya sin 3 (x + 3) + etc. 


Fundamental and Harmonics. — The first term of the series, which has a 
frequency equal to that of the given complex wave, is called the fundamental. 
The succeeding terms, having frequencies which are multiples of the fundamen- 
tal frequency, are called harmonics. For example, the third term, or the wave 
representing this term, has a frequency three times that of the fundamental 


and this term or sine wave is called the third harmonic, etc. 

If the complex wave is such that the successive positive values of y for a 
positive half wave are numerically equal to the successive negative values of y 
for the succeeding negative half wave, only the odd harmonics occur. Such a 
wave is called a symmetrical wave. Voltage and current waves are usually 
symmetrical, and therefore contain only the odd harmonics. 


DETERMINATION OF MAXIMUM VALUES AND PHASES OF 
THE HARMONICS BY INTEGRATION. — Consider the n th harmonic in 


the series 
y= Yı sin (x+ $1) + V2 sin 2 (x + $2) + Ys sin 3 (x + $3) + etc. 


Plot the value of un = y sin nx between the limits x = o and x = 2 7, and inte- 
grate the resultant curve, by planimeter, between these limits o and 2 m. Call 
this area Us. Similarly, plot the value of vn = y cos nx between the limits x = 
o and x = 27”, and integrate the resultant curve, by planimeter, between these 


limits o and 2 w. Call this area Vn. Then 
Yn == VUn? Vrå 


and 
I V. 
Qn - " tan? (2) 


n 


where the wave length of the fundamental corresponds to 360°. If the wave 
contains only the odd harmonics, as is usually the case in current and voltage 
waves (see preceding paragraph), Un and Vn need be plotted only between the 
limits o and v. Calling Us! and Vn’ the corresponding areas, then 


Ya V (Un)? + (Vn’), 


V. 
ing tu ( 22) 


This method, though cumbersome, is applicable to the determination of the 
maximum value and phase of any harmonic. 


FISCHER-HINNEN METHOD OF ANALYSIS.— (Elec. Journal, 1908, 
Vol. 5, page 386; Electrotechnische Zeitschrift, 1901, Vol. 22, page 396.) This 
method is quite simple when the wave contains only the fundamental and the 
third, fifth and seventh harmonics. When even harmonics are present, or when 
there exist higher odd harmonics than the seventh, certain corrections must be 
applied. Since voltage and current waves usually contain only odd harmonics, 
and seldom contain higher harmonics than the seventh, the simple method 
without corrections is usually sufficiently accurate. 
` Waves Containing only the Third, Fifth and Seventh Harmonics. — 
To determine the sth harmonic (# equals 3, 5 or 7) divide the base of a half 
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wave into 2 # equal parts and measure the ordinates of the wave at the begin- 
mi of each of these sections of the base. Call these ordinates yi, ys, ye 
. o. Vm taking the y's positive if above the base line, negative if below. 
yı will be zero, since the first section begins where the resultant wave crosses 
the base line. 
Then the ordinates of this harmonic at the points 1 and 2 are, respectively, 


An == [on ovt - 2. n3) Oy s.s 989 
DECIES e.c. Mal (veto t+ ... x]. 


'The maximum value of this harmonic is 
Yn= V An? + Br? 


and the phase angle, calling the wave length of the fundamental 360°, is 


These formulas give the third, fifth and seventh harmonics (s = 3, 5 and? 
respectively). The fundamental is found by calculating 


Ay= — (43+ As+ 43), 
Bi = yo+ Bs— Bi Br, 


where yo is the mid-ordinate of the half wave. Then 


Yi- V Aij) - Bi, 


4 
BA 


The equation of the given wave is then 
y= Y: sin (£+ $1) + Vs sin 3 (x + da) + Vs sin 5 (z+ Gs) + F? sin 7 (z4- 40). 
The effective value of the given wave is 


mT 4 [Yà - Yst Vet Vet 
2 


Yav’ge = HE cos du + = Ya cos 3 da + F; cos 5 ds Hnone] 


and the average value is 


In using the above formulas strict attention must be paid to algebraic signs. 


1 
$ 
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"n Example.— Find the third harmonic in the wave shown in Fig. 4. 
The values of the six ordinates are found by measurement to be o, 676, 66o, 
940, 1004 and 554 respectively. Then 

Ás = V4 (1004 — 660) = 114.7, 

Bs = ¥ (676 + 554 — 940) = 96.7, 

Ya V (114.7)? + (96.7)? = 150, 
ý i= % tani KAT a 16,67. 

96.7 


Similarly, for the fifth harmonic, 


As= — 92.8 and Bs = 37.4, 
Y, = 100 and ġs = — 13.6°. 


For the fundamental, 
Ai — 114.74928 = — 21.9, 
Bi = 940 + 96.7 — 37.4 = 999.3, 
Yı = V(21.9)?-+ (999.3)? = 1000, 
— 21.9 
= — 1.25°- 


999.3 


Hence the complete expression for the given wave, taking as the origin the 
point at which the resultant wave crosses the base line in the rising direction, ig 


y = 1000 sin(x — 1.25?) + 150 sin 3(x + 16.6?) + 100 sin s(x — 13.6°). 


¢1 = tan— 


The effective value is then 718 and average value 673. 
Waves Containing Any Number of Harmonics, Odd or Even. — See 


Eleciric Journal, 1908, Vol. 5, p. 386. 
[W. A. DeL Mar and H. PENpzRn.] 
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WAVEMETERS. — (See also Wireless Telegraphy.) By the wave length of 
an oscillation is meant the length of the wave which is set up by the oscillation 
in free space. Let be this wave length, f the frequency of the oscillation, and 
? the velocity of light in free space. Then 


v 
Au. 


The velocity of light in free space is almost exactly 3 x 1019 (the average of the | 


best measurements is 2.998 X 10°) centimeters per second, or 300,000,000 
meters per second, or 300,000 kilometers per second, or 984,000,000 feet per 
second, or 186,000 miles per second. Dividing this velocity by the frequency 
in cycles per second gives the wave length in the corresponding unit of length. 
For example, a frequency of 500,000 cycles per second gives a wave length of 
600 meters or 1968 feet. 

Practicaliy all of the wavemeters, or high frequency meters, consist of a circuit 
containing inductance and capacity and an indicating instrument. By varia- 
tion of the inductance or capacity, the wavemeter circuit can be brought to 
resonance (see Aliernating Currents) with the oscillations the wave length of 
which is to be determined, and the indicating instrument tells when the reso- 
nant adjustment is attained. 'The meter may be made direct reading by utiliz- 
ing a pointer moving over a properly calibrated scale. 


Essential Elements of a Wavemeter. — Figs. 1, 2, 3 show the essential 
elements of a wavemeter. C is a variable capacity, L an inductance (which 
may also be variable) and D an indicating instrument. As an indicator we 
may use a low-resistance current detector (e.g., a hot wire ammeter, a thermo- 


Fig. 1. * Fig. 2. Fig. 3. 


electric junction in shunt with a galvanometer, a low-resistance dynamometet, 
etc.), in series with the circuit as in Fig. 1, or a high-resistance detector 
(e.g., a Geissler tube) shunted around the condenser as in Fig. 2; or a high- 
resistance detector (e.g. a crystal detector in shunt with a high-resistance 
telephone) with but a single terminal connected to the condenser as in Fig. 3. 
In the latter case the capacity between the free terminal of the detector and 
the other terminal of the condenser is sufficient to permit the necessary current 
to flow through the detector. 

To determine the frequency of the oscillation given out bs an oscillation ct- 
cuit, the wavemeter circuit is placed near the oscillation circuit in such a manner 
that a current is induced in the latter, and the capacity lor inductance) of the 
wavemeter is adjusted until the indicating instrument gives a maximum de 
flection or a maximum volume of sound or a maximum of light. 

The wavemeter is usually calibrated by bringing it to resonance with various 
oscillation circuits of known frequency, the known frequency being obtained 
by calculation (see Transient Electric Phenomena), or preferably by revolving- 
mirror photographs of the spark of the oscillation circuit. 


BIBLIOGRAPHY. — See Wireless Telegrabhy; also Mauborgne, Practical 
Uses of Wavemeters in Wireless Telegraphy, N. Y., 1913. 
[G. W. Pierce] 
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WAVES, ELECTROMAGNETIC. — (See also Detectors, Electric Wave; 
Wavemeters; Wireless Telegraphy; Wireless Telephony.) Every variation of the 
current in an electric circuit produces a modification of the electric and mag- 
netic forces in the neighborhood of the circuit. The modification of the 
electric and magnetic forces is propagated away from the source of the dis- 
turbance with a finite velocity and constitutes an “‘electromagnetic wave." If 
the variation of the current at the source takes place in a periodic manner, 
the modification of the surrounding electric and magnetic fields also occurs in a 
periodic manner, and gives rise to a series or ''train of electromagnetic waves." 

Electromagnetic waves may be guided by two parallel wires as in telephony 
and in alternating-current transmission, in which case the waves manifest 
themselves chiefly on the wires or in the immediate neighborhood of the wires; 
or the electromagnetic waves may be set free into space, as by the use of a 
Hertz “oscillator,” in which case they become completely disconnected from 
all electric conductors and travel away as “electromagnetic radiation" in the 
dielectric; or, as a third possibility, the waves may be sent out over a partially 
conducting surface, as in the case of the electromagnetic waves of wireless 
telegraphy traveling over the surface of the earth, in which case the energy 
of the waves exists chiefly in the dielectric above the earth, but at the same time 
there are periodic electric currents induced in the earth. 

APPLICATIONS. — Electromagnetic waves in dielectric media meet with 
their chief direct application to wireless telegraphy and wireless telephony, 
while electric waves on wires are the primary transmission factors of wire 
telephony. The electromagnetic wave phenomena associated with the trans- 


mission of electric power must be reckoned with in consideration of power 


losses and abnormal resonance rises of voltage. 

THEORY. — Consider any point P in space, and let the coórdinates of this 
point referred to three mutually perpendicular axes OX, OY and OZ be x, y 
and 2, respectively. Let the positive sense of these three axes be fixed by the 
convention that OX points to the right of the page, OY to the top of the page 
and OZ out from the page toward the reader. Let 

H = magnetic intensity at P, 

B = flux density of magnetic induction at P, 

F = electric intensity at P, 

D = flux density of electrostatic induction at P, 

u = current density at P, 

p = volume density of electric charge at P, 

k = dielectric constant at P, 

p = magnetic permeability at P, 

€ = velocity of light in centimeters per second in empty space = 3 X 1010, 

t = time in seconds. : 
In addition, let all magnetic quantities be measured in abs. c.g.s. electromagnetic 
units and all electrical quantities in abs. c.g.s. electrostatic units, and let the 
subscripts x, y, z refer to the components of the various quantities in the direc- 
tion of the three axes. Then, for any non-crystalline medium surrounding P, 
Maxwell (Electricity and Magnetism) shows that the following relations hold 


I0D; 4muz OH; OH, r ôBz OF; OF, 
£5.35 ^e 00 Oy v) 
OV Amey CONS. Hs | ey. colttiuc on. Es (2) 
c i c óz ðr’ c ài ðs ðr’ 
10D; 47TUs OHy OH; r0Bs Fy OF, 
606 c ox oy Tea | Ox y. 


yo 
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Gs 3 to ATE. (3) ts +t o (4) 
Dz = kFz, B; = pHs, 
Dy = kF,, (5) By=uHy, (6) 
D; = kF; B, uH, 


We 


- = q Emo c 


Wave Equation in Dielectric. — Assuming that the medium at the point 
x, y, 2, is insulating, uncharged and at rest, and is non-crystalline, it may be 
shown by elimination among the equations (1) to (6) that each component 
of electric force and each component of magnetic force satisfies an equation of 
the form 

kuðM M M eM 

aon Om 0p aa’ g 
in which M is a general symbol for either of the quantities Hz, Hy, Hs, Fe, Fy. Fs 
Equation (7) is called the “wave equation.” Equation (7) may be simplified 


by restricting the disturbance to a plane distribution. 


Plane Wave. — The assumption that each of the force components (indi 
cated by the general symbol M) is a constant from point to point of a plane 


perpendicular to any given direction OP (Fig. 1) reduces the 
problem to a study of a plane wave. Let the position of the 
plane be designated by its distance x from an arbitrary 
origin O. Equation (7) then reduces to the form 


— eee 


e on = E (8) 


. This equation is called the “plane-wave equation.” 


Solution of the Plane-wave Equation. — The 
general solution of equation (8) is of the same form as the 
- solution of the equations of a transmission line (see p. 1678) 
having no resistance and no leakage, i.e., in which there is 


are here enumerated. 


Velocity. — In any homogeneous dielectric medium at rest the electric 


and magnetic forces each travel with the velocity 


POP 


V nk 


Fig. 1. 
no attenuation. Without finding the form of the functions geveral important 
properties of the electric waves may be deduced. Some of these properties 


In empty space, k= 1 and u = x; therefore in empty space the velocity 


% = €, the velocity of light. 


Index of Refraction. — If a plane electric wave passes from empty 
space into a homogeneous medium of dielectric constant k (the medium being 


non-magnetic, i.e., p = 1) the velocity is changed from vo = to v= 


fore the index of refraction of the second medium for the electric waves is 


vo 
nme a VE. 


£; there 
Vk 


Orientation of Electric and Magnetic Force. — In a homogeneous 
dielectric medium tbe electric and magnetic forces in a polarized electromag- 


— lÀ 


is 4 
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netic wave are perpendicular to each other and perpendicular to the direction 


of propagation of energy. 

Reflection. — Perfect conductors are perfect reflectors of electromag- 
netic waves. For electromagnetic waves of a frequency of one million or more 
cycles per second, all ordinary metals are practically perfect reflectors. 

Energy. — In a non-crystalline dielectric medium the energy of the 
wave as it travels forward is half electrostatic and half magnetic. 


ELECTROMAGNETIC WAVES PRODUCED BY A HERTZ OSCIL- 
LATOR. — When the electric current is flowing in the direction from B to A 
in Fig. 2, the lines of electric force, such as are represented by D i 
the shaded loops, are in planes through the axis of the oscil- 
lator, while the lines of magnetic force are circles in planes 
perpendicular to the axis of the oscillator. 

By treating the oscillator as a doublet, Hertz (Electric 
Waves) has computed the field of force around the doublet 
and has constructed the lines of induction from such an f 
oscillator. A simplification of Hertz’s diagram, in which Fig. 2 
only a few of the lines are drawn, is given in Fig. 3. This Bee: 
diagram represents approximately the condition of things at a particular in- 
stant. Up near the oscillator the lines of electric induction terminate on a 
plus charge on one half and a negative charge on the other half of the osal- 


lator. Out farther from the oscillator the lines of electric 
N 


induction are closed loops. These loops have been pro- 
3 qe» 


duced by successive oscillations of the current on the 
oscillator and have been liberated from the oscillator and 
are moving freely away. As these loops move away from 
the oscillator, they elongate and the force becomes less : e 
intense, but the width of the loops in the direction PP Fig. 
remains practically the same, so that if a receiver be placed in a fixed position . 
in the equatorial plane the inductive action of the loops, as they pass, changes 
continuously from one direction to the other with a period equal to that of 
the oscillator. Associated with these lines of electric induction, and at right 
angles to them, are the lines of magnetic induction; and both the electric and 
the magnetic induction act together on the receiving resonator to produce 
electromotive force in it. The best position of a linear resonator for receiving 
the waves is parallel to the electric induction from the oscillator. 

At a considerable distance from the oscillator the electric and magnetic in- 
ductions are in intensity inversely proportional to the distance from the oscilla- 
tor. The factor of proportionality is, however, different along radial vectors to 
the oscillator making different angles with the axis of the oscillator. 

Very near the oscillator the electric and magnetic forces obey a different law 
with respect to distance. 


PROPAGATION OF ELECTROMAGNETIC WAVES OVER A 
PERFECT CONDUCTOR, — The oscillation of an oscillator grounded to 
a plane perfect conductor of infinite extent and the radiation from such an 


oscillator is the same as the oscillation and radiation of 
the upper half of a symmetrical Hertz oscillator. Fig. 4 
shows the lines of electric induction from the perfectly 


grounded oscillator. Since a line of electric induction 

must be a closed loop or must terminate upon a charge, Fig. 4. 
there are induced in the surface of the conductor a series 
of positive and negative charges as shown in the figure. These positive and 
negative charges move away with the loops of induction and constitute cur- 
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rents in the surface of the conductor. The earth, where perfectly conductive, 
serves as a guiding conductor for the waves. 


PROPAGATION OVER POOR CONDUCTORS. —A comparison of 
the conditions at points where the earth is a good conductor with conditions 
where it is a poor conductor has been made in a theoretical treatment of the 
subject by Professor Zenneck - (Ann. der Phys., 23, p. 846, 1907). The result 
arrived at by Zenneck is typified in Fig. 
5. Where the earth is a good conductor 
(for example, sea water) the electric force 
in the air above the water is perpendicu- 
lar to the surface, as is shown in diagram 
(a), Fig. 5. This figure represents the 
direction of the electric induction (which 
in air is the same as the electric intensity). 
The magnitude of the induction at a 


(b) 
Fig. 5. 


(a) 


stationary position is obtained by supposing the length of the line of diagram 


(a) to vary sinusoidally with the period of the waves. There would thus arrive 
at a station at sea a train of electric waves, and the force would be vertical 
and would go through a series of continuous oscillations. The force in the 
sea water below the surface would be zero. 

Let us next suppose the waves to be traveling over a surface of a particular 
kind of dry rock. Professor Zenneck finds for this case that the electric force 
in the air above is by no means perpendicular to the surface and that not only 
the magnitude changes but the direction of the intensity also changes as the 
wave progresses. There is a similar intensity in the earth below, but different 
in magnitude and inclination. The condition is represented by the two semi- 
ellipses of diagram (b), Fig. 5. . The electric intensity is obtained in magnitude 
and direction from (b) by taking the radius vector drawn from the center of the 
ellipse to a point moving around the ellipse with the frequency of the wave. 
The length and direction of the radius vector so drawn would represent the 
changing magnitude and direction of the electric intensity at a particular point 
with change of time. It is seen that such a radius vector has in general a ver- 
tical component and a horizontal component. The latter produces currents 
in the earth, and, if the earth is a poor conductor, causes absorption of energy.. 

Diagram (c) of Fig. 5 is obtained with a different quality of rock; that is, 4 
rock of different conductivity of different specific inductive capacity, sinc 
both these constants enter into the treatment of the problem. 


PROPAGATION OF WAVES ALONG WIRES. — See Transient Ble 


‘tric Phenomena. — 


BIBLIOGRAPHY. — Maxwell, J. Clerk, Electricity and Magnetism, Vol. IT; 
Hertz, Heinrich, Electric Waves, English Translation by D. E. Jones, N. Y. 
1893; Webster, A. G., Electricity and Magnetism, N. Y., 1897; Zenneck, J. 
Ueber die Fortpflanzung ebener elektromagnetischer Wellen längs einer ebenen 
Leiterfläche, Annalen der Physik, Vol. 23, p. 846, 1907; Fleming, J. A., The 
Function of the Earth in Radiotelegraphy, Engineering, June 4 and 11, 1909. See 
also references under Wireless Telegraphy. 

[G. W, Perce.) 
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WEIGHTS (MASSES) OF MATERIALS. — (See also Mechanics, 
Principles of.) The density of any substance is the mass of that substance 
per unit volume. Or, using weight in the ordinary sense as equivalent to 
mass, the density may also be delined as the weight per unit volume. The 
numerical value of the density of any substance depends upon the unit in 
which the mass or weight is expressed and also upon the unit of volume used; 
see Units and Conversion Factors. However, it is quite common to state the 
density of a substance in grams per cubic centimeter, without naming the units, 
since when so expresscd the density is numerically equal (practically) to the 
specific gravity. 

The "specific gravity" of a substance is defined as the ratio of the weight 
(mass) per unit volume of that substance to the weight (mass), expressed in 
the same unit of an equal volume of water. To make such a statement exact 
the temperature of the water should be specified. "There is no general agree- 
ment as to the temperature of reference, though water at o? C. is commonly 
taken as the reference temperature. For gases, air at o? C. and 760 mm. mer- 
cury pressure is frequently taken as the reference substance instead of water. 


Variation of Density of Water with Temperature.— The following 
table gives the results of measurements by Thiesen, Scheel and Diesselhorst 
(Landoll, Bornstein and Roth, Physikalisch-chemische Tabellin, 191 3). 


DENSITY OF WATER; GRAMS PER CU. CM. 


——— |—— | ——— | ———d—— 1———dD——— | ———9 | | ——————M |———— 


O |0.99987/0.99993/0.99997,0.99999,1.00000,0. 99999'0. 99997 |0 . 999930. 9998810. 99981 
IO /|0.99973/0.99963/0.99953.0.99940/0.99927|0.99913,0.99897 0.99880/0.99862/0.99843 
20 [0.99823/0.99802/0.99780/0.99756,0.99732 0.997070. 9908110. 99654 0.99626.0.99597 
3o 10.99567/0.9953710.99505 0.99473,0.99440|0.99406/0. 99371 0.99336,0.99299/0.99262 
40 0.99224/0.99186/0.99147/0.99107:/0.99066,0.99025|0.98982/0.98940/|0.98896/0.98852 
0.98807:0.98762/0.98715/0.98669/0.98621/0.98573/0.98525/0.98475/0. 9842510. 98375 
60 |0.98324/0.98272/0.98220;0.98167,0.98113/0.98059/0. 98005|0.97950/0.9789410.97838 
79 |0.97781/0.97723|0.97666;0.97607/0.9754810.97489/0.97429/0.97368/0.97307|0.97245 
80 |0.97183|0.97121/0.97057/0.96994|0.96930/0.96865|0.96800/0.96734/0.96668;0.96601 
90 [0.96534/0.96467/0.96399'0.96330 0.96261/0.96192/0.96122/0. 96051/0.95981/0.95909 


Io0 /|0.95838/0.95765/0.95693| ..... |... | e | enge dee. 
* Example: The density of water at 33^ C. is 0.99473. 


Weights per Cubic Foot and Specific Gravity. — In the following table 
are given the values of the density in pounds per cubic foot of the more com- 
monly used substances. The specific gravity, or density in grams per cubic 
centimeter, corresponding to any weight per cubic foot w is equal to.w/62.43; 
for the conversion factors necessary to convert these figures into densities for 
other units of mass and volume, see Units and Conversion Factors. 
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SPECIFIC GRAVITY AND POUNDS PER CUBIC FOOT OF 
VARIOUS MATERIALS AT ROOM TEMPERATURES 


Specific Gravities all referred to water at o? C. 


Material . 


Air* (2) . 


eseceneeaseve 


(See References at end of table) 


Lb. per | Aver- 
cu. ft. age 
spec. 


From] To} &rav. 


0.0809] . 


. 10, 00129 


Acetylene gas* (2). ../0.0733}...!0. 00117 
Aluminum, cast (f).. 


wire (6) .... 


Ammonia* (2)....... 


Antimony (1) 


Asbestos (2)......... 
Asphaltum (1)....... 


Basalt (3) ...... TT 


Bismuth 


(2). vi Rs 


Bronze (1)........ $e 
Carbon (2)........... 


"  dioxide* (2)..|0. 124 


160|161|2.57 


168|. 


0.0482]. . . |0. 000771 


414). 


. {2.90 


.. 16.64 


125|175|2, 40 
69) 94/1. 
176|181|2.86 
604/618/9. 78 
511|542/8.45 


I25|144|2. 15 


eee 0, 00199 


*  monozide* (1)|0.0782] . . .}o. 00125 
Caoutchouc (1)...... 
Cement, loose (1).... 

e set (1)...... 


Coal, anthracite (5) . 
" anthracite piled 


Coal, bituminous(5). 
* bituminous, 
piled loose (5).. 


Coke (1). 


" piled loose (5).. 
Concrete, 1:2:4 (3).. 


«4 


1:144:3(3) 


* wrought (1).. 
* wire (1) (6)... 


Cork (5). 


* At a temperature of o? C. and a pressure of 760 mm. mercury. 


57| 62jo.955 


72|105|1.42 
168|187|2.85 


17| 35|0.42I 


129|133|2. to 


II8|...|1.80 


&r|1o6|1. 50 


47| 58/0.84 
78| 881.33 


44) 540.79 
52j. . . 10.83 


530|563|8.77 


62|tos|1.34 
23| 32/9.45 


146|...|2.34 
139|...|2.23 
7156|...|2.50 
549|558|8.87 
552|558|8.90 
555/558|8.89T 
IS.6|...|0.25 


Lb. per | Aver- 
Material seus ae 
spec. 
From |To| &4v. 
Ebonite (1)......... 42|...| 1.15 
Flint (1)............ 162j.. .| 2.61 
German silver (1) 
(52 Cu--26 Zn+22 Ni) 527|...| 8.4 
Glass, common (1). 150|175| 2.6 
" flint (1)...... 180/380] 3.1 
Gold, cast (2)......|  1200|...|19.3 
Granite (1)......... I25187| 2.5 
Gravel (5).......... 9o|147| 1.9 
Gutta percha (5)....|  Or.1|...| 0.980 
Gypsum or plaster 
of Paris (§)...... à 142|143| 2.28 
Hydrogen* (2)...... 0.00563] . . , 0. 0000900 
Ice (1)......... — 53| 57| 0.895 
Iridium (2)......... 1399|. . . 122.4 
Iron, pure (1)....... 490|492| 7.86 
" gray cast(1)...| 439/448] 7.08 
" white cast (1).. 4131482] 7.65 
" wrought (1)... 487|492| 7.85 
" gteel(1)........ 414|494| 7.76 
bead (1) aie 2 eei 7'10|. ..|II.4 
Leather, dry (1).... &4|. ..| 0.86 
*  greased (t). 64|...] 1.02 
Lime (5)............ 53| 75| 1.93 
Limestone (3)...... 156|162| 2.55 
Loam (3)........... 65| 88| 1.23 
Marble (1).......... 157|177| 2.68 
Masonry (5)........ 100|165| 2.13 
Mercury ato °C. (1). 849]. ..|13.6 
Mercury at 20°C, (1) 846|.. .|13.5 
Mica (1)...... riena 165/200) 3.9 
Molybdenum (2)....|  $24/536] 8.5 
Mortar, hard (5).... 103|,..| 1.75 
Muck (3)........... 40| 74] 0.915 
Mud 45): 5d oes 8o|13o| 1.68 
Nickel (1).......... 540/550] 8.75 
Nitrogen* (2)....... 0.0782|...| 0.00125 
Nitrous oxide* (2)..| 0.0838 6.001 


| 


t This value has been adopted internationally as representing the average density 


nt 20? C.; see reference. 


| 
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SPECIFIC GRAVITY AND POUNDS PER CUBIC FOOT OF 
VARIOUS MATERIALS AT ROOM TEMPERATURES 
Specific Gravities all referred to water at °C. 
(See References at end of table) 


Lb. per Aver- 


cu. ft. : 
Material age Material 
—] spec. 


From, To | 8'4v- From| To | &rav- 


- 0.962 |/Tile, hollow terra 
43 [0.675 cotta, building 


gasoline (1)..... 
"* dard) os cesa ... [0.920 block (3)...... id 
" ]inseed (1),.,... .... 19942 |[Tile, flat and seg- 
" mineral, lubri- mental arches (3)... 
cating (I),,.... 57.7;0.912 || Tile partitionsf (3)... 
Oil, petroleum (1).. 0.878 Tin (Dos ces eri 455 
" turpentine (1)... 0.873 |/Trap rock (5)......... 187 
" whale (1)....... 9.918 || Tungsten (1)....., „..| 1160 
Osmium (2)........ 22.5 Turf (5)... 20 
Oxygen? (2)........ 0.00143); Water, max. density (2)| 62.4]... 
Palladium (2)...... II.4 EE 40) TM 64.0 
Paper (1)........... 0.92 Wax, bees (1)......... 60.5|.... 
Paraffine (1)....... 0.89 Wood, ash (4)......... 45 
Pitch (1)........... I.07 "  butternut (4)... 28|.... 
Platinum (1)....... 21.4 " cedar (4)....... 37 
Porcelain (1)....... 2.4 " chestnut (4).... 38 
Pumice stone (1)... 0.63 " cypress (4)..... 32| : 
Quartz (1).......... 2.65 || © elm (4)......... 35 
Rhodium (1)....... 11.§ " fir (4)... esses 34 
hemlock (4).... 25 
eee PENA ETETEN aig " hickory (4) KU 53 
PPM : lignum vitae (4) 78 
Sandstone (1)...... 2.6 " mahogany (4),..] 32 
Selenium (2).....,. 4.8 " maple (4),.,....| 49 
Silver (1)........... 10.5 O° SOAK), ors d 33 
Slate (1)............ 2.85 " pine, white (4).. 24 
Snow, fresh fallen (g) 0.136 " " yellow (4).| 34 
" wet compact (5) ©, 420 “ poplar (4)....... 24 
Soapstone (1)....... 2.7 “ red wood (4)...|  3o}.... 
Steel (see Iron)..... e " spruce (4)...... 25 
Sulphur (1)......... 2.08 " walnut (4)..... 38 
Tantalum (2)....... .... [16.7 Zing (1)......... ees] 394/447 
TAE). scii cs-s'2 62.4] .... |£.00 


* At a temperature of o? C. and a pressure of 760 mm, of mercury. 
t Including air spaces, l 
REFERENCES. — (1) Smithsonian Physical Tables, (2) Physikalische 
Chemische Tabellen, Landolt-Börnstein-Roth, Berlin, 1912; (3) Investigation 
of Weights of Building Material, Thesis, Mass, Inst. of Tech., 1913, Orr, S. W, 
aod Mutersbeugh A. M.; (4) Publications of Forestry Division, U, S. Dept. of 
Agriculture, Bulletin No, 10, 1893; Circular Nc. 32, 1904; Circular No. rx, 
t907; (3) Trautwine, J, C., Civi. Engineers! Pocket Book, Philadelphig, 1917; 


(6) Copper Wire Tables, Cir. No. 31, Bureau of Standards, 1914. . 
[H. PENDER and R:‘G, Hupson,] 
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WIND PRESSURE. — (See also Structures, Simple; Transmission Lines.) 
Wind pressure is a subject upon which little exact information exists, although 
many experiments have been made and much study given to the subject by engi- 
neers and scientists. Among the unsettled questions are: 


a. The relation between pressure and velocity. 

b. The variation of pressure with size and shape of exposed plane surfaces. 

c. The direction and intensity of pressure upon non-vertical surfaces. 

d. The.intensity of pressure upon non-planar surfaces. 

e. The total pressure upon a number of parallel bars or other ibers placed 
side by side. 

f. The decrease of pressure upon leeward surfaces. 

g. The lifting power of the wind. 


RELATION BETWEEN INDICATED (U. S. WEATHER BUREAU) 
WIND VELOCITY AND ACTUAL VELOCITY.—The indications of the 
anemometers used by the U. S. Weather Bureau do not give the actual wind 
velocity, but give values considerably higher than the actual velocities, as 
shown in the following table: 


RELATION BETWEEN INDICATED AND ACTUAL WIND VELOCITY 


Actual 
Velocity, 
mi. per hr. 


Indicated 
Velocity, 
mi. per hr. 


Actual 
Velocity, 
mi. per hr. 


Indicated 
Velocity, 
mi. per hr. 


IO 9.6 60 48.0 
20 17.8 55.2 
3o 25.7 62.2 
40 33.3 69.2 


' so 40.8 76.2 


In the U. S. Weather Bureau reports the indicated and not the actual wind 
velocities are given. However, as the anemometers used give the average velocity 
for several minutes, the instantaneous velocities due to sudden gusts may be 
considerably greater than the indicated velocities; the indicated velocity prob- 
ably more nearly represents the “gust” velocity than the actual average velocity. 
In all calculations of maximum wind pressure it is therefore recommended that 
the indicated velocity be used. 


RELATION BETWEEN PRESSURE AND VELOCITY. — The pre- 
sure varies about as the square of the velocity, the results given by different 
experimenters for the pressure due to a normal wind on a plane surface rang- 
ing from 

P=0.005¥2 to P=0.0032V?, 
where P = pressure in pounds per square foot, 
V = actual wind velocity in miles per hour. 


The latter of these values represents the results of unusually careful experi- 
ments by Stanton (see Minutes of Proceedings of the Institute of Civil Engineers, 
Vols. 156 and 171) upon the intensity of pressure on plates varying in size from 
25 to roo square feet and is probably more nearly correct than the higher value. 
In the Stanton formula the values are reduced to correspond to a temperature 
of 60° F. and an atmospheric pressure of 14. 7 pounds per square inch, 

The influence of size and shape of exposed surface is an important question 
and is not well understood, although it is known that the resultant pressure 
on a large surface may be taken as less per square foot than that on a 


+ 


$ 
t 
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surface, since the maximum intensity of the wind is due to gusts of compara- 
tively small cross-section. 

Formulas for Pressure on Plane Surfaces when Wind is not Normal. — 
The pressure upon vertical plane surfaces may be taken as normal to the sur- 
face and equal in intensity to the assumed wind pressure. Upon surfaces which 
are not vertical, the pressure is usually considered to be normal to the surface 
but lower in intensity than upon vertical surfaces. The variation in pressure 
with respect to the slope is not well understood and a number of empirical 
formulas are in use, among which are the Duchemin formula 


2 sin z 
Pat a 
I+ sin? 2 


and the Hutton formula 
Pn= P (sini) (1.84 cosi p) 
where P = intensity of normal pressure upon the vertical surface, 
Pn = intensity of normal pressure upon the given surface, 
į = angle made by surface with the horizontal. 


The following theoretical formula results from the assumption that the wind 
always blows in horizontal lines, and that if the pressure be resolved into normal 
and tangential components, the tangential component may be neglected: 

Pa = P sin? 4. 
This formula gives lower values than the empirical formulas and probably gives 
too low results since it makes no allowance for the reduction in pressure on the 
leeward side which is known to occur, and which may in part be attributed to the 
influence of the tangential component. It should also be noted that the wind 
does not blow uniformly in horizontal lines but may deviate considerably from 
the horizontal. 

The values given by these three formulas are tabulated for comparison, using 
an assumed value of 3o pounds per square foot for P. In the absence of further 
experience upon this phase of wind pressure it would seem wise to use one of the 
empirical formulas instead of the theoretical one. The Hutton formula is used 
quite generally by structural engineers in England and the United States. 


Pressure on Non-Planar Surfaces. — The pressure upon non-planar sur- 
faces is important in the case of chimneys, standpipes, and other similar objects. 

Upon the same assumptions as made in the preceding paragraph it may be 
demonstrated that theoretically the pressure on a cylinder is two-thirds of the 
total pressure on a plane diametrical section. This value is quite generally 
used. The pressures thus obtained lack experimental proof but are probably 
more nearly correct than the pressure obtained by the same method upon 


plane surfaces. 

Effect of Reduction of Pressure on Leeward Side. — The pressure upon 
the windward side of an exposed surface isa function of the density and velocity 
of the air currents. The pressure on the leeward side is also a function of the 
Shape of the surface, and has been shown by numerous experiments to be less 
than the static pressure of the air current. The resultant total pressure upon a 
surface is in consequence not only a function of the direct pressure on the wind- 
ward side, but also of the pressure on the leeward side, which in turn is a function 
of the form of the surface. No algebraic formula can be given which will give 
the pressure on surfaces of varying shape with any considerable degree of pre- 
cision. 
Wind Pressure on Wires. — H. W. Buck (Trans. Int. Elec. Cong., 
St. Louis, 1904, Vol. 2, p. 318) gives the following formula for the pressure due 
to a normal wind on a stranded wire: 

P = 0,0025V3, 
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WIND PRESSURE IN POUNDS PER SQUARE FOOT 
P= 30 pounds per square foot 


Above 60 deg. Above 60 deg. 
use 30 Ib. use 30 lb, 


where P is the pressure in pounds per square foot of projected area of wire 
(length times diameter) and V is the velocity in miles per hour. This formula 
is based upon tests made on a 9so-foot span at Niagara Falls; the wind 
velocities were measured by a U. S. Weather Bureau anemometer corrected 
to give actual average velocities. 


PRACTICAL RULES FOR WIND PRESSURE ALLOWANCE. — 


The many uncertainties connected with wind pressure make worthless the | 


attempts to specify with precision its magnitude and direction. In the lack of 
additional information and further theoretical] studies there seems to be no 
reason for deviating from the common rules which have been used for many 
years with satisfactory results. 

Bridges.— The portal, vertical and horizontal bracing are usually propor- 
tioned for a wind pressure of 3o lb. per sq. ft. on the surface of the applied load, 


and on the exposed surfaces of the floor system and both trusses. The pressure , 


on the applied load ís considered as a moving live load, and the other pressure 
as a dead load. For structures of ordinary spans the wind stresses are com- 
puted upon the unloaded structure for a pressure of so Ib. per sq. ft. In the 
design the maximum stress computed by either of the above methods is used. 
Buildings. — For wind pressure on roofs and buildings it is common practice 
to allow 30 lb. per sq. ft. acting horizontally upon the sides and ends of build- 
ings, or on the vertical projection of roofs. It is also very important to gwe 
the wind stresses on the steel frame considering it as an independent structure 
without walls, floors or partitions, since failures often occur in erection. 
Transmission Poles and Towers.— For transmission towers & pressure 
as low as 13 lb. per sq. ft. has been used. This is perhaps warranted by the 
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fact that such towers are comparatively low and not exposed to the highest 
wind pressure. In the report of the Joint Committee on Overhead Line Con- 
struction (Trans. N.E.L.A., rorr, Vol. 2, p. 521) the following is recommended: 
“The wind pressure on the poles, or towers, shall be assumed at 13 lb. per sq. ft. 
of the projected area of solid or closed structures and 144 times the projected 


area of latticed structures.” 

Wire Spans. — In the report of the Joint Committee just referred to it is 
recommended that the spans be designed for “‘a wind pressure of 8.0 lb. per sq. 
ft. on the ice-covered diameter (ice coating 42 inch in thickness), at a temper- 


ature of o? F.” 

LIFTING POWER OF WIND. — In the case of a very rapid reduction 
of atmospheric pressure, as in a tornado, it is often observed that building 
roofs are lifted and walls blown outward. This phenomenon is due to the air 
in the building which is under more or less restraint, changing pressure less 
rapidly than the outside air and thereby producing a difference in pressure. 
This lifting action doubtless occurs to a greater or less degree whenever the ex- 
ternal pressure is reduced, and should be guarded against by anchoring roofs 
securely to the walls. 

BIBLIOGRAPHY. — Minutes of the Procecdings of the Institute of Civil 
Engineers, Vol. 156, 1903, and 171, 1907; Hillel, La Resistance de L'Asr e£ 
L’ Aviation, Paris, 1911 (English Translation, by Hunsaker, Boston and London, 


1913); Buck, H. W., Trans. Int. Elec. Cong., St., Louis, 1904, Vol. 2, p. 318. 
[C. M. SPorronp.] 
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WIRELESS TELEGRAPHY.— (See also Detectors, Electric Wave; Wawe- 
meters; Waves, Electromagnetic; Wireless Telephony.) In addition to the ordi- 
nary commercial and social correspondence between stations on land and sea, 
well-organized systems of time signals, storm warnings, and facilities for the 
collection and dissemination of weather statistics are maintained by the various 
governments, through the agency of wireless telegraphy. 

- Whenever an oscillating electric or magnetic field is set up electromagnetic 
waves are radiated into space. The amount of energy radiated will depend 
upon the form of the radiating circuit. It has been found that the best prac- 
ticable form of radiating circuit consists of one or more vertical wires, from 
50 to 1000 feet long, grounded through an inductance. The upper end of the 
vertical wire is also frequently connected to one or more horizontal wires, 
particularly for wireless stations on board ship. The vertical wire, together 
with the horizontal cradle, if any, is called the “antenna,” or “aerial.” The 


oe 


aerial and the inductance form together an “electric oscillator." The antenna . 


and the earth form the two “‘plates”’ of a condenser, the dielectric between the 
two being the surrounding air. Such an oscillating circuit is therefore essentially 
a condenser and inductance connected in series. . 
Transmitting Circuits (Figs. 1 and 2). —In order to charge such an oscillator, 
a second coil is placed close to the coil forming the inductance, the two coils 
together forming an ''oscillation transformer." This oscillation transformer 


Secondary 
elix 


Fig. 1. Inductively-coupled Fig. 2. Direct-coupled Trans- 
Transmitting Station mitting Station 


consists of but a few turns of heavy wire and is without iron. The two coils 
may be conductively independent, in which case the circuit is said to be 
“inductively coupled,” as Fig. 1; or a single helix may be used, the entire helix 
forming the secondary and the primary being formed by a few turns tapped 
off from the helix as in Fig. 2, in which case the circuit is said to be "direct 
coupled." The primary of the oscillation transformer in either case is con- 
nected in series with a spark gap G and condenser C. 

For the purpose of repeatedly charging the condenser C of either system, a 
step-up transformer T is used. The primary of T is connected through a key 
and through suitable regulating resistances or inductances with an alternating- 
current source of power. The secondary of the transformer T is connected 
about the spark gap G, or, what is the same thing, about the terminals of the 
condenser C. 


Receiving Apparatus (Figs.3 and 4).—The circuits ofthe receiving apperatus 
(of the inductively coupled type) are shown in Figs, 3 and 4. The corresponding 
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diréct-coupled receiving circuits are not drawn. In Fig. 3, it is seen that the 
antenna is in series with an antenna inductance, a primary coil of an oscillation 
transformer, a series adjustable condenser and a ground. Oscillations produced 
in this antenna circuit by incident electric waves act inductively on the second- 


Antonna 
Antenna 
Nariabl 
i Siinney 
Fig. 3. Inductively-coupled Receiving Fig. 4. With Detector in Shunt to 
Station with Detector in Secondary Secondary Condenser 


Circuit 


ary circuit containing the detector (see Detectors, Electric Wave), either in 
series with a condenser (Fig. 3) or in shunt with a variable condenser (Fig. 4). 
In this latter case another condenser, called a “stoppage condenser, " shown at 
left of figure, is used to prevent the secondary of the receiving transformer from 
acting as a low-impedance shunt on the telephone receiver. 

The various elements marked with arrows or arrow heads are adjustable for 
tuning. 

THEORY. — The signals of wireless telegraphy are transmitted by electro- 
magnetic waves sent out from the antenna of the transmitting station, and 
received by the antenna of the receiving station. "The theory, therefore, com- 
prises the theory of the oscillations that occur in the circuits, the theory of the 
propagation of the waves, and the theory of detectors. "The last two subjects 
are discussed in the articles on Waves, Electromagnetic, and Detectors, Electric 
Wave. The theory of the oscillations occurring in the transmitting and receiving 
circuits is given briefly below. 

Relation of Wave Length to Period. — If a source of oscillations has a 
period T of complete vibration and radiates energy in the form of waves, the 
wave length À is the distance that the wave goes during one oscillatien; whence 


Az, (1) 


in which 9 = velocity of the waves. The velocity of electric waves in free 


space is the velocity of light, 3 X 103 meters per second, so that the wave length 


of a free wave in space is 
A= 3X 105 T meters, (2) 


where T is the period of the source in seconds. 

In the case of an actual radiation of waves, this wave length À will be the 
actual distance between two adjacent positions of similar phase in the train 
of waves radiated. 

It has become customary in wireless-telegraphic practice to describe the 
period of oscillation of oscillatory circuits in terms of this free-space wave length, 
&nd this is done even though the circuit be 5f a form that radiates only an in- 
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considerable amount of its energy in the form of electric waves. For example, 


if a circuit has a period of 1079 seconds, it is said to have a wave length of 300 
meters (i.e., 3 X 103 X 1079), even though the circuit be of such a form as to 
radiate practically no energy. See also article on Wavemeters. 

Free Oscillation of a Circuit formed by a Lumped Inductance, Lumped 
Capacity and Resistance. — When a condenser of capacity C, and negligible 
leakage, discharges through an inductance L and a resistance R connected in 
series and all measured in the same set of units, the current oscillates with the 
period 


T = —=== seconds, f (3) 


; RC 
provided aL <i. | 


The equation for the current as a function of the time is, calling Vo the initial 
p.d. of tbe condenser, 


TU ES | | | 
MEL MELDE LL T ung (d 
ieri 
where 
RT | 
Lipid | | (s) 


The constant 6 is called the “logarithmic decrement.” 100 (1 — e^) is the 
percentage decrease in the amplitude of the oscillation in one complete period. 
. Usually the effect of the resistance on the period of oscillation may be neg- 


2 i 
lected, and equations (3) and (4) become, provided Tr is negligible in compan: 
son with unity, 


T 


ô= mR Ve ) ; (8) 


It should be carefully noted that formulas (3) to (8) hold only for a dreut 
in which the capacity is “lumped.” Also the formulas hold accurately only 
provided the circuit does not contain a spark gap (see next section). 

Effect of Spark Gap on Period and Damping. — A spark gap is a ae 
ance which varies with the current that flows through it. The greater the 


where < 


current through the gap, the less its resistance. In fact, the gap acts in such — 


a manner as to oppose approximately a constant voltage to the discharge, in- 
stead of a constant resistance. This does not have much effect on the period 
of the discharge, but it materially changes the character of the damping, 9 
that, in case the spark is the principal resistance in the circuit, the id 
of the current of the condenser decreases linearly with the time, instead of 


T=2r VLC, | (9 
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decreasing exponentially as is the case with constant resistance in the dis- 
charge circuit. 

Free Oscillation of a Rectilinear Oscillator. — The antenna of a trans- 
mitting station has not only resistance, but also capacity and inductance, but 
the capacity and inductance are ''distributed" instead of lumped. Such an 
antenna is approximately equivalent to a long, straight wire removed from all 
other conductors, and of length equal to twice the length of tbe antenna. 

According to a theoretical investigation by Prof. Max Abraham (Wied. Ann., 
Vol. 66, p. 435, 1895), if such a rectilinear oscillator, long in comparison with 
its diameter and far removed from other conductors, is excited, by giving ít an 
unequal distribution of charge, the free flow of current in it will have a period 


l 
(Abraham’s theory) T= — seconds, (9) 


where ] is the length of the oscillator in meters, and v is the velocity of light in 
meters per second = 3 X 103. 

Also, according to Abraham, the logarithmic decrement by radiation alone 
per complete period of such a rectilinear oscillator is 


(Abraham’s theory) 6= NEC BN ELA (10) 


jor qur 
4 108e 7 98e 3 


in which //d is the ratio of the length to the diameter of the oscillator. 

Several experimental tests of Abraham’s formula (9) have been made, and 
such experiments, performed with or without a spark gap at the center of the 
oscillator, have given consistently values for the period which are somewhat 
higher than those calculated by formula (9). The experimental results are 
better represented by the equation 


14 
(Experimental) T = =< seconds. (11) - 


The departure of the experimental results from the theoretical values may 
be due to the fact that the theory presupposes that all other bodies are so far 
removed as not to have any influence on the period 
of the oscillator, — a condition which has not been 
attained in the experiments. 


Free Oscillation of a Grounded Oscillator. — 
If the oscillator consists of a straight vertical wire 
grounded to a good conductor of practically infinite 
extent, the flow of current in the antenna (Fig. 5) 
is theoretically the same as if the ground were re- 
moved and replaced by a wire (dotted line) which 
is the reversed duplicate or image, of the antenna. 
The period is, therefore, according to equation (9), 
since the length of the antenna ? is half the length 
of the equivalent free oscillator, 


4l 
fes (2) Fig. B. Grounded Ocilla- 


tor and I 
and the wave length is, theoretically, T 


À s AI. (13) 
The logarithmic decrement, by radiation alone, for such a grounded antenna, 


1848 Wireless Telegraphy 


if we accept Abraham’s value of equation (ro), and assume that the antenna 
radiates but that the image does not, is approximately - 


; (14) 


in which / is length and d diameter of the oscillator. _ 

The following table contains values of the radiation logarithmic decrement 
calculated from formula (14) for various lengths / and diameters d of vertical 
rectilinear oscillator. 


TABLE I. — LOGARITHMIC DECREMENT BY RADIATION 


Diameter of wire in cm. = d 


l, meters 


These values give approximately the logarithmic decrement of a single 
grounded vertical wire calculated by equation (14). This decrement is due 
solely to radiation of electromagnetic waves of wave length approximately four 
times the length of the antenna. This decrement will be increased by the heat 
losses from the wire due to the heating of the conductor by the currents in it. 
These heat losses are in the form of electromagnetic waves of small wave length; 
ie. wave length of the order of 0.01 to 0.0001 millimeter. The decrement 
due to heat losses may, however, be small in comparison with the decrement 
due to the long electromagnetic waves. 


Equivalent Lumped Inductance and Lumped Capacity of an Antenna. 
— Although the inductance and capacity of the aerial circuit is distributed, it 
has been. shown by experiment that as far as the period, amplitude and loga- 
rithmic decrement of the oscillations are concerned, the aerial circuit may be 
considered as replaced by an equivalent lumped inductance and capacity, and 
the formulas given above ((6) to (8)) for lumped inductance and capacity may be 
employed. To determine this equivalent inductance Lo and capacity Co, an 
inductance L is inserted in the aerial circuit near the ground (i.e., at the loop of 
current) and the period of the waves sent out from the oscillator with this added 
inductance is measured by a wavemeter (see Wavemeters). Call this period 7; 
then, from (6), 

T=2 r V(L+ Lo) Co. 


The added inductance is then changed to a new value Zi, and the corresponding 
period Tı measured by the wavemeter. From (6) 


Ti = am V (Lit Lo) Co. 
From these two equations Lo and Co may be calculated. | 


fl 
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Effect of Introducing Inductance or Capacity in Series with an Antenna. 
— From formulas (6) and (8) it is apparent that introducing an inductance into 
the antenna near the ground increases the period and wave length and decreases 
the logarithmic decrement. Inserting a condenser C in series in the aerial 
Circuit near the ground decreases the resultant capacity, since this resultant 


CoC 
GLC Therefore, from (6) and 
(8), it is apparent that the insertion of a condenser in the aerial decreases the 
period and wave length and increases the logarithmic decrement. The sub- 


capacity becomes (two condensers in series) 


stitution of the resultant capacity in (6) and (8) gives the new period 


CoC 
Co+ C 
and logarithmic decrement only to a rough approximation, since the introduc- 
tion of the capacity C also changes the equivalent capacity of the antenna. 

Free Oscillations in Coupled Circuits. — The free oscillation of two cir- 
cuits coupled together as in Fig. 6 is doubly periodic; the current in the primary 
circuit and also the current in the secondary circuit both have two periods, 
resulting in beats, as shown in Fig. 7. 
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Fig. 6. Coupled Condenser Fig. 7. Showing Double Periodicity 
Circuits. 


As is seen in Fig. 7, the current in the primary oscillates at the beginning with 
a large amplitude, and that in the secondary has at the beginning a small ampli- 
tude; then at each oscillation the current in the primary decreases in amplitude, 
and that in the secondary increases until the condition at a is reached, in which 
the current in the primary is practically zero, and all of the energy is in the 
secondary. Then, as the oscillations continue, the energy comes back into the 
primary (condition b), etc. 

If Tı is the period of one of the circuits called the primary when alone, T2 
the petiod of the other circuit (the secondary) alone, then, if we neglect the influ- 


ence of damping on period, the two periods of each circuit when coupled together 
are 


Mri eTes VTP T2) +4rTeT? 
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in which 7, called the “coefficient of coupling,” 


' [ M? 
T = , * 
Lh (16) 
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where 


M = mutual inductance between the circuits. 
Lı = self inductance of the primary, 
Le = self inductance of the secondary. 


The equations (15) have been obtained theoretically by neglecting thi 
effect of the damping of the circuits in modifying their periods, and ha 
confirmed experimentally. | 

The wave lengths of the two circuits may be obtained by multiply: 
periods by the velocity of light, and give the result 


TE [At A2 VON — A) F 4 PAPAL 
] 2 , 


S V di? AZ — VO? — AS4- arene 
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in which M and A» are the wave lengths of the two circuits respectivel 
standing apart so as not to influence each other, and Mı’ and X/' are | 
derived wave lengths obtained when the circuits are coupled together. 
An interesting special case arises when the two circuits are equiperiod 
standing alone; that is when Ais: Az = A (say). In this case, equatio 


become 
A’ =AV I+, 
à = A Y 1-rT. 


Free Oscillation of an Antenna Circult Coupled with a Cor 
Circuit. — Likewise, when a condenser circuit is coupled with an ante 
cuit, as in Figs. 1 and 2, the oscillation ls generally doubly periodic, with 
periods of oscillation and-wave lengths given approximately by the e 
(15), (16), (17); and if the two circuits, when standing alone, have t 
period as each other, the derived periods are approximately related to tl 
period by the equations (18). 

These several formulas are derived by considering the inductance and i 
of the antenna as lumped, and the approximation is fairly close when t 
comparatively large inductance in the antenna helix (cf. Figs. 1 and 2) 
the distributed inductance is small in comparison. In circuits where t 
dition is not fulfilled the quantitative relations of equations (15) to ( 
be used only to get a general insight into the manner in which the 
together o£ circuits affects their oscillation. 


Effect of Quenched Spark. — If the condenser circuit of a coupled 
station contains a quenched spark gap (described below), the oscil 
doubly periodic only for the short interval that the spark persists. V 
oscillation reaches the primary minimum, at a in Fig, 7,the spark of theq 
gap becomes extinguished and does not relight. In consequence the 
circuit ceases to influence the oscillation of the antenna, which goes on 
ing with its own free period. 

This condition is shown in Fig. 8.: The quenched-gap method of e: 
possesses the advantage of avoiding the successive return of energ 
primary where it is continually dissipated as heat in the gap and in the 
circuit. It possesses also the further advantage that the system en 
a single wave length and thereby is adapted to sharper tuning thar 
system emitting two waves. A third advantage of the quenched gap 
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the fact that it operates at low potential and high spark frequency, thereby 
diminishing the breakage of transmitting condensers. 
The quenched gap consists of a series of very short discharge spaces between 


Erimary and Secondary, Quenched Spark 
Fig. 8. Current Plotted against Time with Quenched.spark Excitation 


heavy copper disks held apart by thin gaskets of paper, or rubber or other 
insulating material. The large metal disks afford rapid cooling of the gap, and 
the exclusion of air from the discharge spaces seems to facilitate the rapid extinc- 
tion of the spark when the beat-zero of oscillation is reached in the primary. 


POWER REQUIRED TO OPERATE TRANSMITTING STATION* 
— The primary condenser (C, Fig. 1) of the sending station is charged from a 
step-up transformer. The power at the terminals of secondary of the trans- 
former required to operate the station is 


p." 


watts, (19) 


in which C is the capacity of the condenser in farads, » is the number of charges 
of the condenser per second, and V is the p.d. of the condenser at the beginning 
of the spark. If one spark occurs at each alternation of the supply current, 
f; is twice the number of cycles per second f of the supply current; i.e., n= a f. 
If, on the other hand, more than one discharge takes place during each half 
cycle, s is greater than twice the number of cycles per second. In some of the 
largest transmitting stations the power required amounts to as much as 6o kilo- 
watts, In an ordinary ship's installation from 3 to 15 kilowatts are used. 

The power given by equation (19) is that required to operate the station. 
The power actually radiated is very much less than this, ranging from 5 per cent 
to 5o per cent of the power input. Because the maximum sensitiveness of the 
telephone receiver used in receiving signals lies in the neighborhood of 1000 cycles 
per second, it is now good practice in wireless-telegraphic engineering to use 
alternating-current generators of about soo cycles and arrange the spark gap to 
give one spark at each alternation of the generator; that is, 1000 sparks per 
second. 

However, on account of the economy in using sources of power already avail- 
able, which are usually of 60 or 120 cycles, these frequencies of alternating 
current are still extensively used in wireless telegraphy. 


. DESIGN OF CONDENSERS FOR TRANSMITTING STATION. — 
The following table (Table IT) contains values of transmitting condenser capac- 
ity computed from equation (19) for use in a 5-kilowatt sending station, with 
various cycles and sparking voltages across the gap. Two sparks per cycle are 
assumed and the discharge voltage of the first column is the instantaneous volt- 
age at which the discharges occur, when the key is held down. 
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TABLE II 


CAPACITY OF CONDENSER FOR 5-KW. STATION 


Capacity in microfarads required for various cycles per second 


Discharge 
voltage 


Since the capacity required is proportional to the power, the value of the 
capacity required for a station of any other power, P kilowatts, is equal to that 
given in the table multiplied by P/5. In designing condensers for the trans- 
mitting station it is necessary to allow for abnormal voltages in starting the 
spark. Good Bohemian glass may be submitted to a potential difference of 
about 11,000 volts per millimeter of thickness. Ordinary window glass is 
capable of standing about the same electrical stress. Plate glass, which is 
usually a lead glass, is much weaker. Assuming the breaking strength of a 
good glass to be 11,000 volts per millimeter of thickness, the following table 
(Table IIT) is computed for the physical dimensions of condensers for a 5-kilo- 
watt station, with the cycles and discharge voltages of Table II. The table is 
given in terms of the number of sheets of dielectric required, when the metallic 
coating of the two opposed plates has an area of one square foot, the thickness 
of the dielectric plates being computed to stand a potential difference of 2.5 
times the operating potential. 

These condenser values are for a 5-kilowatt station. The number of plates 
for a station of any other power, P kilowatts, can be obtained by multiplying 
the numbers in the appropriate columns of Table III by P/s. 

The glass for these condensers should be selected for absence of blowholes 
and other defects, and, if the plates are piled up, the glass plates, which are 
likely to be curved, should be placed with convex side of one piece against con- 
cave side of adjacent piece to avoid breakage from mechanical pressure. The 
metallic coatings of the glass should preferably be of copper and should be 
plated upon the glass. 

Leyden jars, copper plated, are on the market, and have about the same 
breaking strength as the plates above described and may be assembled to give 
the required capacity and strength. 

The last column of Table III contains the width of margin required for the 
condensers when the plates are in air. If the condensers are submerged ia 
castor oil, having been built up under the oil, the margin may be reduced to 
about one-half the values given in the table. 
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TABLE III 


DIMENSIONS OF CONDENSER FOR s-KW. STATION 


No. of these plates 
required at various 
cycles 


Required 
| thickness of 


Discharge 
potential 
in volts 
of conductor in 
microfarads 
Width of margin 
on each side of 
plate in in. 


Potential at start 
(assumed) in 


Capacity per sq. ft. 
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DESIGN OF CHARGING TRANSFORMER. — Accurate engineering 
data for the design of the transformer for charging the sending condenser are, 
so fat as the writer knows, not available. A closed iron core without magnetic 
leakage should not be used, for the reason that such a transformer draws more 
power on short circuit than it does when its secondary is charging the conden- 
ser; and, in consequence, when the spark is started the power input increases 
and maintains the spark as an arc acrossthe rap, so that the condenser does not 
again charge. What is required is a resonance transformer, — one with mag- 
netic leakage, so designed that when the spark starts, the transformer circuit 
is thrown out of resonance by the spark and thus cuts off the power supply, 
so that the spark may extinguish and the condensers again charge. This is 
attained by an open-core transformer, or by one with an E-shaped core designed 
to have magnetic leakage between the primary and secondary windings. A 
calculation of the current-carrying capacity required of the secondary windings 
may be made as follows: 

The average value of the current required to charge the condenser s times 
per second to a voltage V is nVC, where C is in farads. Substituting for C its 


value in terms of P from equation (19), the average secondary current in amperes 
2P 


is —. 


It is difficult to say just what is the form of cycle of the current flowing into 
the condenser, and it is therefore difficult to estimate the effective value of the 
secondary current. Assuming that the current is sinusoidal for 9o? then zero 


7T . 
for 90°, the effective value I, of this current is found to be z times the average 


value, or 
I,- T amperes, (20) 
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if the sending key is held down continuously. In equation (20) P is power in 
watts supplied to the condenser, V is volts at which condenser discharges, and 
I, is the effective current in the secondary of the transformer. 

Since in general the sending key will be held down only at intermittent inter- 
vals, the actual effective current will be considerably less than that given by 
equation (20). This equation should therefore be used as the limiting maximum 
value of this current. 


BIBLIOGRAPHY. — Braun, Ferdinand, Drahtlose Telegraphie durch Wasser 
und Luft, Leipzig, 1901; Fahie, J. J., A History of Wireless Telegraphy, 3d 
Edition, N. Y., 1902; Righi and Dessau, Die Telegraphie ohne DraM, Braun- 
schweig, 1903; Fleming, J. A., The Principles of Electric Wave Telegraphy, Re- 
vised, London and New York; Zenneck, J., Elektromagnetische Schwingungen und 
drahilose Telegraphie, Stuttgart, 1905, and Lehrbuch der drahilosen Telegraphie, 
ed Edition, Stuttgart, 1913; Fleming, J. A., An Elementary Manual of Radio- 
telegraphy and Radiotelephony, N. Y., 1908; Monckton, C. C. F., Radiotelegraphy, 
N. Y., 1908; Poincaré H. and Vreeland, F. K., Maxwell’s Theory and Wireless 
Telegraphy, N. Y., 1904; Kennelly, A. E., Wireless Telegraphy and Telephony, 
Revised, N. Y.; Pierce, G. W., Principles of Wireless Telegraphy, N. X., 1910; 
Robison, S. S., Manual of Wireless Telegraphy for the Use of Naval Electricians, 
od Edition, revised, Annapolis, Md., 1911; Zenneck, J., Precis de Télégraphie sans 
Feil, French translation from the German, Paris, 1911; Erskine-Murray, J., Wire- 
less Telegraphy. For Current Literature, see Jahrbuch der Drahilosen Telegra- 
hie, Vol. 1-5, 1997-1922, et seq. Leipzig. 

[G. W. Perce.) 
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WIRELESS TELEPHONY. — (See also Wireless Telegraphy.) The cir- 
cuits employed in wireless telephony resemble closely those used in wireless 
telegraphy. The receiving circuits and their appendages are identical for teleph- 
ony and for telegraphy, so that a receiving wireless-telegraph station, when 
operating with any of the rectifier detectors (with a telephone receiver as indicat- 
ing instrument), is suitable for receiving either telegraph or telephone messages. 
The high-frequency circuits at the transmitting station are also of the same 
general character for telephony and for telegraphy, but the ordinary spark- 
discharge method of excitation at the transmitting station is not applicable for 
wireless telephony, for such excitation produces discrete trains of oscillations, 
which, arriving at the recelving station, are rectiNed by the detectors, and give 
discrete impulses of rectilied current to the telephone receiver. These discrete 
impulses used in wireless telegraphy are usually within the range of audibility 
and produce a musical note at the receiver. This musical note would predomi- 
nate over any modifications impressed by speech at the transmitting station. 

In order to adapt the transmitting station of wireless telegraphy to wircless 
telephony, it is necessary to change the excitation at the sending station, so that 
the waves emitted shall be a continuous sequence, or, if discrete, shall follow one 
another at a frequency above the limit of audibility. 

When such a persistent sequence of waves arrives at the receiving station, it 
is rectified by the detector, and gives a practically continuous pull upon the 
diaphragm of the telephone receiver, and is not audible except for such accidental 
irregularities of audible frequency as arise in imperfections of the exciting 
gencrators. Now, if such persistent oscillations at the transmitting station are 
caused to pass through a carbon microphone, or similar instrument, and the 
resistance of the microphone is caused to vary by the voice, the sequence of 
waves is modified in intensity, so that the amplitude of the high-frequency 
sequence of waves carries with it a series of modifications, or modulations, 
corresponding to the pitch, intensity and quality of the voice. ‘These modula- 
tions persist also in the rectified current through the receiving telephone and are 
heard as spoken words. 

The main problem of wircless telephony, is, therefore, the production of a 
sequence of high-frequency oscillations at the transmitting station of such pet- 
sistence and regularity as not to have any variations of audible frequency. 


GENERATORS FOR PERSISTENT HIGH-FREQUENCY OSCIL- 
LATIONS. — Among the generators for persistent high-frequency oscillations 
may be mentioned: (1) the high-frequency alternator, (2) the Poulsen arc, and 
(3) the Chaffee gap. 

High-frequency Alternators. — A high-frequency alternator capable of give. 
ing}]100,000 cycles per second is manufactured by the General Electric Company, 
It is driven by a zo-horse-power electric motor geared to the alternator 
by a De Laval turbine gear, giving the inductor of the alternator a speed of 
20,000 revolutions per minute. The machine contains a stationary field, a 
stationary armature and a rotating inductor. The air gap of the machine may 
be varied by means of a micrometer screw attached to the (rame of the machine, 
The machine is intended to be used with a resonant condenser, and gives, when 
so used, a terminal voltage of from 150 to 300 volts. The power output is 
about s kilowatts. 

The Goldschmidt High-frequency Alternator (Fig. 1). — Another type 
of high-frequency alternator has recently been developed by R. Goldechmidt in 
Germany for giving fram 30,000 to 100,000 cycles per second with a much slower 
speed of the rotating part. This is done by a combination of the effecta of 
rotation with the eflects of resonance, aud results in raising the frequency of the 
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generator to a multiple of its normal frequency. In Fig. 1, S represents the 
windings on the stator and R the windings on the rotor. Suppose that the 
number of poles of the stator and rotor are designed 
so as to give a‘frequency f when the machine is Ca A, 
used as an ordinary alternating-current generator ih E^ 
with direct current in the stator. The frequency 2 
f may be of the order of 10,000 cycles without na 
excessive speed. In order to get higher frequencies Cty NA 

from the machine, a choking coil D is placed in the che ; 
direct-current feeding circuit, B, D, S, and con- YDs 

densers Ci and C; are shunted with the field, and Fig. 1. Diagram of Circuits 
other condensers Cs, C4 and C; are attached to the in Goldschmidt's Alternator 
slip rings of the rotor. 

The machine operates on the principle that when an alternating current flows 
in the field coils the frequency of the rotor e.m.f. is the sum of the frequency of 
the alternating field and the frequency which would be induced in the rotor 
were a steatly-current field used. This principle is used in connection with 
resonance methods for accentuating the required multiple frequencies. 

The inventor claims that a machine of this type has been in operation since 
1910, and that it furnishes 12.5 kilowatts at 30,000 cycles with an efficiency of 
about 80 per cent, and that it delivers about 8 to 10 kilowatts at 60,000 cycles. 
He claims that there is no difficulty in constructing machines on the same 
principle capable of giving 60 to 80 kilowatts. 


Poulsen's Arc Generator for High-frequency Oscillations (Fig. 2).— This 
device consists of a copper-carbon arc in an atmosphere of coal gas or hydrogen. 
Details of the arc and its circuits are shown in Fig. 2. The copper terminal, 
which is usually hollow and water-cooled, is the 
positive terminal of the arc. The negative terminal 
of carbon is slowly rotated by clockwork. The 
gas receptacle surrounding the arc is provided with , 
a worm carrying water for cooling the walls of the 
receptacle. The poles of a powerful electromagnet 
are inserted gastight, into the chamber, and placed 
so as to give a strong magnetic field transverse to 
thearc. The circuits are as follows: The leads from 
a direct-current dynamo of from 200 to 500 volts are 
brought through a control resistance and around the 
coils of the electromagnet and connected to the ter- 
minals of the arc, so that the copper terminal] is 
positive. About the arc a circuit consisting of a condenser C and self induc- 
tance P are shunted. Oscillations are set up in this circuit and act inductively 
upon a secondary coil S attached to an antenna and ground. (See also Art, 
Electric.) 

At 100,000 cycles the Poulsen arc is capable of delivering several kilowatts of 
high-frequency power. It is difficult to get frequencies much above 200,000 
cycles with this form of generator. 


The Chaffee Gap for High-frequency Oscillations (Fig. 3). — A gap 
devised by E. L. Chaffee for producing high-frequency oscillations consists of a 
minute gap in hydrogen between a copper anode and an aluminum cathode. 
The copper terminal is shown in section at e in Fig. 3. A terminal of the same 
size but made of aluminum is shown facing e. Except for the difference in the 
metal of the two terminals, the two halves of the gap and mounting are sym- 
m-trical. Each terminal is inserted in a heat-radiating support t. The two 
supports are separated by an insulating block, which contains a small cavity 


Gas Inlet 
Fig. 2. Poulsen Arc- 
generator 
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in which the arc is surrounded by an atmosphere of hydrogen. The gap oper- 
ates on from 220 to 500 volts, and is fed from a direct-current source through a 
choking coil. A condenser and inductance are shunted about the gap. This 
condenser and inductance with the gap constitute the | 4 

primary of the oscillation system. The secondary of =] 

the system consists of a secondary coil and an antenna van Annana 

and ground as in Poulsen's arrangement of circuits. r CDI m 
However, in the Chaffee device the primary circuit is ` N 
not an oscillation circuit, for the gap is a rectifier and |} EA 
permits only direct-current impulses flowing in a direc- APTA i f 
tion from the copper to the aluminum through the gap. j 
One of these impulses starts the secondary circuit oscil- — 
lating, and the secondary oscillations impose potential . | 

ripples on the primary so as to trigger off successive Fig. 3 Chaffee Gap 
primary impulses at just the proper time for maintaining the secondary current. 
The recurrence of the primary impulses may be made of any desired frequency 
with respect to the secondary current by adjusting the primary condenser and 
inductance and the main supply current. The Chaffee gap may be used to 
develop any frequency up to 30,000,000 cycles per second. At 1,000,000 cycles 
a single gap will give about 44 kilowatt of high-frequency power. 


CONNECTIONS FOR TRANSMITTING STATION. — Figs. 4, 5 and 
6 show connections for a wireless telephone transmitting station with an arc 
as source of oscillations. When one of the high-frequency alternators is to be 


Fig. 4. Fig. 5. Fig. 6. 
Types of Connections for Wireless Telephone Transmitting Stations 


used, the alternator terminals are connected to the leads to C and P respec- 
tively. These diagrams are introduced particularly to show the disposition of 
the microphonic transmitter Af. The best position for this transmitter is 
directly in series between the secondary coil S and the ground E, as in Fig. 6. 
Other arrangements are with the transmitter in series with the dynamo circuit 
through the arc, as in Fig. 4, or in a circuit B, M, S (Fig. 5), arranged to act 
inductively upon the dynamo circuit. Another disposition of the microphone, 
not shown in the figures, is in a tertiary circuit inductively coupled with the 
antenna circuit. 

The microphone for wireless telephony must be of large current-carrying 
capacity aud in consequence water cooling in the transmitter is sometimes 
resorted to. 


TRANSMISSION DISTANCE. — The wireless telephone, though not in 
general use, is easily practicable up to distances of 100 miles. 


BIBLIOGRAPHY. — See references under Wireless Telegraphy; 
Chaffee, Proc. Am. Academy, Vol. 47, No. 9, pp. 265-312. 
[G. W. Prescz.] 
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WIRES AND CABLES, BABE, — (See also Aluminum; Copper; Gages, 
Wire: Resistance and Conductance; Standardization Rules of ihe A.I.E.E; Wires 
and Cables, Insulated; Wires, Resistance.) 

The following is a brief table of contents of this article: 


Dimensions, Weights and Resistance of Wires and Cables: 


Solid Copper Wire, A. W. G. (B. & S.) Gage..... E d aces p- 1859 
Copper Cables, A. W. G. (B. & S.) Gage.............,.. eee . 1860 
Solid Copper Wire, A. W. G. Gage in Metric Units............. . 1861 
Copper Cables, A. W. G. Gage in Metric Units. ..........,..... 1962 
Solid Copper Wire, British Standard Gage.....................« 1863 
Solid Copper Wire, Millimeter Gage.............ccccsceeecceaes 186, ` 
Solid Copper Wire, Ohms per Unit Weight...................... 1865 
Solid Copper Wire, Weight per Obm............ 0c. ceeceeee ee eee 1866 
Solid Aluminum Wire, A. W. G. (B. & S) Gage. .............. .. 1867 
Aluminum Cables, A. W. G. (B. & S) Gage.............. esee 1968 
Solid Aluminum Wire, A. W. G. Gage in Metric Units........... 1869 
Solid Steel Wire, American Steel Wire Gage. ................ ee. 1870 
Copper-clad Steel Wire, A. W. G. (B. & S) Gage................ 1872 
Trolley-wire Standard Sections. ........... 00. ccc cc cece ceeecees 1873 
Factors Affecting Dimensions, Weight and Resistance of Stranded Wires 1873 
Strength, Elasticity and Expansion Coefficient................. uuu. , 1878 
Current-carrying Capacity of Bare Wires... 1881 
Tests 28 ook os Rouen $e EA aie Ree RA ee T 1882 
Specification for Annealed Copper Wire..............c.cccecncrcecees 1883 
Specification for Hard Drawn Copper Wire...........ecccccecsacvcus 1885 
Installation. aene be e mA DU EP KL Dore s pex ad Weck ew rea a E) 1887 
s I ———— nnm er E ENS 1890 


A wire may be either solid or stranded, i.e., made up of a number of smaller 
wires twisted or brajded together. A Jarge bare stranded wire is usyally called 
a bare cable. Data on the insulatiun and protection of wires and cables will 
be found in the article on Wires and Cables, Insulated. Data on resistance 
wires will be found in the article on Wires, Resistance, and data on the prop 
erties of the various metals will be found in the articles on Aluminum, Coppa, 
and Steel. g 


PER CENT CONDUCTIVITY. — The definitions, constants and tables in 
this article are all in accord with the 1914 edition of the Standardisation Rules 
of the A.I.E.E. (q.v.). Per cent conductivity refers to the “International An- 
nealed Copper Standard." On the assumption of a resistivity temperature coef- 
cient of 0.00393 at 20° C. this per cent conductivity is only 0.283 per cent higher 
than the conductivity referred to Matthiessen's Standard (see Resistance and Caw 
ductance. If the length of a given wire is L cm., its cross-section A sq. cm. and 
its resistance at 20° C. is Ræ ohms then the per cent conductivity of this witeis 

C= 15.328 L 
= 88,900 A Ra ARa per cent. 

Annealed or soft-drawn copper usually has a conductivity of roo per cent, 
hard-drawn copper a conductivity of about 97 per cent. Ordinary hard- 
drawn aluminum has a conductivity of 61 per cent. The conductivity of iron 
or steel wire ranges from 8 to 16 per cent. 


DIMENSIONS, RESISTANCE AND WEIGHT. — The followin: 
tables for copper and aluminum are compiled from the tables in Circular 
No. 31 of the Bureau of Standards (1014 ed.), except that for stranded alumi- 
num on p. 1868.. The table for steel wire is compiled from that published by 
the American Steel and Wire Co., and the table for copper-clad steel wire is 
based on data published by the Duplex Metals Co. 
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SOLID COPPER WIRE 
A. W. G. or B. & S. Gage; English Units 
100 Per Cent Conductivity; Density 8.89 at 20° C. 


: | Resistance at _ " Weight in 
Cross-section ò PN 
ori 20 C. or 68° F. pounds Feet per 
Circular , Square ‘Ohms per Ohms! per | per pound 
mils | inches ! rooo feet per mile rooofeet mile 
oco0 460.0 [211.60 lo 16652 O.CjüCli 0.2354 5406 5 A480 1.561 
000! 400.6 107,800 m ris 0.06157 0. 426 527 1) 2049 I.963 
'00364.8 133,100 0.1045 0.07704.  O.411 422.8 2140 2.492 
A 
0324.9 | 105,500 0.082839 o.us. O. 519 310.5 1680 3.130 
1289.3 | 83.690 0.063573 0. 1216 0.654 253.3 1310 3.047 
21257.6 | 66,370 oe 0.1503 | O. i25 200.9 “1060 4.977 
3'229.4 | 52,640 0.04134 0.14070 1.04 IE 84I 6.276 
41204.3 41,740 0.04278 0.245885 | 1.31 126.4 667 7.914 
§'181.9 | 33,100 0.02600 0.3143 | 1.65 (100.2 529 9.980 
6162.0 26,250 0.c2062 0.3951; 2.09 | 70.46 420 12.58 
7144.3 20,820 0.01635 O 4482 2.63 : 63.02 333 15.87 
8'128.5 16,510 0.01247 0.6252 3.32 | 49.98 264 20.01 
10' 101.9 10,380 C. 008155 0.09486 | 5.28 | 31.43 166 31.82 
12} 80.81 | 6,530 0.005120 1.508 8.38 ! 19.77. | 104 50.59 
14! 64.08 | 4,107 0.003225 2.525 13.3 | 12.43 63.3 80.44 
I5! 57.07 | 3.257 0.002558 3.184 16.8 9.858 52.0 ICI .4 
16' 50.82 | 2,583 0.002028 4 O15 21.2 7.818 41.3 127.9 
17} 45.26 | 2,038  |o.oct1609 5.064 26.7 6.200 2.7 161.3 
18i 40.30 | 1,624 0.00127 6. 385 33-7 4.917 26.0 203.4 
19' 35.89 | r,288 O.O01CI2 8.051 42.5 3.809 20.6 256.5 
201 31.96 | 1,022 0.0008023 10.15 53.6 3.092 16.3 323.4 
2t; 28.46 810.1 [2 00006 12.80 67.6 2.482 12.9 407.8 
2a! 25.35 642.4 0- 9095046 I6. T4 85.2 1.045 10.3 514.2 
23! 22.57 509.5  |0.0004002 20.36 108 I.542 8.14 648.4 
al 20.10 404.0 10.0003173 25 67 135 1.223 6.46 817.7 
25! 17.90 320.4 |0.0002517 32.37 171 0.4609 5.12 | 1,037 
26! 15.94 254.1 |o.0001096 40.82 216 0.7642 4.06 | 1,300 
27| 14.20 201.5 10.0001583 51.46 | 272 6.6100 3.22 1,639 
28, 12.64 159.8 [0.0001255 64.90 343 0.4837 2.55 | 2,067 
29] 11.26 126.7 (0. 00004953 81.84 | 432 0.3836 2.03 | 2,607 
30! 10,03 100.5 ,0.00007894 | 103.2 545 6.3042 I. 61 | 3.287 
31) 8.928 79.70 10.00006260 | 130.1 687 0.2413 I.27 | 4,145 
32} 7.950 63.21 |o.00004064 | 164.1 866 0.1913 1.01 | 5,227 
33| 7.080 50.13 |o.00003937 | 206.9 1090 0.1517 o.814| 6,591 
34| 6.305 39.75 |0.00003122 |. 260.9 1380 0.1203 0.635] 8,310 
35| 5.615 31.52 10.00002476 | 329.0 1740 0.09512| 0.504! 10,480 
36! 5.000 25.00 |0.00001964 | 414.8 2190 6.07568| 0.400! 13,210 
38| 3.965! 15.72 |0.00001235 | 650.6 3480 0.04759} 0.251) 21,010 
40| 3.145 9.888] 0000007766 | 1049 15540 0.02093] 0.158 33,410 


“Let C = per cent conductivity, Ra = resistance of 100 per cent conductivity wire at 
20° C, (from table), Re = resistance of wire of conductivity C at any temperature /? OF 
n Š 


e Ri = Rol E+ 0.00393 (l -- 20) | . 


1860 Wires and Cables, Bare 


COPPER CABLES, CONCENTRIC-LAY 
Cir. Mils and A. W. G. or B. & S. Gage; English Units 
100 Per Cent Conductivity; Density 8.89 at 20? C. (See p. 1873.) 


Resistance at | Weight in 


25°C. or 77° F.* pounds, bare Standard strands | Flexible strands 


Circular | Di Out- 
mils | Ohms | Ohms| per Num-| 0m- side 
d per eter of| ,. 

an per1ooo| per | 1000 ile berof| . ed diam- 
A. W. G-| feet | mile | feet wires |... | eter, 
, mils). : 

in mils 


— | ———— | —— 1—Ó—————— —Ó——— | ——— [| L— ——— | — 


2,000,000| 0.00539] 0.0285,6180 |32600| 127 | 125.5 | 1631 


o 
1,900,000| 0.00568| 0.0300/5870 | 31000 | 127 122.3 | 1590 
1,800,000| 0.00599| 0.0316/5560 | 29300] 127 | 119.1 | 1548 
1,700,000| 0.00634, 0.0335/5250 | 27700| 127 | 115.7 | 1504 
1,600,000] 0.00674| 0.0356|4940 | 26100] 127 | 112.2} 1459 
1,500,000| 0.00719] 0.0380/4630 | 24500] 9I I28.4 | 1412 
1,400,000] 0.00770! 0.0407|4320 | 22800] 9r 124.0] 1364 
1,300,000] 0.00830| 0.0438/4010 | 21200] 9I 119.5] 1315 
1,200,000] 0.00899! 0.0475|3710 | 19600} 9I | 114.8] 1263 
I,10C,000] 0.00981] 0.0518}3400 | 17900] 9I | 109.9] 1209 
1,000,000] 0.0108 | 0.0570}3090 | 16300] 61 | 128.0] 1152 
950,000! 0.0114 | 0.0600/2930 |15490| 61 I24.8 | 1123 
900,000| 0.0120 | 0.0633|2780 |14670| 6! | 121.5] 1093 
850,000| 0.0127 | 0.0670|2620 |13860| 61 118.0 | 1062 É 
$00,000] 0.0135 | 0.0712|2470 |13040| 61 II4.5 | 1031 ) 
450,000| 0.0144 | 0.0759|2320 |12230| 61 I10.9| 998 B 
700,000} 0.0154 | 0.0814|2160 |11410|] 61 | 107.1] 964 
650,000) 0.0166 | 0.0876}2010 | 10000| 61 | 103.2] 929 n 
620,000| 0.0180 | 0.0949/1850 9780] 61 99.2] 893 2 
550,000] 0.0196 | 0.1036)1700 8970} 61 95.0] 855 1 
500,000| 0.0216 | 0. 1139,1540 8150] 37 116.2| 814 3 
450,000| 0.0240 | 0.1266/1390 7340| 37 | 110.3] 772 4 
400,000] 0.0270 | 0.1424/1240 6520} 37 I04.0| 728 5 
350,000] 0.0308 | 0.1627/1080 $710| 37 97.3| 681 F} 
300,000| 0.0360 | 0.1899] 926 | 4890| 37 g90.0| 630 ? 
250,000| 0.0431 | 0.228 | 772 4080| 37 82.2| 575 4 
0000 0.0509 | 0.269 | 653 3450] 19 105.5| 528 y 
000 0.0642 | 0.339 | 518 2735 19 94.0] 470 X 
00 0.0811 | 0.428 | 411 2170} 19 83.7] 418 i 
o 0.102 | 0.540 | 326 1720| 19 74.51 373 3 
I | 0.129 | 0.681 | 258 | 1364] 19 | 66.4| 332 y 
2 0.162 | 0.858 | 205 1082 7 97.4| 292 y 
3 0.205 | 1.082 | 163, 858 7 86.7| 260 t 
4 | 0.259 | 1.365 | 129 680, 7 | 77.2| 232 Í 
5 0. 326 1.721 | 102 540 7 68.8] 206 j 
6 o.410 | 2.170 | 8r.o| 428 7 61.2| 184 wt 
7 {0.519 | 2.74 | 64.3} 339; 7 | S4.5| 164 | 19 | 33.4} 166 I" 
8 ( 


0.654 | 3.45 S5r.0| 269 7 48.6! 146 19 29.5] 7 uw 
a 


*Let C = per cent conductivity, Rs = resistance of roo per cent conductivity cable at 
25° C. (from table), R, = resistance of cable of conductivity C at any temperature f° C., 


then Re = Rs [e + 0.00385 (£— 5]. 


Wires and Cables, Bare 1861 


SOLID COPPER WIRE 
A. W. G. or B. & S. Gage in Metric Units 
100 Per Cent Conductivity; Density 8.89 at 20° C, 


Diameter in | Cross-section | ° OBIS per Kilograms per 
Gage No. : kilometer, f 
mm, in sq. mm. S kilometer 
20 co 
0000 11.68 107.2 0. 1608 953.2 
000 10.40 85.03 0.2028 755.9 
00 9.266 67.43 0.2557 599.5 
o 8.252 53.48 0.3224 475.4 
I 7.348 42.41 0. 4066 377.0 
2 6.544 33.63 0.5126 299.0 
3 5.827 26.67 0.6464 237.I 
4 5.189 21.15 0.8152 188.0 
5 4.621 16.77 1.028 149.I 
6 4.115 13.30 1.296 118.2 
7 3.665 10.55 1.634 93.78 
8 3.264 8.366 2.061 74.37 
10 2.588 $.261 3.277 46.77 
I2 2.053 3.309 5.211 29.42 
14 1.628 2.081 8.285 18.50 
IS 1.450 I.650 10.45 14.67 
16 1.291 1.309 13.18 11.63 
17. 1.150 1.038 16.61 9.226 
18 1.024 0.8231 20.95 7.317 
I9 0.9116 0.6527 26.42 5.803 
20 0.8118 0.5176 33.31 4.602 
21 0.7230 0. 4105 42.00 3.649 
22 0.6438 0.3255 52.96 2.894 
23 0.5733 , 0.2582 66.79 2.295 
24 0.5106 0.2047 84.22 1.820 
25 0.4547 0. 1624 106.2 1.443 
26 0.4049 0.1288 133.9 I.145 
27 0.3606 0.1021 168.8 0.9078 
28 0.3211 0.08098 212.9 0.7199 
29 0.2859 0.06422 268.5 0.5709 
30 0.2546 0.05093 338.6 0.4527 
3I 0.2268 0.04039 426.9 0.3590 
32 0.2019 0.03203 538.3 0.2847 
33 0.1798 0.02540 678.8 0.2258 
34 0.1601 0.02014 856.0 0.1791 
35 0.1426 0.01597 1079 0.1420 
36 0.1270 0.01267 1361 0.1126 
38 0.1007 0.007967 2164 0.07083 


0.005010 : 0.04454 


t 


*Let C = per cent conductivity, Ry = resistance of 100 per cent conductivity wire 
at 20* C. ( table), Rs = resistance of wire of conductivity C at any temperature /? C, 


Rs = Rao [2 +0.00393 (t — 20) ] - 


1862 | Wires and Cables, Bare 


COPPER CABLES, CONCENTRIC-LAY 
Cir. Mils and A.W.G. or B. & S. Gage in Metric Units 
100 Per Cent Conductivity; Density 8.89 at 20°C. (See p. 1873.) 


Standard strands Flexible strands 


Circular | Total | Ohms | Eile 
A kil grams ; : " Out- 
miis perkilo- ķil Diam- |Outside Diam- | `. 
: perkilo- Num- ; Num- side 
and  |section, meter eter of | diam- eter of | .. 
K opn?°| meter, ber of| _. . |berof . diam- 
A.W.G. {in mm.?jatas?C. . wires, jeter, in| . wires, 
Bare l|wires |. mm.| mm, |" 195 in mm. |, ^ 
in . e LJ in mm. 
2,000,000 0.0177 | 9190 127 3.19 41.4 | 169 2.76 | 414 
1,900,000 0.0186 | 8730 127 3.11 40.4 | 169 2.69 | 40.4 
1,800,000 0.0197 | 8270 127 3.02 39.3 | 169 2.62 | 39.3 
1,700,000 0.0208 | 7810 127 2.94 38.2 | 169 | 2.55 | 38.2 
1,600,000 0.0221 | 7350 127 2.85 37.1 | 169 2.47 | 37.1 
1,500,000 0.0236 | 6890 91 3.36 35.9 | 127 2.76 | 35.9 
1,400,000 0.0253 | 6430 | 9I 3.15 34.7 | 127 2.67 | 34.7 
1,300,000 0.0272 | 5970 9I 3.04 33.4 127 2.57 33.4 
1,200,000 0.0295 | 5510 9I 2.92 32.1 | 127 2.44 | 32.1 
1,100,000 0.0322 | 5050 9I 2.79 | -30.7 | 127 2.36 | 30.7 
1,000,000 0.0354 | 4590 61 3.25 29.3 91 2.66 | 29.3 
950,000 0.0373 | 4370 61 3.17 28.5 QI 2.60 | 28.5 
900,000 0.0393 | 4140 61 | 3.09 | 27.8 | 91 | 2.53 | 27.8 
850,000 0.0416 | 3910 61 3.00 27.0 9I 2.45 | 27.0 
800,000 0.0442 | 3680 61: | 291 | 26.2 | 91 | 2.38 | 26.2 
750,000 0.0472 | 3450 61 2.82 25.3 91 2.31 | 25.4 
700,000 0.0506 | 3220 61 2.72 24.5 QI 2.23 | 24.5 
650,000 0.0544 | 2990 61 2.62 23.6 91 2.15 | 23.6 
600,000 0.0590 | 2760 61 2.52 22.7 gt | 2.00 | 22.7 
550,000 0.0643 | 2530 61 2.41 21.7 9I 1.97 |9017 
500,000 0.0708 | 2300 37 2.95 20.7 61 2.30 | 2.7 
450,000 0.0786 | 2070 37 | 2.80 | 19.6 | 61 | 2.18 | 19.6 
400,000 0.0885 | 1840 37 2.64 18.5 61 2.06 | 18.5 | 
350,000 0.101 | 1610 37 2.47 17.3 61 1.92 | 173 | 
300,000 0.118 | 1380 37 2.29 16.0 61 1.78 | 16.0 
250,000 0.142 1150 37 2.09 -14.6 61 1.63 | 14.6 
0000 0.167 | .972 19 2.68 13.4 37 1.93 | 13.5 
000 0.211 771 19 2.39 1.9 | 37 | 171 | 14° | 
oo o. 266 611 19 2.13 10.6 37 1.52 | 10.7 
o 0.334 485 I9 1.89 9.46 | 37 1.36 9.5 | 
I 0.423 | 385 19 | 1.69 | 843| 37 | r2: | 8&9; 
2 0.533 305 7 2.47 7.42 | 19 I.50 7.51 
3 0.673 242 7 2.20 6.61 19 I.34 6.68 
4 0.849 192 ri 1.96 5.88 | 19 1.19 | 5-95 
5 1.07 152 7 1.75 5.24 | 19 1.06 | 5.» 
6 I.35 I2I 7 1.56 4.67} 19 | 0.944 | 47 
7 1.70 95.7 7 1.39 4.16 | 19 0.841 | 4.7 
8 8.37| 2.14 15.9 7 1.23 3.70 | 19 | 0.749 | 37 


* Let C = per cent conductivity, Ra = resistance of roo per cent conductivity cable st "Ly 


25° C. (from table), Ri = resistance of cable of conductivity C at any temperature ? \~ 


then 
Rı = Ral 7 + 0.00385 (t — 25)| . 


r 


| 


5 Cross-section 
_ | Gage Diameter | 
" No. in mils Circular | Square 
m mils inches | 
w 7-0 §00 250,000 0.1004 
€ 6-0 464 215,300 0.1691 
i 5-0 432 186 600 9.1466 
4-0 400 160,000 0.1257 
3-0 372 138,400 0.1087 
2-0 348 121,100 0.09512 
i o 324 105,000 0.08245 
I 300 90,000 0.07009 
2 276 76,180 0.05983 
3 252 63,500 0.04088 
4 232 53,820 0.04227 
S 212 44.940 0.03530 
6 192 36,860 0.02895 
7 176 30,980 0.02433 
8 160 25,600 0.02011 
9 144 20,740 0.01629 
10 128 16, 380 0.01287 
i II 116 13,460 0.01057 
I2 104 10,820 0.008495 
I3 92 8,464 0.006648 
14 8 6,400 0.005027 
IS 72 5,184 0.004072 
16 64 4,096 0.003217 
17 56 3,136 0.002463 
I8 48 2,304 0.001810 
19 40 1,600 0.001257 
20 36 1,296 0.001018 
22 2 784.0 0.00061 58 
24 22 484.0 0.0003801 
26 18 324.0 0.0002545 
28 14.8 219.0 | 0.0001720 
3o. 12.4 153.8 0.0001 208 
32 10.8 116.6 0.0000916I 
34 9.2 84.64 | 0.00006648 
36 7.6 57.76 | 0.00005536 
38 6.0 36.00 | 0.00002827 
40 4.8 23.04 | 0.00001810 
42 4.0 16.60 | 0.00001257 
44 3.2 10.24 | 0.000008042 
50 1.0 1.009 ' 0.0000007854 
gon C» 
. 60°F, (from 
then 


Wires and Cables, Bare 


SOLID COPPER WIRE 


British Standard Wire Gage; English Units 
100 Per Cent Conductivity; Density 8.89 at 20° C. 


Ohms per 


1000 


Oo. 
o. 
O. 
o. 
o. 
o. 


m9 922290900 000 


feet, 


15.6° C. or 
60° E? 


Q4077 
04734 
05461 
06370 
07.405 
08416 
09709 
1132 

13,8 


.204 


E 


1.966 


995 .3 


19,190 


1863 


Pounds per 
1000 feet 


756.8 
651.7 
564.9 
484.3 
418.9 
366.6 
317.8 
272.4 
230.6 
192.2 
162.9 
136.0 
111.6 
93.76 
71.49 
62.77 
49.59 
40.73 
32.74 
25.62 
19.37 
15.69 
12.40 
9.493 
6.974 
4.843 
3.923 
2.373 
1.465 
0.9807 
0.6630 
0.4654 
0.353I 
0.2562 
0.1748 
0.1990 
9.00974 
0.04843 


0.031090 
0.003027 


per cent conductivity, Re = resistance of roo per cent conductivity wire at 


table), Re = resistance of wire of conductivity C at any temperature $° F., 


R= Ral 7 + 0.00225 (t -60)| . 


1864 "Wires and Cables, Bare 


SOLID COPPER WIRE 

* Millimeter Gage"; Metric Units j be 

100 Per Cent Conductivity; Density 8.89 at 20° C. X 
Ohms per kilo- 


Dismetor in tanm Cross-section in ameter, Kilograms per : 
sq. mm. ð kilometer 
20° C.* t 
10.0 18.54 0.2195 698.2 i 
9.0 63.62 0.2710 565.6 
» 8.0 50.27 0.3430 446.9 I 
7.0 38.48 0.4480 342.1. : 
6.0 28.27 0.6098 251.4 j 
5.0 19.64 0.8781 174.6 4 
4.5 15.90 1.084 I4I.4 i 
4.0 12.57 1.372 III.7 
3-5 9.621 1.792 85.53 i 
3.0 7.069 2.439 62.84 | 
2.5 4.909 3.512 43.64 ; 
2.0 3.142 5.488 27.93 . 
1.8 2.545 6.775 22.62 i 
1.6 2.011 8.575 17.87 E 
I.4 1.539 11.20 13.69 : 
1.2 1.131 15.24 10.05 7 
I.0 0.7854 21.95 6.982 2 
0.90 0.6362 27.10 5.656 
0.80 0.5027 34.30 4.469 
0.70 0.3848 44.80 3.421 1 
o.60 0.2827 60.98 2.514 : 
. 0.50 0.1964 87.8r 1.746 : 
0.45 0.1590 108.4 1.414 A 
0.40 0.1257 137.2 1.117 , 
0.35 0.09621 179.2 0.8553 *. 
0.30 0.07069 243.9 0.6284 à | 
0.25 0.04909 351.2 0.4364 : 
0.20 0.03142 548.8 0.2793 E 
0.15 0.01767 975.6 0.1571 T 
0.10 0.007854 2195 0.06982 i 
0.001964 8781 0.01746 * 
i| 
*Let C = per cent conductivity, i 
Rss = resistance of 100 per cent conductivity wire at 20° C. (from table), 1 
Rs = resistance of wire of conductivity C at any temperature /? C., à 
then . : 
100 ’ s 
Ri = Ry E + 0.00393 (f — 29 ° 1 
j 
i 
í 0 
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Wires and Cables, Bare 


1865 


SOLID COPPER WIRE; OHMS PER UNIT WEIGHT 
A. W. G. or B. & S. Gage; Bnglish and Metric Units 
100 Per Cent Conductivity; Density 8.89 at 20? C. 


0.00007051 
0.0001I2I 
0.0001783 
0.0002835 
0.0004507 
0.0007166 
0.001140 
0.001812 
0.002881 


0.004581 
0.007284 
0.01158 
0.01842 
0.02928 
0.04656 
0.07404 
0.1177 
0.1872 


0.2976 
0.4733 
0.7525 


1.197 
1.903 
3.025 
4.810 
7.649 
12.16 
19.34 
30.75 
48.89 
77.74 
123.6 
196.6 
312.5 
497.0 
790.2 
1,256 
1,998 
3,177 
5,05I 
12,770 
32,290 


0.01257 
0.01999 
0.03178 
0.05053 
0.08035 
0.1278 

0.2032 


0.3230 
0.5136 
0.8167 
1.299 
2.065 
3.283 
5.221 
8.302 
13.20 
20.99 
33.37 
53.06 
84.37 
134.2 
213.3 
339.2 
539.3 
857.6 
1,364 
2,168 
3,448 


5,482 
13,860 
35,040 


[e] 

0, C001 160 
0. 0002103 
0.00041 10 
O. OCC 5 16058 
0. 00086495 
0.001383 
0.002198 
0.003495 
0.005558 
0008S 38 
0.01405 
0.02234 
0.03553 
0.05649 
0.08983 
0.1428 
0.227I 


0.3611 
0.5742 
0.9130 
1.452 
2.308 
3.670 
5.836 
9.280 
14.76 
23.46 
37.31 
$9.32 
94.32 
150.0 
238.5 
379.2 
602.9 
958.7 
1,524 
2,424 
3,854 
6,128 
15,490 
39.170 


Ohms per kilogram 


OOO gh 
001580 | 
.O02512 
004095 
000 35 2 
OIOIO 
01606 
02553 
04060 
06456 
1026 


1632 
2595 
4127 
6562 
I.043 
1.659 


2.638 

4.194 

6.670 
10.60 
16.86 
26.81 


42.63 
67.79 
107.8 
I71.4 
272.5 
433.3 
689.0 
1,096 
1,742 
2,770 
4,404 
7,003 
11,140 
28,150 
71,180 


o9p0090090090900000000 


o 

[e 
0.0004265 
0.0006782 
0.001078 
0.001715 
0.002726 
0.004435 
0.000894 
0.01096 
0.01743 
0.02771 
0.04407 
0.07006 
O. 1114 
0.1771 
0.2817 
0.4479 
O.712I 
1.132 

I 


1866 


3|1547 
4|1227 
5972.8 
6/771.5 
7/611.8 
8485.2 ` 
9/384.8 
10} 305.2 
II[242.0 
I2|191.9 
13|152.2 
I4|120.7 


IS| 95.72 
16| 75.90 
17| 60.19 
18| 47.74 
19| 37.86 
20| 30.02 
21| 23.81 
22| 18.88 
23| 14.97 


& 
& 
o! 
rt 
S 
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Wires and Cables, Baré 


. SOLID COPPER WIRE; WEIGHT PER OHM 
A. W. G. or B. & S. Gage; English and Metric Units 
100 Per Cent Conductivity; Density 8.89. at 20? C. 


20? C. 


68° F. 


so? C. 
122°F. 


18,250 
14,470 
11,480 
9,103 
7,219 
5,725 
4,540 
3,600 
2,855 
2,264 
1,796 
1,424 
1,129 
895.6 
710.2 
563.2 
446.7 
354.2 
280.9 
222.8 
176.7 
140.1 
III.I 
88.II 
69.87 
55.41 
43.94 
34.85 
27.64 
21.92 
17.38 
13.78 
10.93 
8.669 
6.875 
5.452 
4.323 
3.429 
2.719 
2.156 
I.356 


Pounds per ohm 
20°C. |- ge^ C. 
68? F. 122? F. 
13,070 11,690 
8,219 7,352 
5,169 | 4,624 
3,251 2,908 
2,044 1,829 
1,286 1,150 
808.6 723.3 
508.5 454.9 
Ja19.8 286.1 
201.1 179.9 
126.5 113.2 
49.56 71.16 
50.03 44.75 
31.47 28.15 
19.79 17.70 
12.44 II.33 
1.821 7.001 
4.922 4.403 
3.096 2.769 
1.947 1.742 
1.224 1.095 
0.7705 0.6888 
0.4843 0.4332 
0.3046 0.2725 
0.1915 0.1713 
0.1205 0.1078 
0.07576" | 0.06777 
0.04765 0.04262 
0.02997 0.02680 
o. 01884: 0.01686 
0.01185 0.01060 
0.007454 0.006668 
0.004688 0.004193 
0.902948 0.002637 
0.001854 0.001659 
0.001166 0.001043 
0.0007333 | 0.0006560 
0.0004612 | 0.0004126 
0.0002900 | 0.0002595 
©.0001824 | 0.0001632 


0.00007216| 0.00006454 
0.8529| , 0.00002854| 0.00002553 


Grams per ohm 


—— Hunni 


20° C. 


5,928,000 
3,728,000 
2,344,000 
1,474,000 
927,300 
§83,200 
366,800 
230,700 
I45,100 
91,230 
57,380 
36,090 
22,690 
14,270 
8,976 
5,645 
3,550 
2,233 
I,404 
883.1 
$55.3 
349.3 
219.7 
138.2 
86.89 
54.64 
34.36 
21.61 
13.59 
8.548 
5.376 
3.381 
2.126 
1.337 
0.8410 
0.5289 
0.3326 
0.2092 
o. 1316 
0.08275 
0.03273 
0.01294 


5o? C. 


5,302,000 
3,335,000 
2,097,000 
1,319,000 rr 
829,500 uj 
521,700 
328,100 " 
206,300 
129,800 
81,610 
51,30 M 
32,280 


Wires and Cables, Bare 1807 
SOLID ALUMINUM WIRE 
A. W. G. or B. & S. Gage; English Units 
61 Per Cent Conductivity; Density 2.70 


Ohms 
Circular | Square dt duh per per 
E . * . 
miis inches feet mile ides; feet; mile 
- 211,600 0. 1662 0.0804 0.424' 195 1027 
À 167,800 jo: 1318 0.101 0.535 154 815 
` 133, 100 es 0.128 uh 122 640 
| 105,500 — 0.08289 o.161 | 0.851, 97.0 512 
i 83,690 0.00573 0.203 1.073 76.9 406 
66,370 0.05213 0.256 1.353, 61.0 322 
: 52,630 0.04134 0.324 1.700; 48.4 255 
41,740 0.03278 0.408 2.15 38.4 203 
33,100 C.02600 0.514 2.71 30.4 160.7 
26,350 0.02062 0.648 3.42| 24.1 127.4 
20,820 0.01635 0.817 4.31 I9.I 101.0 
16,510 0.01297 1.03 5.44 | 15.2 89.2 
10,380 0.008155 1.64 8.65 9.55 50.4 
6,530 0.005129 2.61 13.70 6.0Q 31.7 
4,107 0.003225 4.14 21.9 3.78 19.93 
3,257 0.002558 5.22 27.6 2.99 15.81 
2,583 0.002029 6.59 34.8 2.37 12.54 
2,048 0.091609 8.31 43.8 1.88 9.94 
0.001276 10.5 55.3 49 7.89 
0.001012 13.2 69.7 
. 0.0008023 16.7 87.9 
a1), 28.46 810.1 |o.0006363 | 21.0 | 110.9 
22| 25.35 642.4 10.0005046 26.5 139.8 
Aj 22.37 $09.35 |0.0004002 33.4 176.3 
24; 20.19 404.0 |0.0003173 42.1 222 
43| 17.90 320.4 |0.0002517 53.1 280 
26] 15.94 | 254.1 |o.oo1996 | 67.0 | 353 


*Let C = 


27| 14.29 20I.5 |0.0001583 84.4 446 

a8) 12.64 159.8 

29| 11.26 | — 126.7 

30| 10.03 100.5 

3i| 8.928 79.70 

3| 7.950 53.21 

J3| 7.080 50.13 

4) 6.35! ^ 39.75 

35| 5.615 31.52 

36, $.p00 25.00 lo. 0.0230 .] 
38] 3.965 15.72 |o.00001235 |to80 5710 0.0145 | 0.0763 
40| 3.145 9 .888]0. 000007766) 1720 9080 0.0091 


Resistance at | 
20? C. or 68° F.* 


Weight in pounds 


©°9°9 999 D009 000 Ooo OK ae 


Per cent conductivity, Ry = resistance of 61 per cent conductivity wire at 


"iie (from table), Ry= resistance of wire of conductivity C at any temperature $° C., 


R, = 


a [1 4- 0.004 (t — 20)]. 
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_ ALUMINUM CABLES. 


The commercial sizes of stranded aluminum cables, made by the Aluminum Com- 
pany of America, are not even circular mil and B. & S. sizes, but are of such cross sec- 
tions as to give the same conductivity as even circular mil and B. & S. sizes of copper 
cables of 97 per cent conductivity. Inthe following table the first four and the seventh 
columns are taken from a pamphlet entitled "Instructions for Installation and Main- 
tenance of Aluminum Electrical Conductors,” issued by the Aluminum Company of 
America, in 1914. 


B. & S. gage or Resistance at 
circular mils Diam- | as? C. or 77? F.* 
eter of 


Copper (97 | Aluminum 
per cent) 61 per 
equivalent cent 


strands 


1,590,000 
I,515,000 
1,431,000 
1,351,500 
1,272,000 
1,192,500 


1,113,000 
1,033,500 O.OI7I 
954,000 0.0186 


874,500 0.0202 
795,000 0.0223 
715,500 0.0247 
636,000 0.0278 
556,500 0.0318 
477,000 0.0371 
397,500 0.0444 
336,420 0.0525 
266,800 0.0662 
211,950 0.0836 
167,800 0.105 
133,220 0.133 
105,530 0.167 
83,640 O.2II 
66,370 0. 267 
52,630 0.336 
41,740 0.423 


An & W WR „o8 88 


NW MM WA A 


* These resistances are taken equal to those given on page 1860 divided by 9097. 


ss 
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SOLID ALUMINUM WIRE 
A. W. G. or B. & S. Gage in Metric Units 
61 Per Cent Conductivity; Density 2.70; Temperature 20° C. or 68° F.* 


Gage No Diameter in | Cross-section Ohms per Kilograms per 
as ° mm. in sq. mm. kilometer kilometer 
0000 11.68 107.2 0.204 289 
000 10.40 85.03 0.433 230 

00 9.266 67.43 0.419 182 

(e. 8.252 53.48 0.529 144 

I 7.348 42.41 0.667 114 

2 6.544 33.63 0.841 90.8 

3 5.827 26.67 1.06 72.0 

4 5.189 21.15 1.34 57.1 

5 4.621 16.77 1.69 45.3 

6 4.115 13.30 2.13 35.9 

7 3.665 10.55 2.68 28.5 

8 3.264 8. 366 3.38 22.6 
10 2.588 5.261 5.38 14.2 
12 2.053 3.309 8.55 8.93 
14 1.638 2.081 13.6 5.62 
1§ 1.450 1.650 17.1 4.46 
16 1.291 1.309 21.6 3.53 
17 1.150 1.038 27.3 2.80 
18 1.024 0.8231 34.4 2.22 
19 0.9116 0.6527 43.3 1.76 
20 0.8118 0.5176 54.6 1.40 
21 0.7230 0.4105 68.9 I.II 
23 0.6438 0.3255 86.9 0.879 
23 0.5733 0.2582 110 0.697 
24 0.5106 0.2047 138 0.553 
25 0.4547 0.1624 174 0. 438 
26 0.4049 0.1288 220 0.348 
27 0. 3606 0.1021 277 0.276 
28 0.3211 0.08098 349 0.219 
29 0.2859 0.06422 440 0.173 
30 0.2546 0.05093 555 o. 138 
31 0.2268 0.04039 100 0.109 
32 0.2019 0.03203 883 0.0865 
33 0.1798 0.02540 IlIO 0.0686 
34 0.1601 0.02014 1.100 0.0544 
35 0.1426 0.01597 1770 0.0431 
36 0.1270 0.01207 | 2230 0.0342 
38 0.1007 0.007967 | 3550 0.0215 
40 0.07987 0.005010 : 5640 o or35 


* Let C = per cent conductivity, Rx = resistance of 61 per cent conductivity wire at 
m C. (from table), Re = resistance of wire of conductivity C at any temperature ! C, 
en 


Rs =O eit Ss (t— 20)]. 


The temperature coefficient is approximate only. 
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SOLID STEEL WIRE 
American Steel Wire Gage; English Units 
12.5 Per Cent Conductivity; Density 7.78. 


@ 


Am. Steel Wire 


240,100 
219,800 
211,600 
191,400 
184,900 
165,000 
155,100 
140,600 
131,400 
118,200 
109,600 
97,660 
93,940 
80,090 
79,100 
68,910 
62,500 
59,490 
50,760 
47,850 
42,850 
36,860 
35,160 
31,330 
26,240 
24,410 
21,990 
18,200 
15,630 


Diameter Cross-section 


Circular| Square 


0.05412 
0.04909 
0.04665 
0.03987 
0.03758 
0.03365 
0.02895 
0.02761 
0.02461 
0.02061 
0.01917 
0.01727 
0.01431 
0.01227 


*Let C = per cent conductivity, 


Resistance at 
20° C, or 68° F.* 


Weight in 
pounds 


e 
"d 


Stoo! Wise | 


eo. | Arm- 


R» = resistance of 12.5 per cent conductivity wire at 20° C. (from table), 
R, = resistance of wire of any conductivity C at any temperature /? C, , 
then 


Ri = S88 r+ 0.006 (t — 20)]. 


The temperature coefficient is approximate only. 


American Steel Wire Gage; English Units 
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SOLID STEEL WIRE ~ Continued 


12.5 Per Cent Conductivity; Density 7.78 


es 


Diameter | Cross-section 


o9 
E 
o 
le a^ Se rs 
p [2g 
7) 4, (Cire 
c : Ó In. Mils Vir war quare ! 
g mils | inches 
"S MES M | 
~ II 120.5 14.520 0.01140 
12 105.5 11,130 0.00871 
232 | 94.8 | 8,789 enon 
13 9I.5 8,372 0.00055, 
14 80.0 6,400 | 0.00304, 
15 72.0 5,184 | 0.00407 
16 62.5 3906 | 0.00307 
Ve | 62.5 | 3906 | 0.00307; 
17 54.0 2910 | 0.00249 
18 47.5 2256 0.00177 
19 41.0 IOBI 0.00132 
20 34.8 1211 0.00095 
ar 31.8 1008 0.00079 
Wo | 31.3 977 | 0.00076" 
22 28.6 818 0.00064. 
23 25.8 6606 0.00052! 
24 23.0 529 0.000144 
25 20.4 416 0.00033, 
26 18.1 328 | 0.00026 
27 17.3 299 | 0.00024 
a8 16.2 262 | 0.00021 
29 15.0 225 0.00018; 
30 14.0 100 | 0.00015) 
3I 13.2 174 0.00014 
32 12.8 164 9.00013 
33 11.8 139 0.00011 
34 10.4 108 0.00008 
35 9.5 go ET 
36 9.0 8r 0.00006: 


*Let C = per cent conductivity, 


Ra = resistance of 12.5 per cent conduct 


Resistance at 


20° C. or 68^ F.* 


| Ohms |, 


Re = resistance of wire of any conductivity 


then 


R= Uam 0.006 (£— 20)]. 


: Ohms 
pe per 
1000 zie 
feet 

5.71, 30.2 
j 45 | 39.4 
9.44, 49.8 
osil 52.3 
12.46 68.5 
16.01 84.5 
21.2 112.1 
21.2 112.1 
28.5 150.2 
360.8 104.2 
49.4 } 261 
68.5 | 302 
82.3 | 435 
85.0 449 
101.4 536 
124.6 658 
150.8 828 
199.4 | 1053 
253 1337 
277 1464 
316 1669 
369 1947 
424 2240 
476 2510 
506 2670 
596 3150 
767 4050 
919 4850 
1023 5410 


Weight in 
pounds 
per 
1000 per 
e 
feet 
38.5 203.2 
29.5 155.7 
23.3 123.0 
22.1 117.32 
17.0 89.55 
13.7 72.53 
10.4 54.66 
10.4 54.06 
7.73 40.80 
5.98 31.57 
4.45 23.52 
3.21 16.95 
2.6; 14.11 
2.59 13.66 
2.17 11.45 
1.76 9.31 
1.40 7.40 
1.10 5.82 
0.87 4.58 
0.79 4.19 
0.70 3.67 
0.60 3.15 
0.52 2.74 
o.46 2.44 
6.43 2.30 
0.37 I.95 
0.29 I.SI 
0.24 1.26 
0.21 1.13 


ivity wire at 20° C. (from table), 


C at any temperature $° C., 


The temperature coefficient is approximate only. 
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Copper-clad Steel Wire.— This wire consists of a steel core and a con. | f 
centric coat of copper permanently welded thereto. It is used chiefly for long — |: 
span transmission and telephone wire. It is made in several grades, which | xc 
differ in the relative amounts of steel and copper. "The grades are designated 
by the corresponding conductivity expressed as per cents of Matthiessen's 
Standard; e.g., 40 per cent grade has a conductivity of 40 per cent. 


COPPER-CLAD STEEL WIRE 
A. W. G. or B. & S. Gage; English Units y 


24 
ponies 


40 Per Cent Conductivity; Density 8.26 


Resistance at Weight in 


Cross-section, oC or 75° F* pounds 


Feet 
Ohms per | * 
Circular | Square | per Ohms per | pound ag 
mils inches | rooo | PSF mile 2 
mile b 
feet i 
0000 211,600 0.1662 0.123 | 0.649 3140 1.68 
000 167,800 0.1318 0.154 | 0.813 2490 2.12 
00 133,100 0.1045 0.195 | 1.03 1970 2.67 
[o] 105,500 0.08289 0.246 1.30 1570 3.37 E 
I 83,690 0.06573 | 0.310 | 1.64 1240 4.26 
2 66,370 0.05213 | 0.390 | 2.06 982 5.38 
3 52,630 0.04134 | 0.492] 2.60 781 6.76 | 
4 41,740 0.03278 | 0.622 | 3.28 618 8.55 
5 33,100 0.02600 | 0.782 ; 491 Io. 76 
6 26,250 0.02062 | 0.987 i 389 13.57 n 
7 20,820 0.01635 | I.25 6.60 .5 |, 309 17.09 
8 16,510 0.01297 | 1.57 ; 245 21.6 
9 13,090 0.01028 1.98 $ 194 27.2 
o 10,380 0.008155} 2.50 ; I54 34.2 : 
8,234 0.006467| 3.15 122 43.3 K 
6,530 0.005129| 3.97 . 96.6 | 54.6 AG 
5,178 | 0.004067] 5.00 f 77.1 | 68.5 
4,107 0.003225| 6.31 60.7 | 87,0 E 
H 
* Let C = per cent conductivity, IN 
Ra. = resistance of 40 per cent conductivity wire at 23.9? C. (from table), E 
R, = resistance of wire of conductivity C at temperature /? C., m 
then N 
oR a 
R: = ert [1 + 0.00432 (t~ 23.9)]. is 
The temperature coefficient is approximate only. x 


Alloy Wires of High Tensile Strength. — Copper alloys having a low 1 
conductivity, but having a tensile strength from 5o per cent to roo per cent Ss 
greater than that of copper are sometimes used where strength or hardnes y, 
is a primary requisite, as in long spans of small wires or for trolley wires. The .. 
Bridgeport Brass Co. make a wire known as '' phono-electric wire" which bas ~: 
a conductivity of 25 per cent and a tensile strength ranging from 68,000 `- 
pounds per square inch for No. oooo B. & S. gauge to 85,000 pounds per square — ., 
inch for No. 18 B. & S. gage. » 

3 
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Trolley Wire. — Trolley wires of two different: sections arc in use in th 
United States. The sections shown in Fig. 1 are known as the ry MEUM: 
Standard” and the sections shown in Fig. 2 as the " Figure 8” sections The 


133,200 C.M. 163,000 C. M. 211,000 C.M. 
(00) (QO) (0000) 


Fig. l. American Standard Trolley-wire Sections 


American Society for Testing Materials recommend that the sizes be specified 
in circular mils, and not as gage numbers; the sizes shown in the figure differ 
in the area of the cross-section from the gage numbers given in parentheses by 
less than 5 parts in 1000. 


D. 
29e a 
0.420 
[ f | t 
mp t 5 [ 
4-073121 K— 0.100 —9 
105,600 C.M. 133,200 C.M. 168,100 C. M. 211,600 C.M. 
(0) (00) (000) (0000) 


Fig. 2. “ Figure 8" Trolley-wire Sections 


Trolley wires are usually of hard-drawn copper; the electrical and mechanical 
properties are the same as for round hard-drawn wire of the same cross-section. 
Copper alloys, such as phono-electric wire (sce above), are sometimes used for 
trolley wires. 


FACTORS AFFECTING DIMENSIONS, WEIGHT AND RESIST- 
ANCE OF STRANDED WIRES. — Individual stranded wires or cables are 
of four different types, namely: (a) bunched wire; (b) wire braids; (c) con- 
centric-lay cables and (d) rope-lay cables. 

Bunched Wires. — Bunched wires are used especially for those extra flexible 
cables known as cords, wherein the individual wires are so small that concentric 
stranding is not necessary to keep them together. ‘The wires are assembled 
parallel and then generally given a-slight twist. Sometimes they are kept 
together by being wound with soft cotton thread which also serves to prevent 
adhesion between the insulation and wires. 

Wire Braids. — In the flat form, wire braids are used for potential leads, etc., 
in lighting cables, where a flexible flat conductor is necessary. Tubular wire 
braids are also frequently formed over the insulation of cables in order to 
afford mechanical protection. Cables for naval or military purposes and for 
automobile work are frequently thus protected. 

Concentric-lay Cables. — A concentric-lay cable is a stranded conductor 
composed of a central core surrounded by one or more layers of helically laid 


- 
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wires. A rope-lay cable is a stranded wire made up in the same manner by 
using stranded wires instead of individual solid wires for the core and layers, 

. The cores of concentric-lay cables may be composed of one, two, three or fout 
wires of equal diameter. A five or six wire core would not be symmetrical 
and seven wires would themselves constitute a core and a layer. 


Number of Wires in Concentric-lay Cables. — Hence the following 
table gives all the possible concentric-lay cables with eight or less layers of 
equal size wires and formule for calculating the number of wires with any 
number of layers. 


NUMBER OF WIRES IN CONCENTRIC-LAY CABLES 
(All wires of same diameter) 


Number of Number of wires in core 
layers over 


core 


ee en’ ee | —— | ——— | ————— 


o 3 

I 12 

2 19 "27 

3 37 48 

4 61 70 75 

5 91 102 108 

6 127 140 I47 

ri 169 184 192 

8 217 234 243 252 

n 3n2+3n+1 3n°+5n+2 3n?-+6 n+-3 3+ n+ 4 


The number of wires per layer increases by six for each successive layer when 
the core has one wire, the first layer over the core having six. With cores having 
more than one wire, the increment per layer is not constant. 


Ratio of Diameter to Diam 
of Solid Wire of Samo 


1.0 
0 10 20 20 40 
Number of Wires in Stranded Conductor 
Fig. 3. 


Diameter of Concentric-lay Cables. — The diameter of the drem 
scribing circle of any of the above cables is equal to (2 »-F 6) times the diameter 
of each wire, where » is the number of layers over the core and b has the following 
values: 1 wire in core, b= 1; 2 wires in core, b= 2; 3 wires in core, b= 2.555: 
4 wires in core, b = 2.414. 

The relation between the number of component wires and the diameter of tbe 
cable is shown in Fig. 3. 


t 


Lavni 


Area of 
conduc- 
tor 
C. M. 


2,000,000 
1,750,000 
1,500,000 
1,250,000 
1,000,000 
950,000 
900,000 
850,000 
800,000 
750,000 
100,000 
650,000 
600,000 


bis] 
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COMMERCIAL STRANDED CONDUCTORS 


Number of wires in the stranded conductor 


v «| 


7X7 
—49 


[n 


E 


I27 


Diameter, in inches, of each wire in the cable 


| 


0.5345 | 0.3244 


0. 5000 
0.4629 
0.4226 
0.3779 
0. 3684 
0.3585 
0.3484 
0.3380 
0.3273 
9.3163 
9.3047 
0.2927 
0.2803 
0.2673 
0.2535 
0.2390 
0.2236 
0.2070 
0.1889 


0.1739 
0.1548 
0.1379 
0. 1228 
0.1094 
0.0974 
0.0867 
0.0772 
0.0688 
0,0612 
0.0545 
0.0484 
0.0432 
0.0386 
0.0306 
0.0242 


0.3035 
0.2810 
0.2565 
0.2294 
. 2236 
2176 
2115 
2050 
1986 
I919 
1849 
1776 
1701 
1622 
1538 
1457 
1357 
.1256 
1147 


09290999990 990 o 


0.1055 
0.0940 
0.0837 
0.0745 
0.0664 
0.0591 
0.0525 
0.2468 
0.0418 
0.0372 
0,033I 
0.0294 
0.0263 
0.0233 
0.0185 


0.0148 


9229990999 °2990299 909 000 
_ 
~ 
~J 
wi 


GW dE WE E DAE aC WE S Se 


0.0105 


! 
{ 


0.202 

0.189 

0.175 

0.1507 
0.1429 
0.13942 
0.1355 
0.1317 
0.1278 
0.1237 
O.II95 
0.1154 
[o] 
[o] 
o 
[^] 
o. 
o. 
P 
Oo. 


0090000000000 
e 
-1 


TELIT 


s.. m n on 


evt eee 


ISI 

169 

157 

143 

1285 
1247 
1214 
1180 
1145 
1108 
1o7t 
1032 
O90I 
0949 
,0905 
0858 


92099999299 999 9990 900 


"t 


| 
.1482'0, 
. 1387/0. 
1285/0. 
1174/0. 
1045/0. 
1021/0. 
099510. 
c 66 0. 
09.37 


So 60085509 TSO COG 000 


1875 


169 | 217 


1255 5. 1086| 0.096 


1174 0. 
1087/0. 
A 


o88710. 
0864/0. 
o84110. 
O818/0. 
0793/0. 
0769/0. 
0742/0. 
0715,0. 


.o68710. 
. 065810. 
. 0628/0. 
.0595|0. 
.o561Jo. 
.0526]o. 
.048610. 
.0443/0. 


1020 
0940 


(e) 


.090 
o. 


083 


o860| 0.076 
0769| 0.0678 


0749 
0729 
0709 
0687 
0666 
0643 
0620 
0595 
0571 
0543 
0516 
0486 
0455 
0421 
0384 


yee ee ee USAINA 


60:06 0'¢ L eee OS Oba nee ee 


eceoparehaovcecetetece e604 
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Oo. 
Oo. 


. 0607 
.0588 


[e] 


.. 


009000000090 


o661 


0644 
0625 


0567 
0547 
0525 
0503 
0480 
0455 
0429 
0401 
0371 
0339 


se ee 


DLP 
LL 


ERR 


| Weights in Ib. per 1000 ft. of all bare copper cables are computed by multiplying 
the circular mils by 0.00309. 
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Rope-lay Cables. — As already noted, a rope-lay cable is made up in the 
same way as a concentric-lay cable except that stranded wires are used for 
the core and layers instead of individual solid wires. Rope strands are used 
for large conductors which would be too stiff if stranded concentrically. The 
formulas for regular concentric-lay cables may be readily modified to apply to 
rope-lay cables, as each stranded wire bears the same relation to the rope as 
each individual solid wire does to the concentric-lay cable. The following table 
gives the principal forms of rope-lay cables. 


WIRES IN ROPE-LAY CABLES 


Num- Total number of wires 

ber of | Number 

layers of Wires per strand* 

over strands* 

core 7 I9 37 61 9I 
o I 7 19 37 61 9r 
I 7 49 133 259 427 637 
2 19 133 361 703 1159 1,729 
3 37 259 703 1369 2257 3,367 
4 61 . 4 1159 2257 3721 5,551 
5 9I 637 1729 3367 5551 8,281 
6 127 889 2413 4699 7147 11,557 
n 13 (nttn)+1 |21 (m+n) |s7 (nt-tn) (rrr (mtn) |r83 (m+n) |273 (m+n) 

+7 -+19 +37 +61 +91 


* By “ strand ” is here meant the stranded wires of which the rope is built up. 

The number of wires in a rope-lay cable is frequently designated by a product; 
thus, 7 X 19 indicates a conductor made up of 7 strands, each strand containing 19 
wires. 

Hemp-core Cables. — Cables with hemp centers have caused serios 
trouble and are not being recommended. (D, B. Rushmore, G. E. Rete, 
June, 1912.) 1 

Diameters of Component Wires in Commercial Stranded Conductors. 
— The table on p. 1875 gives the diameters of the component wires in the types 
of stranded conductors ordinarily used. 


Effect of Lay on Resistance and Weight. — In the tables given on pp. 1860, 
1862 and 1868, for stranded cables, the values given for “ohms per unit length” 
and “weight per unit length” are 2 per cent greater than for a solid rod of 
cross-section equal to the total cross-section of the wires of the cable. This 
increment of 2 per cent means that the values are correct for cables having a lay 
of rin 15.7. For any other lay, equal to 1 in n, resistance or mass may be calcu- 
lated by increasing the above tabulated values by 


(SF) 
—~ — 2 | per cent. 


General Formulas for Properties of Cables in Terms of the Properties 
of the Constituent Wires. — The following table gives the principal formulas 
for concentric-lay cable having a core of one wire. 

A= total area in circular mils of the component wires measured at right 

angles to their axes, when laid out straight. 

D = diameter of cable over-all, in inches. 

d = diameter of each of the component wires, in inches. 

d = diameter of core, in inches. 


el =, .. 


DOM 
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dp = pitch diameter, in inches, of any layer (= mean diameter of the hel; 
made by any layer). 1e helix 
e= elongation, per cent, at which the wires (other than the core) break 
] = number of wires in any layer having pitch diameter dp. i 

N = total number of wires except where the core is of special size, in whicl 
case N is the number of wires exclusive of the core. ius 

n = number of layers of wire over the core. 

P = pitch of any layer of wires = distance in inches measured along the 
axis of the cable for one complete turn of the helix formed by any wire 
of this laver. 

p =pitch-factor of any layer of wires = ratio of the actual length of a wire 
to the corresponding axial length of the cable. 

R = ratio of wire arca to the total area of the circle circumscribing the out- 
side of the conductor. 

s = stress in pounds per square inch in the core when the elongation is e. 
t= tensile strength of each outer wire, in pounds per square inch. 

T = tensile strength of conductor, in pounds. 

W = weight of conductor, in pounds per foot. 

w m= weight of each wire of the cable, in pounds per foot. 

we = weight of the cure of the cable, in pounds per foot. 


PROPERTIES OF CONCENTRIC-LAY CABLES 


Regular; de=d Special; de xd 


= i 1< Msssasassei 


- ( d iss 
n uo n- 
: d 


Number of wires in 


terms of number of N=3(n?+n)+1 

layers (and core di- (including core) 
(excluding core) 

ameter). 


Diameter of cable in 


terms of diameter of Dd (1+2n) D&drand 
wires and number of 
layers. 
Diameter of cable in 1 I a 
terms of total area D» 107 | 4— ijya 
and number of wires. 3 
Ratio of wire area to : 
area of circle circum- 3 (mn) 
scribing the outside (2 n4 1)1 
of cable. 
Weight of cable in 
terms of weight of | Ww: W=wotw 
(14-6 pe- 12 put etc.) (14-6 2«T-12 fi; -etc.) 


wire, number of lay- 
ers and pitch factors. 


T 
T= us LE 
4 


6 I2 
d (s +— etc. ] 
fo Pie 


.| Strength of cable in T= d 


terms of strength of 4 
the component wires 6 12 
and the pitch factors. [4 + P T ete. ) 
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PROPERTIES OF CONCENTRIC-LAY CABLES — Continued 


Regular; dc — d Special; des d 


VII. Minimum pitch in 
3 xd 
terms of wire diam- VIL—— - = IO.I . mord 
eter and core diam- (+3) (7—3) V (xdp)t— (Id)? 
eter. , 


VIII.| Diameter of wires in 
terms of total con- 
ductor area and num- 
ber of wires. 


STRENGTH, ELASTICITY AND EXPANSION COEFFICIENT OF 
WIRES. — The strength and elasticity of a wire of any material depends to 


a considerable extent upon the method of manufacture, heat treatment, etc. . 


The tensile strength of soft copper is between 25,000 and 35,000 pounds per 
square inch, as against 60,000 pounds per square inch for hard-drawn copper. 
Again, due to the greater relative thickness of the hard “skin” and com- 
paratively soft “core” of small hard-drawn copper wires as compared with 
large wires, the tensile strength, in pounds per square inch, of a small hard- 
drawn copper wire is greater than the tensile strength of a large hard-drawn 
wire. For example, a No. oooo B. & S. hard-drawn copper wire has a tensile 
strength of about 50,000 pounds per square inch as against approximately 
65,000 pounds per square inch for a No. 18. A similar but smaller variation 
holds for soft-drawn wires. The tensile strength of steel wire depends to a very 
great extent upon the composition of the steel. 

The following table gives, for a No. o A. W. G. wire, representative values 
of the various quantities stated. These values do not hold, except to a rough 
approximation, for other sizes of wire. For further information see articles on 
Copper, Aluminum, etc., and the section on Specifications below, 


STRENGTH, ELASTICITY AND COEFFICIENT OF EXPANSION 
Of a No. OA. W. G. or B. & S. Wire 


Coefficient of 
linear expan- 


Tensile | Elastic 
Kind of wire 


per per 
oR, °C, 


Copper, soft-drawn............| 36,000] ...... 9.6X to7t|17X10* 
Copper, hard-drawn........... 9.61074 X 10* 
Aluminum, sott-drawn.........| 16,000| ...... | 12.8X10-* 23x16 * 
Aluminum, hard-drawn........ 12.8X 10723 10 * 
Copper-clad steel, 40% grade... 6.1X10^| r2x1* 
Phono-electric.............eee. : 
Steel, ordinary............ 
Steel, Siemens-Martin......... 
Steel, high strength. .......... 
Steel, extra high strength...... 


* There is no elastic limit for soft annealed copper and the elastic Jimits of bard 
drawn copper and aluminum are doubtful. 


gm r te fi 
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The tensile strength in pounds for solid wires fro , 
Beets sg m Me in pos 
diameter are given in the following table. e inch to X4 inch in 


BREAKING LOAD FOR SOLID WIRES IN POUNDS PER WIRE 


Gage Diameter Hard-drawn , Hard-drawn , Copper-clad 

No. |-—————— copper aluminum steel, 40 per Steel 
A.W.G. . (Am. Soc. (23,000 to | cent grade (100,000 
or | Inches! Mils for Test. 33.300 lb. (Duplex Ib. per 
B. & S. Mat.)* per sq. in.) | Metals Co.) | 8% 09t 

My 500 9310 4520 11,400 19,640 

0000 460 8140 3420 10,000 16,620 

716 437 7500 3460 9,250 15,030 

000 410 6720 3030 8,300 13.180 

Jm 375 $500 2540 7,150 I1,040 

oo 365 $540 2400 6,850 10,450 

o 325 4520 1910 5,700 8,289 

51e 312 * 4220 1770 5.400 7.670 

I 289 3680 1530 4,800 6,573 

2 258 3000 1240 4,000 5,213 

LA 250 2830 1170 3.780 4,909 

3 229 2420 1000 3,200 4,134 

4 204 1950 810 2,600 3,278 

He 187 1680 693 2,300 2,761 

$ 182 1570 655 2,200 2,600 

6 162 1270 ` 532 1,800 2,062 

7 144 1020 432 1,450 1,635 

8 129 822 351 1,200 1,297 

Ys 125 780 335 1,150 1,227 

9 I14 660 287 975 1,028 

10 102 528 234 800 816 

II 91 423 191 650 647 

12 81 337 1S5 510 513 

I3 7a 268 126 4IO 407 

14 64 213 103 330 323 

Ye 62 203 98 310 307 


* Tensile strength in pounds per square inch ranging from 49,000 for No. oooo to 
66,200 for No. 14; see below. 

t For wires having a tensile strength of S pounds per square inch, multiply by 
S/100,000. The tensile strength of steel varies from 60,000 to 225,000 pounds per 
square inch. | 


Strength, Elasticity and Expansion Coefficient of Cables. —The follow- 
ing is a summary of the results of tests made on stranded copper wires at the 
Massachusetts Institute of Technology in 1912. Each figure is the average of 
a number of individual tests. In determining the modulus of elasticity each 


cable was given a preliminary stretch before readings were taken. 


—; 
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` MECHANICAL PROPERTIES OF BARE COPPER CABLES 


Size of | Num- | Pitch of layers, Elastic | Tensile 
cable | ber of inches Modulus, | limit, | strength, 
A. W. G.| wires ~~] Ib--in. Ib. Ib. 
and cir. in First |Second units per per 
mils cable | layer | layer sq. in. sq. in. 
[o 7 4.5 16.6 X I08| 22,000 53,500 
300,000 I9 7 5 16.4 X 109| 21,300 59,800 
300,000 19 9 4.5 | 16.3 X 108 25,000 56,000 
300,000 19 9 9 16.5 X 106| 24,000 52,600 
300,000 I9 4.5 3 13.6 X 108} 25,300 53,800 


PROPERTIES OF COMPONENT WIRES OF ABOVE CABLES 


i Siz = l 
I inde Seien Modulus, Ib.-in.| Elastic limit, 'Tensile strength, 
cable ^ mils units Ib. per $q. in. | Ib. per sq. in. 
B 125 16.9 X 108 27,000 62,800 
C 125° 18.9 X 106 27,000 - 61,900 
D 125 . 16.6 X 108 26,000 61,800 
E 125 17.5 X 108 26,000 59,300 


No data are available on the expansion coefficient of stranded wires, but it 
seems reasonable to assume that it would be approximately the same for stranded 
as for solid wires. 


Steel Cable for Catenary Construction.— In the report of the Committee 
on Power Distribution of the American Street and Interurban Ry. Assoc., 1908, 
a modulus of 22 x 1o9 pound-inch units is given as representative of ordinary 
steel messenger cable. 

The following tables are compiled from tables published by the General 
Electric Co. (Bulletin 4538, 1907). “High” and “Extra high" strength steel 
should only be used where absolutely necessary, as, on account of its stiffness it 
requires special mechanical fastenings. 


STEEL CABLE FOR CATENARY SUSPENSION 


Extra-galvanized Siemens-Martin Steel Strand, 90,000 Pounds Per Square Inch. 


Diameter, | Tensile strength, Elastic limit, Elongation, Lay, 
inches pounds pounds per cent inches 


3,060 1,830 6 to9 
4,860 2,910 6 to9 
6,800 4,080 5 to8 
9,000 5,300 5 to8 
II,000 6,600 5 to8 
I9,000 II,400 4 to6 


aote po f 
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STEEL CABLE FOR CATENARY SUSPENSION — (Continued) 


Extra-galvanized High-strength Crucible Steel Strand 


—— ———— — a 3 — — = 


i 


Diameter, | Tensile strength, Elastic limit, Elongation, Lay, 
inches pounds pounds per cent inches 
s 5.100 3.415 4 tos 34 
Me 8.100 5,265 4 to 5 4 
3s 11,500 7.475 3 tos 4h 
Tio 15,000 9.500 3to5 5 
lá 18,000 11,700 3tos 5 
54 25.000 16,250 2to4 5l 


Extra-galvanized Extra-hich-strength Plow Steel Strand. 


Diameter, | Tensile strength, Elastic limit Elongation, Lay, 
inches pounds pounds per cent inches 
1 4.600 5.700 2he to 4 4 
Me 12,100 9.075 2o to 4 4v 
86 17.250 12,930 24s to 4 S 
TAe 22,500 16,800 2l» to 4 shy 
uu 27,000 20,250 25 to 4 shy 
n. |^. 42,000 31,500 133 to 3 6 


COMPARISON OF COPPER AND ALUMINUM FOR EQUAL 
LENGTH AND EQUAL RESISTANCE. — (Sec Aluminum.) 


CURRENT-CARRYING CAPACITY OF BARE WIRES. — (See also 
arlicles on Rheosluts; Wires, Resistance.) Let d = diameter of conductor in inches, 
T = permissible temperature rise in ° C. above surrounding medium (air, earth, or 
water), 7 = resistance of conductor in ohms per mil foot at final temperature, 
I= current per conductor in amperes. Assuming that the rate of heat radia- 
tion per unit length of wire is proportional to the difference of temperature 
between the conductor and the surrounding medium and also proportional to 
the surface of the conductor, then for solid conductors 


I ex K fc , 
" r 
and for stranded conductors 


(2 
. T=0.85K € 


where K is a constant, which depends upon the condition of the surface of the 
wire, and upon the amount of heat convection due to air currents. Values of 
the constant K for air given by different authorities vary from 800 to 1000 
the former referring to still air and the latter to open air. 
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TESTS OF BARE WIRES AND CABLES, — The ysyal tests on bare 
wires are gaging diameter, measuring tensile strength, elongation, modulus, 
elastic limit and electrical conductivity. "These tests are: 

Gaging Diameter.— (See also section on Specifications, below.) The best 
type of gage for measuring wire diameters is that shown 
in Fig. 4. The wire is placed between the measuring 
surfaces and the screw adjusted until a click occurs. 
The number of large divisions exposed on the axis is 
multiplied by 100; the number of small divisions ex- Fig. 4. 
posed on the axis is multiplied by 25; and the sum of 8. 
these two items added to the number indicated on the revolving scale. The 
sum will be the diameter of the wire in mils. 


Tensile Strength, Elongation, Modulus and Elastic Limit. — The essen- 
tial features of a wire-testing machine are a means of applying a measurable 
pulling force to the wire, and a means of taking up the elongation. Accordingly, 
the usual testing machine consists of two pairs of jaws for gripping the wire, one 
pair being connected to a balance leyer and the other pair to & power-driveg 
mechanism which draws it in the direction of the axis of the wire. A typical 
machine is shown diagrammatically in Fig. 5, where A 
and B are the two pairs of jaws between which the wire 
is stretched. The machine is operated by setting in 
motion the mechanism which makes the jaw A move 
steadily in the direction indicated. The operator then 
moves the counterpoise C by hand, in the direction in- 
dicated, so as to keep the beam balanced. This operation is continued until 
the wire breaks, when the elongation of the sample is measured by the travd 
of the jaw A and its breaking strength by the weight indicated on the balance 
beam at the counterpoise C. 

Measurement of Strain. — The amount by which the wireis stretched 
is measured by means of an extensometer which consists of a pair of clamps to 
grip the wire at points a definite distance apart, and a magnifying scale for 
measuring the increase of distance between these clamps as the wire stretches. 
The stress-strain curve obtained by plotting the elongations thus measured 
against the stresses measured by the machine described above is not a true one, 
as there is initially an abnormal elongation due to the straightening of the 
wire. Itis, therefore, necessary to plot an initial curve as shown by 4 in Fig. 6, 
then to continue the line of true linear ex- 
tension backward and replot the curve so 
that the exterpolated line passes through 
Zero. 


Modulus of Elasticity. — The mod- 
ulus of elasticity is obtained from the slope 
of the straight part of the redrawn curve. 
In Fig. 6 the modulus of elasticity is 
OD/CD pound-inch units. 

Elastic Limit.— The true elastic 
limit can be obtained only by applying a 
series of increasing loads, releasing the load 
(leaving, however, a sufficient load to keep Q 
the wire straight) and measuring the 
elongation between successive loads. The 
Joad at which a permanent elongation begins is the elastic limit. 

Conductivity. — In order to maintain a wire at a uniform and known tem- 
perature, it must be short, Unless the wire is very small the test sample yil 


Elongafion as a Fraction 
of Original Length 
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therefore have a very low resistance, and an ordinary Wheatstone bridge will 
not be sufficiently accurate to measure it. This difculty is avoided by using a 
bridge of either the Kelvin, Hoop, Willvoung or Reeves type (see Bridges for 
Electrical Measurements; Resistance and Conductance). 


SPECIFICATION FOR SOFT OR ANNEALED COPPER WIRE. — 
The following speaiications for bare copper wire are those prepared by the 
American Society for Testing Materials, August 21, core (hard-drawn copper), 
and June rz, 1912 (soft-drawn copper). See also the article on Specifications 
and Contracts, and the section on Specifications in the article on Wires and 


Cables, Insulated. 


I. General. — The copper shall be of such quality and purity that, 
when drawn and annealed, it shall have the properties and characteristics herein 
required. 

2. This specification covers untinned, drawn and annealed round wire. 

3. (a) The wire must be free from all surface imperfections not consistent 
with the best commercial practice. 

(b) Necessary brazes in soft or anncaled wire must be made in accordance 
with the best commercial practice. 


4. Shipment; Coils, Spools and Reels. — (a) Wire may be shipped in 

coils or on reels as agreed upon by the purchaser and manufacturer. In Table I 
(below) there are stated the maximum and minimum weights of wire of the stated 
sizes which may be shipped in any one package, whether coil, reel or spool; in 
the case of wire larger than o.oro inch in diameter, the maximum and minimum 
package weights arc net, and in the case of wire 0.010 inch and less in diameter, 
the maximum package weights are gross, and the minimum package weights 
are net. The table also states the limiting of the dimensions of thc coils, recls 
and spools on which wire may be shipped. The length and diameter stated for 
reels and spools are to be measured over-all and are maximum sizes; reels or 
spools smaller than these may be used provided the minimum weights called for 
are carried by the reel or spool. In the table, there are also stated the diameters 
of the draw-block on which the final drawing of the wire is to be made, when 
wire is shipped in coils; it being understood that the wire is not to be rewound 
after final drawing. This provision is made to insure that coils of wire of a 
given gauge, when supplied by diferent manufacturers, will be of the same gen- 
eral dimensions. 

Wire 0.204 inch in diameter and larger may be shipped in larger packages 
when agreed upon. 

(b) The wire shall be protected against damage in ordinary handling and 
shipping. 

s. Specific Gravity. — For the purpose of calculating weights, cross- 

sections, etc., the specific gravity of copper shall be taken as 8.90. 


6. Size and Gaging. — (a) Size shall be expressed as the diameter 

of the wire in decimal fractions of an inch. 

(b) Wire shall be accurate in diameter; permissible variations from nominal 
diameter shall be: 

For wire 0.010 inch in diameter and larger, x per cent over or under. 

For wire less than o.oro inch in diameter, o.r mil (0.0001 inch) over or 
under. 

(c) Each coil shall be gazed at three places, one near each end and one ap- 


` proximately at the middle; from spools, approximately twelve feet shall be 


reeled off, the wire shall be gaged in six places between the second and twelfth 
foot from the end. The coils or spools will be rejected if the average of the 
measurements obtained is not within the limits in (b). 
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TABLE I 
Package weights, Dimensions of reels and 
pounds Diam. of spools, inches 
Diameters, | ——————| draw- 

inches block, Diameter 

Max. | Min, | inches | Max. | Max. | of hole 

ength for rod 

0.460 to 0.360 520 290 24 32 21 115 to 214 
0.359 to 0.258 430 290 ' 24 32 2I 115 to 24 
0.257 to 0.129 290 140 22 24 12 115 to 2% 
0.128 to 0. 102 230 95 22 24 12 56 to 144 
0.101 to 0.083 230 75 22 24 12 56 to 116 
0.082 to 0.081 200 75 16 24 12 66 to 11$ 
0.080 to 0.064 200 50 16 24 12 56 to 14 
0.063 to 0.051 120 . 50 16 24 Io 56 to 144 
0.050 to 0.041 100 50 16 24 lo 56 to 114 
0.040 to 0.032 So 20 8 24 8 86 to 1% 

0.031-t0 0.020 25 15 8 10 6% | 5gto% 
0.019 tO O.OII IO 8 5% 4 $6 to 16 
0.010 to 0.008 5 aly 8 4 4 86 to Me 
0.007 to 0.0056 2Và I 6 2% 4 86 to 116 
0.005 1% 56 6 214 4 86 tote 
0.004 15 86 6 216 4 34 to Mie 
0.003 I Y, 6 2% 4 9g to Mis 


7. Tensile Strength and Elongation. — Wire shall be so drawn and 
annealed that its tensile strength shall not be greater and its elongation not 
less than the values stated in Table II. Tensile tests shall be made upon 
fair samples, and the elongation shall be determined as the permanent increase 
in length, due to the breaking of the wire in tension, measured between bench 
marks placed upon the wire originally 10 inches apart. The fracture shall be 
between the bench marks and not closer than x inch to either bench mark. If, 
upon testing a sample from any coil, reel or spool of wire, the results are found 
to be below the stated value in elongation or above the stated value in tensile 
strength, tests upon two additional samples shall be made, and' the average of 
the three tests shall determine acceptance or rejection of the coil. For wire 
whose nominal diameter is between listed sizes, the requirements shall be those 
of the next larger size included in the table. 


TABLE II.—ANNEALED COPPER WIRE 


Diameter, inches | Tensile strength, Elongation in 
Ib. per sq. in. | ro in., per cent 


0.460-0.290 36,000 35 
o. 289-0.103 37,000 3o 


0.102-0.02I1 38,500 25 
0.020-0.003 40,000 20 


[E 
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8. Conductivity. — Electric conductivity shall be determined upon 
fair samples by resistance measurements at a temperature of 20? C. (68° F.) 
and it shall not exceed 391.58 pounds per mile-olim. 

9. Testing and Inspection. — All testing and inspection shall be made 


. at the place of manufacture. The manufacturer shall attord. the inspector 


E 
4 


representing the purchaser all reasonable facilities to satisfy him that the material 
conforms to the requirements of these specitications. 


SPECIFICATION FOR HARD-DRAWN COPPER WIRE. 

1. General. — The material shall be copper of such quality and purity 
that, when drawn hard, it shall have the properties and characteristics herein 
required. (See § r of preceding specitication.) 

2. This specification covers hard-drawn round wire, grooved trolley wire, 
figure-eight trolley wire, and hard-drawn cable or strand, as hereinafter described. 

3. (a) The wire, in all shapes, must be free from all surface imperfections not 
consistent with the best commercial practice. 

(b) Necessary brazes in hard-drawn wire must be made in accordance with 
best commercial practice, and tests upon a section of wire containing a braze 
must show at least 95 per cent of the tensile strength of the unbrazed wire. 
Elongation tests are not to be made upon test sections including brazes. 


4. Shipment. — (a) Package sizes for round wire and for cable shall 
be agreed upon in the placing of individual orders; standard packages of grooved 
trolley wire shall be shipped upon reels holding about 2500 pounds cach. 

(b) The wire shall be protected against damage in ordinary handling and 
shipping. 

5. Specific Gravity. — For the purpose of calculating weights, cross- 
sections, etc., the specific gravity of copper shall be taken as 8.90. 

6. Testing and Inspection. — All testing and inspection shall be made 
at the place of manufacture. The manufacturer shall afford the inspector 
representing the purchaser all reasonable facilities to enable him to satisfy him- 


; Self that the material conforms to the requirements of these specifications. 


7. Size and Gaging of Round Wire. — (a) Size shall be expressed as 


` the diameter of the wire in decimal fractions of an inch, using not more than 
- three places of decimals; i.e., in mils. 


(b) Wire is expected to be accurate in diameter; permissible variations from 
nominal diameter shall be: 


For wire 0.100 inch in diameter and larger, one per cent over or under; 
For wire less than 0.100 inch in diameter, one mil over or under. 


(c) Each coil is to be gaged at three places, one ncar each end, and one 


, approximately at the middle; the coil may be rejected if, two points being within 


the accepted limits, the third point is off gage more than 2 per cent in the case 
of wire 0.064 inch in diameter and larger, or more than 3 per cent in the case of 
wire less than 0.064 inch in diameter. 


8. Tensile Strength and Elongation of Round Wire.— Wire shall be 
so drawn that its tensile strength and elongation shall be at least equal to the 
value stated in Table III. Tensile tests shall be made upon fair samples, and 
the elongation of wire larger in diameter than 0.204 inch shall be determined as 
the permanent increase in length, due to the breaking of the wire in tension, 
measured between bench marks placed upon the wire originally ro inches apart. 
The elongation of wire 0.204 inch in diameter and smaller shall be determined 
by measurements made between the jaws of the testing machine. The zero 
length shall be the distance between the jaws when a load equal to ro per cent 
of the required ultimate breaking strength shall have been applied, and the 
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final length shall be the distance between the jaws at the time of rapture. The 
zero length shall be as near 6o inches as possible. The fracture shall be between 
the bench marks in the case of wire larger than 0.204 inch in diameter and be. 
tween the jaws in the case of smaller wire, and not closer than 1 inch to either 


bench mark or jaw. If, upon testing a sample from any coil of wire, the results |: 


are found to be below the values stated in the table, tests upon two additional 
samples shall be made, and the average of the three tests shall determine accept- 
ance or rejection of the coil. For wire whose nominal diameter is between listed 
sizes, the requirements sliall be those of the next larger size included in the table. 


TABLE III.— HARD-DRAWN COPPER WIRE 


Approx. 


0.040 67,000 


Conductivity of Round Wire, — Electric conductivity shall be de- 
termined upon fair samples by resistance measurements at a temperature dl 
o? C. (68° F.). 
"The wire shall not exceed the following limits: 


Gage Diameter, | Area, circular umet Elongation, 
No., inches mils zs i per cent 
B. & $. Ib. per sq. in. 
m — M M —P— € 
in ro id. 
0000 - 0.460 211,600 49,000 3.75 
000 0.410 168,100 51,000 3.25 
00 0.365 133,225 52,800 2.80 
o 0.325 105,625 54,500 2.40 
I 0. 289 83,520 56,100 2.17 | 
2 0.258 66,565 57,600 1.98 | 
3 0.229 52,440 59,000 1.79 
in 66 in. | 
4 0.204 41,615 60,100 1.24 
5 0.182 33,125 61,200 1.18 l 
0.165 27,245 62,000 I.14 
6 0.162 26,245 62,100 Lu ' 
1 6.144 20,735 63,000 1.09 
0.134 17,956 63,400 ro o! 
8 0.128 16,385 63,700 1.06 
9 — 0.114 12,995 64,300 1.02 
0.104 10,815 64,800 1.00 | 
10 6.102 10,404 64,900 1.00 
0.092 8,464 65,400 0.97 
I 0.091 8,281 65,400 0.97 | 
12 0.081 6,561 65,700 0.95 
0.080 6,400 65,700 0.94 
13 0.072 5,184 65,900 0.92 
6.065 4,225 66,200 0.91 - 
14 0.064 4,096 66,200 0.90 | 
IS . 0.057 3,249 66,400 0.89 
0.051 2,601 66,600 0.87 
16 0.045 66,800 0.86 


For diameters 0.460 inch to 0.325 inch, 900.77 pounds per mile-ohm at 20°C. . 


For diameters 0.324 inch to 0.040 inch, 910.15 pounds per mile-ohm at 20°C: . 
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10. Grooved Trolley Wire. — Standard sections shall be those known 
as the "American Standard” grooved trolley-wire sections, the sbape and 
dimensions of which are as shown in Fig. 1, above. 


211,600 circular mils, weighing 3386 pounds per mile. 
168,100 circular mils, weighing 2690 pounds per mile. 
133,200 circular mils, weighing 2132 pounds per mile. 


(b) Grooved trolley wire may vary 4 per cent over or under in weight per 
unit length from standard, as determined from the nominal cross-section. 

12. The physical tests shall be made in the same manner as those upon round 
wire. The tensile streneth of grooved wire shall be at least 95 per cent of that 
required for round wire of the same sectional area; the elongation shall be the 
same as that required for round wire of the same sectional area. 

13. The requirements for electric conductivity shall be the same as those 


- for round wire of the same sectional arca. 


14. Figure-eight Trolley Wire. — Standard sections of figure-eight 
trolley wire shall be as shown in Fig. 2, above. 
I5. The requirements for weight, physical properties and electric conductivity 
of figure-eight trolley wire shall be the same as for the same sizes of grooved 
trolley wire. 


16. Hard-drawn Copper Wire Cable or Strand. — For the purposes 
of these specifications, standard cable shall be that made up of hard-drawn 


: wire laid concentrically about a hard-drawn wire center, Cable laid up about 


a hemp center or about ‘a soft-wire core is to be subject to special specifications 
to be agreed upon in individual cases. 

17. The wire entering into the construction of stranded cable shall, before 
stranding, meet all the requirements of round wire, hereinbefore stated. 

18. The tensile strength of standard cable shall be at least go per cent of the 
total strength required of the wires forming the cible. 

19. Brazes, made in accordance with the best commercial practice, will be 
permitted in wire entering into cable; but no two brazes in wire in the cable 
may be doser together than so feet. 

20. The pitch of standard cable shall not be less than 12, nor more than 16, 
diameters of the cable. The cable shall be laid left-handed or right-handed, 
as shall be agreed upon in the placing of individual orders. 


Extract from Notes to Above Specifications. — The permitting of 
brazes in wire entering into the construction of copper cable was discussed at 
considerable length, and it is finally the opinion of the Committee that, provided 
no two brazes are closer together than 50 feet, the calle has fully go per cent of 
the theoretical strength obtained by adding together the required strengths of 
the constituent wires. This is due, in such long lengths, to the frictional gripping 
of the wires in the cable. The construction of long lengths of cable without 
brazes is costly, and it has been thought best, therefore, to permit their use, 
provided they are sufficiently widely spaced as not to be detrimental t9 the 
streugth of the cable. 


INSTALLATION OF BARE WIRES AND CABLES. — For the instal- 
lation of wires and cables in buildings see article on Wiring of Building for 
Light and Power. Below is given a brief description of modern practice in erect- 
ing bare wires and cables on pole or tower lines. For the construction of the 
latter see articles on Distribution Lines; Transmission Lines. Catenary con- 


, Struction is described in the article on Trolley Systems, Overhead. 
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Simple Span Construction with Pin Insulators. — Starting at an an- hii 
chored pole, a rope about twice the length of the span is put over the cross arm 
and the wire pulled up by means of it. The rope is then put over the cross arm 
of the next pole and the wire drawn up in the same way. This is repeated from 
pole to pole until the reel, which remains at the starting point, is exhausted. 
The pulling may be done by men, horses, automobile, or locomotive. Care 
should be taken to prevent the wire unwinding too rapidly from the reel and 
the end of the wire must be prevented from slipping away. 

The wire is placed on the insulators by means of a block and tackle attached 
either to the arm above or to a temporary boom. The next step is to draw the 
wires to the proper tension. Commencing at the first pole after the anchorage, 
the wire is gripped by a clamp attached to a rope which is pulled until the wire Xe 
is drawn to the sag indicated by a table or curve showing the proper sag for 
different temperatures and spans (Spans, Wire). The sag is gauged by sighting 
from pole to pole, using a gauge or sight on each pole, and drawing the wire until | hh, 
the bottom of the span is tangential to the sight line. in 


Tying to Insulator.— (See also Insulators for Overhead Lines.) Thewires | Te 
are tied to their insulators by small wires, usually of the same metal, as shown" wii 
in Fig. 7. The two ends of the tie wire (not 
visible in Fig. 7) are twisted together for 
three or four turns. The tie wire must be 
held quite taut while it is being installed. ^ 


Simple Span Construction with Sus- 
pension Insulators.— Where suspension 
insulators are used, the wire, instead of 
being initially placed over the cross arms, 
is temporarily suspended therefrom on 
snatch blocks provided with wooden rollers. : Eh 
Prior to running the cables, linemen are Fig. 7. bag 
sent ahead to attach the snatch blocks to the arms of the towers. The cable 
are then strung loosely. through the snatch blocks, in much the same way # 
they are strung over the cross arms in the construction described above. Tk = 
cables are anchored to the first pole and the necessary tension applied tote ~~ 
cable between the first and second towers, a dynamometer being used to indicate ' 
when the required stress point has been reached. The cable is then anchored ~“ 
to the second tower and the operation repeated for the different spans witi | 
the cable length is exhausted. The cable is then transferred to the insulator % 
clamps and the anchorages removed except at the ends. 


Clamping to Insulator. — The usual type of insulator clamp (Fig. 9) 
consists of a curved, malleable-iron wire seat 
about nine inches long, a saddle which fits over | 
the wire and a pair of hook bolts to hold the wire’ 

tightly between the saddle and wire seat. The 
wire seat is supported from the insulator through Saddle 
a swivel joint. Copper wire or cable is laid in 
the wire seat, the saddle placed on it and the hook 7 S ( 
bolts placed in position. In the case of alumi- 
num wire a %e-inch aluminum sleeve should be po h 
placed around the wire in the clamp. The 
entite clamp is then attached to the insulator by a bolt and socket or pin joint. | 


Jointing Conductors. — The following methods are used: 


Western Union Joint. — The two ends of the wire are brought t ' 
gether so that they lap from 3 to 8 inches, depending upon the size, | 


wi 
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| beginning half-way between the two ends, each wire is wound around the other 


^ wire in a tight helix. With hard-drawn copper, excessive stress is avoided by 


giving the helix a long pitch for the first turn or two and then gradually reducing 


- the pitch until a tight helix is obtained. 


It would appear from tests on galvanized-iron wire by C. T. Rashman (£. W., 
1910, Vol. 56, p. 1187), that in order to make the joint as strong as the wire, 
it should have the form shown in Fig. 9 which may be described as consisting 
of a neck of five turns and five end turns at each end. 


BE. CUIU NE Ce—ETDENS— Eo o 
Fig. 9. Fig. 10. Fig. 11. 


In order to obtain five turns in the neck, the following length of neck was 
found necessary: 


The form of splice shown in Fig. 10 should be 
avoided. 


Dovetailing Strands. — The cables are 
unwound for say three or four feet, dovetailed or |. 
interlaced, and the strands individually wound 
round the unopened part of the cable. The joint 
may be soldered or not, as desired. 

Aluminum Tube Joint. — Aluminum con- 
ductors of sizes up to about one-half inch diam- 
eter are usually jointed by inserting the two 
ends side by side into a flat aluminum tube, which 
is then given 3 or 4 twists as shown in Fig. 11 by means of a special kind of 
tongs called connectors. 

Pressed Aluminum Joint. — Aluminum conductors larger than one- 
half inch in diameter are more often jointed by dovetailing the strands, or by 


‘+ mechanical clamps such as the Dossert connector (see below), or by inserting the 
- wires into a cast aluminum sleeve which is squcezed hydraulically until the 
- conductors and sleeve flow into a solid homogeneous mass. 


wa 


Dossert Joint and Connector. — The Dossert joint, shown in Fig. 12, 
consists of a compression sleeve which is slipped over the conductor, a screw on 


Fig. 12. Fig. 13. 


the lug proper and a nut threaded with a taper thread. The sleeve containing 
the conductor is thrust into tbe lug, with the nut over it. The nut is then 


+ tightened until the reaction of the tapered surface and the sleeve gives rise to 


& pressure of several thousand pounds per square inch, thereby making good 

electrical contact. 

ps Dossert connector or terminal is similar in construction, and is shown in 
ig. 13. 
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COSTS. — The “base” price per pound of bane wire is usually about 1 cent 
more than the market price of ingot copper or “wire-bar.” The following table |Wil 
(from tha American Steel $ Wire Co.’s aatalogue) gives the extra charge in cots |o: 
per pound for drawing, tinning and stranding, l l XR 

CENTS PER POUND ABOVE BASE PRICE FOR DRAWING, TINNING |. 


AND STRANDING The 


Stranding into Ta 
cable or cord. 


c se e nes OE 6 aoe £s 


Example, — If the market price of ingat copper were 16 gents per pounda © 
cable composed of tinned No, ao wires would cost 16 +1 +14 +3 cC 
2194 cents per pound. For price of aluminum wire, see remarks in article on 
Aluminum. 


BIBLIOGRAPHY. — (See also bibliographies in the articles on Aluminum; 
Copper; Steel; Wires and Cables, Insulated.) American Society for Testing 
Materials, Standard Specifications for Hard Drawn Copper Wire, Proc. 1909, Vo - 
9, p. 311; Buck, H., The Use of Aluminum as an Electrical Conductor, Trans. 
Int. Elect. Congress, St. Louis, 1904, Vol. 2, p. 313; Feussner, K., and St. 
Lindeck, Elekivischen Normal-Drahtwiderstánde, Wissenschaftliche Abhandlung 
der Phys. Tech. Reischsanstalt, 1895, Vol. 2, p. gor; Fowle, E. F., Electrial 
Properties of Compound Wires, El. W., 1910, Vol. 56, p. 1413, 1521; El. W., 19th 
Vol. 57, p. 108; Huber-Stockar, E., Aluminum for Electric Conductors, Int. Eled. 
Congress, Turin, 1911 (contains a bibliography); Kennelly, A. E., Wright, C. As 
and Van Bylevelt, J. S., The Convection of Heat from Small Copper Wives, Tem. 
A.LE.E., 1909, Vol. 28, p. 363 (contains a bibliography); Rashman, C. TT 
Soma Tests on Splices in Galvanized Iron. Wire, El. W., 1910, Vol. g6, p. 11871. ^ 
Wolff, F. A., and Dellinger, J. H., Electrical Conductivity of Commercial Coppe, ` 
Bureau of Standards Circ. No. 148. i 
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-. WIRES AND CABLES, INSULATED. — (See also Aluminum; Capac- 
.. 4y and Charging Current; Copper; Distribution Lines; Electrolysis; Inductance 


and Inductive Reaclance; Insuloting Materials; Resistance; Skin Eject; Stand- 


. ardization. Rules of the A M. E.; Transmission Lines; Wires and Cables, Bare; 


Wires, Resistance.) 
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TERMINOLOGY. — The terminolozy emploved in referring to wires and 
cables Ís at present in a very confused state, the same term being used with 
several different meanings. The following terminology is based upon a study 
of this subject by the Bureau of Standards, and upon a canvass of wire manu- 
facturers and users made by the author of this article, and is quoted from the 
Standardization Rules of the A.I.E.F. (July 1914). 

3ar* Wire. — A slender rod or filament of drawn metal. 

The definition restricts the term to what would ordinarily be understood by the term 
"solid wire.’ In the definition the word “slender” is used in the sense that the length 
is great in comparison with the diameter. If a wire is covered with insulation, it is 
properly called an insulated wire. While primarily the term “wire” refers to the metal, 
nevertheless when the context shows that the wire is insulated the term “ wire" will 
be understood to include the insulation. 

322. Conductor. — A wire, or combination of wires not insulated from one 
another, suitable for carrying a single electric current. 

The term “conductor” is not to include a combination of conductors insulated from 
one another, which would be suitable for carrying several ditferent electric currents. 

Rolled conductors (such as bus-bars) are, of course, conductors, but are not considered 
under the terminology here given. 


323. Stranded Conductors. — A conductor composed of a group of wires 


-3 or any combination of groups of wires. 


E 
m 


$ 


The wires in a stranded conductor are usually twisted or braided together. 


324. Cable. — (1) A stranded conductor (single-conductor cable); or (2) a 
combination of conductors insulated from one another (multiple-conductor 
cable). 


The component conductors of the second kind of cable may be either solid or stranded, 
and this kind of cable may or may not have a common insulating covering. The first 
kind of cable is a single conductor, while the second kind is a group of several con- 
ductors. The term "cable" is applied by some manufacturers to a solid wire heavily 
insulated and lead-covered; this usage arises from the manner of the insulation, but such 
a conductor is not included under this definition of "cable." The term “cable” is a 
general one and in practice it is usually applied only to the larger sizes. A small cable is 
. called a "stranded wire" or a “cord,” both of which are defined below. Cables may be 
bare or insulated, and the latter may be armored with lead or steel wires or bands. 


i T jare are the paragraph numbers of the Standardization Rules of the A.I.E.E, 
q. v. . 
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325. Strand.—One of the wires or groups of wires of any stranded conductor. | tyi; 


The majority of American copper wire manufacturers have used the word “ strand" to |ui; 
designate a group of bare wires twisted together. TU 

326. Stranded Wire. — A group of small wires, used as a single wire. gne 

A wire has been defined as a slender rod or filament of drawn metal. If such a fla- mix 
ment is subdivided into several smaller filaments or strands and is used as a single wire, | : 
it is called a ' stranded wire." There is no sharp dividing line of size betweena `. 
"stranded wire” and a “cable.” If used as a wire, for example, in winding inductance - mo 
coils or magnets, it is called a stranded wire and not a cable. If it is substantially insu- © m 


lated, it is called a “cord,” defined below. pP 
327. Cord.— A small cable, very flexible and substantially insulated to / at 
withstand wear. Ms 


There is no sharp dividing line in respect to size between a “cord” and a "cable, and | Pry 
likewise no sharp dividing line in respect to the character of insulation between a “cord” | i. 
and a "stranded wire." 

328. Concentric Strand. — A strand composed of a central core surrounded 
by one or more layers of helically laid wires or groups of wires. 

329. Concentric-lay Cable. — A single-conductor cable composed of a 
central core surrounded by one or more layers of helically laid wires. 

330. Rope-lay Cabie. — A single-conductor cable composed of a centra ics 
core surrounded by one or more layers of helically laid groups of wires. by by 

This kind of cable differs from the preceding in that the main strands are themselves cu): 
stranded. 

331. N-Conductor Cable. — A combination of N conductors insulated from 
one another. 

It is not intended that the name as here given be actually used. One would instead  :. 
speak of a ‘‘3-conductor cable” and a “‘r2-conductor cable," etc. In referring to the genera 
case, one may speak of a “multiple-conductor cable” (as in definition § 324 above). in 

332. N-Conductor Concentric Cable. — A cable composed of an insulated bs 
central conducting core with (N-1) tubular stranded conductors laid over it s. 
concentrically and separated by layers of insulation. x 

This kind of cable usually has only 2 or 3 conductors. Such cables are used in carry: 
ing alternating currents. The remarks on the expression ''*N-Conductor" given forth cep 


preceding definition apply here also. sa, 
333. Duplex Cable.— Two insulated single-conductor cables twisted te ©: 
gether. Wi 
They may or may not have a common insulating covering. VN 


334. Twin Cable.— Two insulated single-conductor cables laid parallel, 
having a common covering. 

335. Triplex Cable. — Three insulated single-conductor cables twisted t — ; 
gether. 

They may or may not have a common insulating covering. be 

336. Twisted Pair.— Two small insulated conductors twisted together 
without a common covering. 


The two conductors of a “twisted pair" are usually substantially insulated, so that 4, 
the combination is a special case of a '' cord." 


337. Twin Wire.— Two small insulated conductors laid parallel, having y 
a common covering. 


CONSTRUCTION OF INSULATED WIRES AND CABLES. u 
Data on the manufacture and properties of insulating materials will be found 
in the articles on Cambric, Varnished; Gutta-percha; Paper, Impregnated; Rub- ~. 
ber; Insulating Materials, Miscellaneous. Data on the conductor itself will be ;, 
found in the articles on Copper; Aluminum; Wires and Cables, Bare. x 


Wires and Cables, Insulated 1893 


Conductors. — Round copper wire, solid or stranded, is almost invariably 
used for insulated wires and cables. Aluminum, requiring a larger cross-section 
for the same conductance per unit length, requires more insulating material for 
the same thickness of insulation. Aluminum cables, however, are sometimes 
provided with a weatherproof covering. 


Sector-shaped Conductors. — Multiple-conductor cables with sector- 
shaped conductors are in successful use in Europe, their advantage being that 
they may be assembled in less space than round conductors. P. Humann 
(Elek. Zeil., 1910, vol. 31, p. 1205-1207) says that tests and theory both demon- 
strate that the sharp corners give rise to excessive dielectric stresses at high 


voltages. 


Preparation of Conductors for Insulation. — Particularly where rubber 
insulation is used it is necessary to cover the conductor with a thin film of tin 
or with a layer of soft cotton threads. 


Tinning. — Low-grade and perhaps other rubber compounds react with 
copper to the detriment of both insulation and wire. It is, therefore, the in- 
variable practice to tin copper under rubber, although it is not definitely known 
whether tinning is necessary with high-grade 30 per cent Para compounds. It 
is often stated that the copper is corroded by the free sulphur, but the author 
has known of cases where over ten times as much copper was consumed as could 
combine into CusS, with the free sulphur actually present. 


Separators. — Small stranded conductors are usually covered with a 
winding of soft cotton threads to prevent adhesion between the wire and insula- 
tion, and thereby facilitate the removal of insulation at joints. Larger con- 
ductors are sometimes provided with a dry muslin separator for the same 
purpose. 

Insulation. — The materials used for insulation are vulcanized rubber, gutta- 
percha, varnished cloth, impregnated paper, asbestos, cotton and silk thread, 
enamel, etc. 


Rubber Insulation. — There are three processes by which rubber 
compound is put on wire, the straight strip, the helical tape and the tube or 
seamless processes. By the first, the compound is first made into long narrow 
strips and then pressed around the wire; by the second, a rubber tape is wound 
spirally around the conductor; by the last, the wire is run through a die through 
which the compound is pressed on to the wire. Insulation made by the former 
process shows a seam or ridge where the sides of the strip have united, unless a 
tape is applied before vulcanization, while that made by the tube process is 
seamless. 

It might be expected that the seam of strip-laid insulation would be electrically 
weak, but in practice this is found not to be the case with high-grade compound, 
the insulation practically never puncturing at the seam. 


Gutta-Percha is applied to the wire in the same manner as rubber. 


Varnished Cloth. — The prepared cloth is applied to the conductor in 
the form of tape wound on helically and reversed every two layers, with over- 
lapping joints staggered in successive layers. A thin layer of a non-hardening 
viscous filler is applied between layers. 


Impregnated Paper. — Strips of Manila paper are applied helically 
and then thoroughly impregnated with an insulating compound. 


Asbestos is applied in the form of threads or tape, usually in sey- 
eral layers. One or more layers of varnished cloth are sometimes used to 
oa the groups of asbestos tapes, and the whole is covered with a protecting 

raid. 
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Cotton and Silk. — Cotton or silk insulation consists of one to three 
layers of threads spun on to the wire. 


Enamel.— This type of insulation is suitable ‘aly for wires under 
5 mils in diameter. Cellulose acetate is a common form of enamel. A 
solution of cellulose acetate is applied to revolving coating rolls, which, in 
turn, deposit it on the moving wire. The quantity of solution placed on the . 
wire must be adjusted to a nicety. After receiving its coating of solution, the 
wire passes through an oven at the rate of several hundred feet per minute, 
The volatile solvent is here driven off and the coating hardened, after which the 
process is repeated until numerous coatings have been applied. This method 
insures an even distribution of the film over the whole surface of the wire 
(R. Fleming). 


Fillers. — Dry jute is used as a filler between the insulated conductors of 
multiple-conductor cables, being placed directly in contact with the insulation. 


Tarred or asphalted jute is used as a filler between the sheath and armor of 
armored cables. 


^ 


Protective Coverings. — Coverings of treated cotton, hemp, paper, rein- 
forced rubber, and lead are used to protect cables from mechanical injury and 
arcing. i 

Cotton Braid. — The most common covering for rubber-insulated 
conductors is a cotton braid saturated with a weatherproof compound com- 
posed principally of mineral wax. For some purposes, flameproof paint is used 
instead of wax compound. 


Hemp Braid. — Hemp is sometimes used instead of cotton for braids 
on large cables which are likely to be exposed to unusually rough treatment. 
Six-lea is the most usual size for this service. The hemp is saturated with 
mineral wax compound, in the same way as cotton braid. 


Weatherproofing. — Treated cotton braid is also put on uninsulated 
hard-drawn copper wire for overhead service, in order to protect the wire from 
destructive arcing due to accidental contact with tree branches and other foreign 
bodies. 


Fireproof Paper. — Johnson & Phillips of Charlton, England, make 
an impregnated paper covering, which, under the influence of a flame, gives of 
gases in which a flame cannot exist. Tests have shown that the cable may 
become red hot from an internal short-circuit without setting fire to the insula- 
tion. (Elect. Age, July, 1907.) 


Reinforced Rubber. — A form of cable covering, combining both insu- 
lation and mechanical protection, is composed of alternate layers of rubber 
compound and rubber impregnated fabric, which are vulcanized together after 
assembling, the finished product being similar to air-brake hose. The electrial 
and mechanical properties may be varied by varying the thickness and quality 
of rubber compound and the number of layers of fabric. It is practically water- 
proof and very strong mechanically. (Safety Insulated Wire & Cable Co.) 


Lead Sheath. — The only thoroughly waterproof cable covering yet 
devised is a lead sheath. It is put over the insulation by passing the cable 
through a die while hot lead is pressed hydraulically around it through an annu- 
lar die, forming a continuous and close-fitting pipe. Were it not for electro- 
lytic corrosion, it would be practically permanent. Unfortunately lead is very 
subject to electrolytic and even chemical corrosion. It is also rendered brittle 
and eventually breaks into pieces when exposed to vibration, this effect being 
due to crystallization. Pure lead is suitable for cables which are hard and com- 
pact. Other cables require a small quantity of tin to harden the lead. For 8 
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given thickness pure lead is cheaper, but for a given tensile strength a 3 per 
cent tin alloy is cheaper. 
Antimony has recently been used instead of lead, with very satisfactory 
results and a material saving in cost, especially with telephone cable. 
Armor Wire and Tape. — Submarine cables and cables made to be 
buried direct in the ground are usually given a mechanical protection. of 
galvanized-steel armor in the form of wires or tapes. 


APPLICATIONS OF VARIOUS TYPES OF CABLES. — The type of 


insulation and protection to employ in any instance depends upon the purpose 
for which the conductor is to be used and the place in which it is to be installed. 


Power Cables, that is, cables for the transmission of electric energy, may 
be installed in or on buildings, in cars, on pole lines under ground or under 
water. 


Power Cables on Overhead Structures. — Insulated conductors sup- 
ported on structures subject to vibration are usually made with rubber, 
varnished cloth or a combination of the two, with a steel armor or a heavy 
braiding. Insulated conductors in buildings and on cars are almost invariably 
made with rubber, covered with a saturated cotton braid. 


Underground Cables are usually installed in ducts and are commonly 
made with paper or varnished cambric and a lead sheath. M here mechanical 
injury is to be guarded against, the sheath should be covered with asphalted 
jute and a steel band or wire armor. 

Long-distance transmission by underground cables is seldom resorted to on 
account of the expense of conduit lines. There is no especial ditliculty attend- 
ing the manufacture of cables for three-phase voltages from 25,000 to 50,000 
volts between conductors, the neutral being grounded. For such high poten- 
tials, it is generally necessary to grade the insulation so as to eliminate steep 
potential gradients. 

According to L. Lichtenstein (Elek. Zeit., 1910, Vol. 31, p. 773) a reliable 
three-conductor cable for 50,000 volts is now available with a perforation e.m.f. 
above 330,000 volts. M. J. Grossclin (La Revue Idec., 1910, Vol. 14, p. 92) 
says that 2.6 kilometers and 4.5 kilometers of 3-phase 40,000-volt ungraded 
cable are in use by the Girod plant at Ugine and by the Grenoble Lighting & 
Power Co., respectively. 


Submarine Cables are usually insulated with rubber, sheathed in lead 
and armored with wire or steel bands. With high-grade rubber compounds, 
the sheath may be omitted. Recently, however, paper-insulated lead-sheathed 
and armored submarines have come into use. 


Insulated Conductors for Instrument and Machine Windings. — Enam- 
eled wire or wire insulated with cotton or silk is used for the former, while 
varnished cambric, mica and asbestos compounds are used for the latter. 


Insulated Conductors for Telephony, Telegraphy and Signaling. — 
Underground telegraph and telephone cables are almost invariably insulated 
with dry paper and sheathed in lead, although rubber is used as insulation where 
a lead sheath is not permissible. Submarine telegraph cables are usually 
insulated with gutta-percha, protected with a lead sheath and armor. Rubber 
insulation of the highest grade is demanded for railroad signal purposes, the 
usual mechanical protection being cotton braid saturated with mineral wax 
compound. 


THICKNESS OF INSULATION. — In the case of a single-conductor 
cable a simple formula can be deduced for the proper thickness of insulation to 
withstand a given electric stress. Such a formula, however, involves certain 
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assumptions which are only partially realized in practice. These assumptions 
are: 

a. That the radial depth of the insulation or dielectric is the same at all 
points, i.e., that the cross-section of the cable is a perfect circle with the con- 
ductor section (also a perfect circle) exactly in the center of the insulation. Due, 
however, to the crinkling of tape, the pressure of the braid, or other accidents 
of manufacture, this is never the case. The eccentricity of the conductor with 
respect to the insulation may, however, be allowed for by adding to the theoreti- 
cal thickness of insulation an additional thickness, known as the “error thick- 
ness" or excess thickness. 

b. That the dielectric is perfectly homogeneous throughout. This is only 
partially realized in practice. It is probable that even in the most carefully 
made insulation there is 2 minute amount of moisture, but sufficient to modify 
considerably any conclusions based on absolute homogeneity of the dielectric. 

c. That when the electric stress, or potential gradient (per inch, say) at any 
part of the dielectric exceeds a certain value F, known as the dielectric strength 
of the dielectric, that part of the dielectric becomes a conductor even though 
there is no actual rupture or puncturing. The nature of this partial break- 
down is not understood, but there is considerable evidence to show that such 
an effect exists (see discussion by Middleton, Trans. AJ.E.E., 1910, Vol. 29, >. 
1587, and Del Mar, Trans. A.I.E.E., rgir, Vol. 30, p. 238). As far asis 
known this partial breakdown is not permanent, but the insulation returns to 
its original state when the stress is removed. 


Theoretical Thickness of Insulation. — Let 


H = potential gradient, in volts per inch, at any point P in the dielectric 
at a distance x from the center of the wire, 
Fig 1, 
V = volts between wire and sheath (or outside surface of 
insulation), xL 1 
r = radius of wire, in inches, v, 
R = outside radius of insulation, in inches, 
F = dielectric strength of the insulation, in volts per 
inch. Fig. L 


Then, on the assumption of a perfectly homogeneous dielectric and perfect 
symmetry between conductor and insulation, 


V 
xlo, z) 
Be n 
That is, the potential gradient is the greatest at the surface of the conductor 
and decreases toward the outer surface of the insulation as shown in Fig. 2. 
The potential gradient at the surface of the conductor is 


Hus 


B 
r loge( — 
f 


For the same outside diameter of the insulation this stress at the surface varies 
with the radius of the conductor as shown in Fig. 3, and has a minimum value 
when the radius of the conductor r equals the outside radius of the insulation R, 
divided by the base e of the natural system of logarithms, that is, when r- 
R,2.72. 


H = 


^ 
Xd 


ty 
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Consequently, if the breakdown of a cable is a progressive action, i.e., if the 
insulation breaks down close to the wire and then the breakdown spreads out 
through the insulation, it is evident, from Fig. 3, that if r is greater than R/2.72, 


8 
[ 
R 
*70* € -> 
Fig. 2. Fig. 3. 


and the impressed voltage V is such as to produce a stress 77, at the surface 
of the conductor in excess of F, then as successive layers of the insulation break 
down, H, at each new conducting surface thus formed will be greater than F, 
and the breakdown will rapidly extend to the sheath. If, however, r is less 
than R/2.72, then a value of Ha in excess of F will break down only a sufficient 
layer of insulation to render the value of //, at the new conducting surface thus 
formed just equal to F. 

Therefore, on the basis of the assumptions noted in the preceding section, 
the maximum voltage which a cable can withstand is equal to 


Vm - Fr loge (5) 


provided r is greater than R/2.72, but when r is less than R/2.72 the maximum 
voltage is 


R RF 
Vm = Fro loge (5) ma —— 
r 2 


0 


and is independent of the radius of the conductor. 

A more complete account of the theory of ungraded cables is in the Trans, 
AJ.E.E., 1910, Vol. 29, p. 1614, and a paper on graded cables by H. S. Osborne 
is in the Trans. AJ.E.E., 1910, Vol. 29, p. 1553. - 

Practical Determination of Insulation Thickness. — On account of the 
numerous assumptions which must be made in determining the necessary 
thickness of insulation from any simple theory, such as outlined above, a rule- 
of-thumb method, based on experience, is usually employed in practice. 

The following tables represent current practice. With respect to rubber 
insulation the Underwriters’ Rules give minimum thickness, and the Signal 
Engineers' specifications give maximum thickness. Similar tables are given by 
J. Langan (Trans. A.I.E.E., 1906, Vol. 25, p. 200) and W. A. Del Mar (Electric 
Power Conductors, 1914) the theoretical basis of the last-named tables being 
also given. See also report of Wire Committee of the Association of Railway 
Electrical Engineers, 1913. 
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RUBBER INSULATION -~ 
Thickness of Insulation in 64ths of an Inch 


Nat. Elec. Code * Nat. Elec. Code* 


Working Working 
Pts pe. Size of wire, | Insula- volts be | Size of wire, | Insula- 
He A. W. G. or tion aay» A. W. G. or tion 
io B. & S. and thick- A Ree B. & S. and thick- 
Cir. Mils ness Cir. M ils ness 
600 18-16 2 3500 $25,000-1,000,000 To 
600 14-8 3 3500  |1,100,000-2,000,000 II 
600 7-2 4 gooo 14—I,000,000 12 
600 1-0000 5 5000 |I, 100,000~2,000,000. 14 
600 225,000-500,000 6 7000 14-1,000,000 16 
600 525,000-I,000,000 4 7000  |1,100,000-2,000,000 18 
600 |1,100,000—-2,000,000 8 
1500 14-8 4 
1500 I~O0000 6 666 volts or less 
1500 225 ,000~500,000 7 
1500 525 ,000~I ,000,000 8 Single conductor | Multi-conductor 
1500  |r,100,000-2,000,000 9 een even ere er 
2500 14-2 6 Insula- Insula- 
2500 I~O000 7 Size of tion Size of tion 
2500 225,000-500,000 8 wire, | thick- | wire, | thick- 
2500 525,000-1,000,000 9 A. W. G. ness, | A. W. G.| ness, 
2500 I,100,000—-2,000,000 Io or B. & S. 64ths jor B. &S. 64ths 
2500 14—0000 8 inch inch C 
2500 225,000-500,000 9 
2500 525,000-1,000,000 I0 18-16 4 16 3 
2500  |I,I00,000-2,000,000 Ir 14-9 5 I4-IO 4 
3500 14-0000 8 8-4 6 9-6 5 
3500 225,000-500,000 9 2-0 8 4 6 | 


* The rubber to comply with the rubber specification of the National Board of Fire 
Underwriters, which assumes the use of 20% of rubber gum. 


t The rubber insulation to comply with the specifications of the R.S.A., which calls 
for a very high-grade 30% Para compound. 


| 
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VARNISHED CLOTH AND IMPREGNATED PAPER 
Insulation Thickness 
(G. E. Practice.) 
Working Varnished cloth | Impregnated paper 
pressure, | ——— — -—- M - l 
volts be- i i 
Size, A. W. G. or | insulation ! Size, A. W. G. or Tosúlation 
à tween | S. and Cir. Mils 0 E0555" p. & S. and Cir. Mils LI cEn ess" 
wires : ia i 64ths inch | i iix K 64ths inch 
in at di ered inl = OCT TS 
- 600^ Cb oae Ent x 14-2 4 
‘en 3 O00 - qo sexESRRSERESCERES 1-0000 5 
"Yo! 60 |... — A 225,000- 500,000 6 
mot 6 | .eessikdestaier hes d §50,000- 1,000,000 7 
ix 3 1,000 6-2 4 12-2 s 
eee 1,000 1-0000 5 1-0000 6 
, 1,000 250,000- 500.000 6: — [d ebur eave T 
ia 1,000 550,000- 1,000,000 7 225,000- 500,000 7 
ud 1,000 1,100,000 and over 8 $50,000- 2,000,000 8 
pie 2,000 6-0000 6 10-0000 7 
- 2,000 250,000- $00,000 7 225,000- 500,000 8 
j 2,000 550,000-2,000,000 8 550,000-2,000,000 9 
3,000 All sizes 9 8 and larger 10 
4,000 All sizes - 10 8 and larger 12 
wii 5,000 All sizes 12 6 and larger 14 
4$ 6,000 All sizes 14 6 and larger 16 
ae 7,000 All sizes 16 5 and larger 18 
uox 8,000 All sizes 8: of!) uer XS 
P 9,000 All sizes 18 5 and larger 20 
"E 10,000 All sizes 20 L'. Zevtiiexeti4 laa 
2l & 11,000 All sizes 22 4 and larger 22 
v: P 13,000 All sizes T C5 * E E EE 7 
TE 14,000 All sizes 24 4 and larger 24 
, 15,000 All sizes 26 3 and larger 26 
a 16,000 All sizes 6. P . susetcaxenceeees 
r 17,000 All sizes 28 3 and larger 28 
ub 18,000 All sizes 28- brad Des ans 
; 19,000 All sizes 30 2 and larger 30 
/ 20,000 All sizes c ME Com 
"m 21,000 All sizes 32 2 and larger 32 
A 22,000 All sizes di — dp eo err er 
a 23,000 All sizes 34 1 and larger 34 
HL 24,000 All sizes 36 a ee | 
25,000 All sizes 36 o and larger 36 


© Above working voltages are based on all conductors of the circuit being insulated. 
For d-c. 6oo-volt railway single-conductor, leaded cables, use 2,000-volt class. For 
three-phase “ Y ”-connected circuits with grounded neutral and three-conductor cables, 
thickness of insulation between conductors and ground need only be 74e of that between 
conductors. (G. E. Bulletin No. 4787.) 
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INSULATION THICKNESS USED BY SOME IMPORTANT COMPANIES 
FOR THREE-CONDUCTOR HIGH-TENSION CABLES 
(Conductors are from No. o A. W. G. to 250,000 Cir. Mils.) 


Thickness of in- 
sulation in mils 
Volts be- Kind of 
tween wires | insulation | Over x Over 3 


conduc- | conduc- 
tor tors 


New York-Edison 

New York-Metropolitan 
New York-3rd Ave. R. R 
New York-Subway Co 
Buffalo-Niagara Lines 
Buffalo- Niagara Lines 
Chicago-Edison 
Chicago-Edison 
Milwaukee 

Saint Paul 

Saint Paul 


156 
218 
156 
218 


Public Service Cor. of N. J....... 
Twin City Rapid Transit 


Cotton, Silk and Enamel. — The thicknesses rated by various manufac- 
turers as “single,” “double” and “triple” covered differ by several mils; see 
article on Electromagnet Windings. Enamel insulation will stand a working 


potential of about 500 volts alternating per mil of thickness. Silk or cotton 
will stand about one-quarter as much. 


WEIGHT OF INSULATED WIRES AND CABLES. — So many vari- 
ables enter into the weight of an insulated wire or cable, and there are so 
many forms in use, that it is impossible to give comprehensive tables here, The 
reader is referred to the catalogues and circulars of the manufacturing companies. 
When such sources of data are not available the weight may be calculated from 
the dimensions of the cable by finding the sum of the weights of the conductors 
and the weights of the insulation, braid, tape, sheath, etc. The weight of the 
conductor may be found in the wire tables under Wires and Cables, Bare. The 
weight of the insulation, braid, tape or sheath, may be found by calculating 
the cross-section of each of these materials and multiplying by the length of 
the cable and a factor proportional to the density of the material; see table ac- 
companying. 

The cross-section of a tube having an internal diameter d and thickness ! 
is vi(d-F£). When the diameter and thickness are in inches and the specific 
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gravity of the material forming the tube is ô, then the weight in pounds per 1000 


ft. of tube is 
W = 1362 6t (d -F 1). 


The values of the specific gravity 6, the product 1362 6, and the weight per cu. 
in., for the various materials used in the construction of cables are given in the 
accompanying table. From this relation the weight per 1000 ft. of any tubular 
(circular cross-section) layer of insulation, braid, tape or sheath may be readily 
calculated. The formula is, therefore, directly applicable to single-conductor 
cables. 

The weight of duplex or triplex cables is calculated as for a group of single- 
conductor cables, except with regard to the rnllers.. The cross-section of the 
filling material is most readily calculated by subtracting from the cross-section 
of the entire cable the cross-sections of the individual conductors and the tubular 
insulation, sheath, etc. The weight of twin cables can also be readily found by 
calculating the cross-section of the various parts in inches and multiplying by 
the length and the proper density factor. 

The weight of separators in lb. per 1000 ft. is usually between 5 and ro times 
the mean diameter, expressed in inches, of the conductor aud separator. 


WEIGHTS OF CABLE INSULATION 


Specific Pounds per 
Material gravity cubic inch 1362 ô 
6 0.03613 6 

Rubber compound, 3o per cent para : 

Organic base.......... sse ees. 1.2 0.0434 1635 

Mineral base...............seusese 1.3 to 1.8 0.047 too.065 2040 to 2455 
Varnished cloth................ss. I.I4to I.I8| 0.0412 to 0.0426 | 1550 to 1610 
Paper, impregnated...............- I.10to I.32| 0.0398 to 0.0476 | 1500 to 1800 
Ledd sand cian Coane dais 11.4 O.41I 15,530 
Braid, untreated... m o o Do Veiis 
Braid,saturated..................] es | 0n]... e 
Tarred jute, in cable................ 0.534 0.0193 728 
Dry jute, in cable.................. 0.267 0.00965 364 
Dry hemp, in cable................ 0.267 0.00965 364 
Gutta percha................c0008: 1.0 0.0361 1362 


INSULATION RESISTANCE. — The insulation resistance of a cable 
is usually expressed in megohm-miles, sometimes erroneously called megohms 
per mile. The total insulation resistance of a cable varies inversely as its 
length, e.g., a cable two miles long has balf the resistance between conductor 
and sheath of a length of one mile of this cable. The formulas for insulation 
resistance of various types of cables are given below. 


Single-conductor Cable. — In absolute units the insulation resistance of a 
length of / centimeters of such a cable is 


jaa occ E 
R zai 8G 
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where d = diameter of conductor, D = outside diameter. oí insulation, R= 
insulation resistance, / = axial length, p = specific resistance. From the above 
formula the megohm-miles are 


D 
R= =; 
R k logio d 
where $ = 5.8 x (specific resistance in millions of megohms per inch cube) and 
the two diameters are ex- ] TE ET 
pressed either in inches or in k at 60° P. 
centimeters. The value of k 
for various types of insulation 
at 60° F., after an electrifica- 
tion of approximately one 
minute under a constant d-e. 
voltage, is glven in the ac- 
companying table. k varies 
both with the time of electri- 
fication and with the temper- 
ature and Is, as a rule, several 
thousand times greater for alternating currents than for direct currents (te 
Insulating Matertals, Miscellaneous). 


The tables on the following pages give the value of loo 7 for various sizes of 


Insulation 
: Usual 
Lirnits values 


Vulcanized rubber: ....| 780 to 23,000} 3000 to Boo 
Gutta-percha.......... 2900 

Varnished cloth.......| sooto 4,000} 700 to 12% 
Impregnated paper.....| 16006t6 3,000 1500 


wire and thicknesses of inaulation. 


Two- and Three-conductor Cable in Lead Sheath. — The insulation 
resistance between the two conductors of a two-conductor cable is practically 
double that between each conductor separately and the sheath. 

The insulation resistance of a three-conductor cable between any one com 
ductor and the other two conductors and the sheath is approximately one-half 
of that between each conductor separately and the sheath. Simple formulas 
for these resistances in terms of the dimensions of the cable are not available 
for the various parts of the covetings (insulation, fillers and braids) have dif 
ferent resistivities. 


| ss 
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LOG jo p FOR SOLID WIRES 
Size Insulation thickness, 64ths of an inch 
wire, O MN ee E ETA ge ae waua PE 
A. W. G.' inches | i a 
or B. & S.| 3 4 $ (007 | | 9 nd 
RES MES ule uc bo i j po 
i 
14 0.064 į 0.395} 0.470, 0.547, 0.595 | 9635 0.691 0.734! 0.770 
12 0.081 | 0.334 0.405 O 467 0.521 o 568 o613. 0 650! 0.687 
10 0.102 Sii 0.448 dps 0.453 ' 0.498 | 0.538 | 0.574 ; ©.610 
8 6.129 ' 0.238 eost O 344 O An | O 431 o. 468 o $02 0.535 
6 0.162 ` O 199 0.248 oO 242 0 334° 0.371 | 0 403) 0.4361 0.467 
4 0.204 gat Sa 0.236' 0.283 0.316 | o. 346 | 0.377 | 0.403 
2 0.258 | 0.134 0.170, 0.207 0.238 , 0 25; | 0.204, 0.420 | 0.344 
I 0.289 , 0.124 0.155 O INS O 217 0.213 | 0.270 | 0.204 0.318 
o 0.325 | 0.111 0.140 0.17 | 0.199 | 0.223 , 0.248 | 0.270 | 0.292 
00 0. 365 O 100 0.127 0 155, 0.182 i 0.204 0.225 0.248 0.270 
000 0.410 | 0.099 O.I14 O.140 0.164 0.185 | 0.207 | 0.228 | 0.246 
0000 0.460 ! 0.079 O.IO4 d 0.149 | 0.170 0.1838 0.207 0.225 
| | ET 
Size Insulation thickness, oaths of an inch 
wire, Oe tye Be es Lee mete ty | She 
A. W. G. | inches ] 
or B. & $. II 12 14 16 18 | 20 22 24 
| al n | 
14 0.064 | 0.804 0.8:6 0.894 0.945 | o.g9gt | 1.032} 1.070 | 1.104 
12 0.081 | 0.720. 0.751) 0.807. 0.856 | o.900| 0.941 | 0.977 | r.oit 
IO 0.102 | 0.640 ene a 0.771 | 0.814 | 0.853 | 0.889 | 0.922 
8 0.129 | 0.565; 0.592! 0.642) 0.688 | 0.729 | 0.766 | 0.803 | 0.833 
6 0.162 | 0.494! O. - 520! o. 568: 0.611} 0.650 | 0.687] 0.720 | 0.781 
4 0.204 | 0.428. 0.4531 O. 498 0.538 | 0.575 | 0.609 | 0.640 | 0.670 
7 0.258 | 0.367; o. 380! 0.43% 0.468 | 0.502 | 0.534] 0.565 | 0.592 
Ir 0.289 | 0.340, 0.362) 0.401! 0.436 | 0.470 | 0.500} 0.529 | 0.556 
6 0.325 | 0.314, 0. 332! 0.371! 0.405 0.436 | 0.463 0.496 0.520 
oo 0.363 ' 0.288, 0.307 0.34 ^ 0.377 0.405 | 0.433 | 0.461 0. 486 
Cos 0.410 | 0.265 0.281) 0.3161 0.346 | 0.375 | 0.40% | 0.428 | 0.452 
cond 0.460 dien o. vom 0.320 0.346 | 0.373 0.398 | 0.420 


d= diameter of wire; D= outside diameter of insulation. 
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250,000 
300,000 
350,000 


400,000 
450,000 
500,000 
600,000 
700,000 
750,000 
800,000 
900,000 

1,000,000 

1,250,000 

1,500,000 

1,750,000 

2,000,000 


0.092 
0.116 


0.146 
0.184 
0.232 


o. 296 
6.332 
0.373 
0.419 
0.471 
0.529 
0.575 
0.632 
0.681 
0.728 
0.772 
0.815 


0.833 
0.964 
0.998 
1.031 
1.094 
1.153 
1.289 
1.413 
1.526 


1.632 
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0.307| 0.373 
0.258] 0.318 
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D 
LOGw7 FOR CABLES (STRANDED WIRES) 


Insulation thickness, 64ths of an inch 


II 12 | I4 | 16 
0.073 |.0.757 0.788 
0.092 | 0 676 0.705 
0.116 | 0.508 0.626 


| 
0.146 | 0.525 


0.184 ! o 458 
0.232 | O. 
0.296 | O. 
0.332 o 
0.373 | O. 
0.419 | O. 
0.471 | O 
0.529 | O. 
0.575 | O. 
0.632 | o 
0.681 | [e] 
0.728 o. 


0.772 ! 9 
0.815 


o 


0099000000000 


0.833 
0.964 
0.998 
1.031 
1.094 
1.153 
1.289 
I.413 
1,750,000 1.526 
2,000,000 | 1.632 


(0) 
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o.. 
o.. 
o. 
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i o. 
o. 
O. 
o. 
O. 
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o. 
o. 
o. 
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o. 
o. 
o. 
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O. 
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CAPACITY AND CHARGING CURRENT. — See article on Capacity 
and Charging Current. 


INDUCTANCE, REACTANCE AND IMPEDANCE. — The formulas 
for bare wires and cables (see Inductance and Inductive Reactance) are also ap- 
plicable to lead-sheathed insulated cables, the insulation and sheath producing 
practically no effect on the self inductance. 

Resistance and Impedance of Three-conductor Cables. — The follow- 
ing table, published by the G. E. Co., is based upon roo per cent conductivity 
copper at 75° F., with an allowance of 3 per cent for spiral path of the component 
wires, A cycles per second, and standard thicknesses of varnished cambric 
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RESISTANCE AND IMPEDANCE OF THREE-CONDUCTOR COPPER 
CABLES 


mile, x 


Working voltage between wires 


The reactance is x = Vz?— r*; the inductance is L =x + am f where f is the 
frequency in cycles per second. 

Resistance and Reactance of a Pair of Armored Síngle-eonductor 
Cables. — Dr. J. B. Whitehead (Trans. AJI.E.E., 1909, Vol. 28, p. 737), give 
the following formula for the self inductance of each of two parallel armored 
single-conductor cables: 


n 
L=o0.161 2 loge ~- + 4 + 0:078 (k — 1), 


where L = millihenrys per mile of each conductor, 
D = distance between centers of conductors, any unit, 
r = radius of each conductor, in same unit as D, 
k = 14 to 36, depending upon the permeability of the armor wires. 


The above-cited paper concludes as follows: 1. Theoretically the reactance 
of the usual type of single-conductor, iron-armored power cable may he from 
2 to 4 times that of unarmored cable, depending on the distance to retum 
conductor; the factor increases with decreasing distance. 2. In cables as manu- 
factured, the reactance is about 0.7 of the maximum theoreticat value as calc 
lated by the above formula. 3. The effective resistance at 25 and 60 cycles 
is about 1.6 and 2 times respectively the d—c. resistance for a carrent density 
of 1 ampere per 1000 circular mils, and varies little with the distance between 
conductors. 4. The impedance fos distanccs under r2 inches is about. z tins 
the dc. resistance at 6o cycles and 1.7 to 2 times the d-c. resistances at 25 cycles. 
With the sheathing and the armor grounded at both ends the impedance 5 
somewhat lessened and is largely of the nature of resistance. . 5. Fhe impede 
of a double-conductor iron-armored cable with conductors located o.fgg ise 
apart between centers and at the current density given above is about 5 pef 
cent greater at 60 cycles and 3 per cent greater at 25 cycles than the calculated 
value. The increase is in effective resistance, due to eddy currents in the lead 


sheathing. 


is 
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H. W. Fisher (Trans. AJ.E.E., t009, Vol. 23, p. 747) says that the impedance 
of armored cables cannot be calculated with any degree of certainty owing to 
the effect of slight ditferences tn the air gaps between armor wires. He shows 
that a single-conductor No. o B. & S. cable armored with two tlat bands of 
steel (0.59 x 1.5) may have a maximum effective resistance 8 times the d.c. 
resistance when the lead and armor are disconnected, and that under practical 
conditions of operation the ratio is about 3.5. With larger cables the ratio 
will be greater. 

Unless the armor and lead of single-conductor cables are bonded together, 
arcs may occur between them and under water they would be injured by alter- 
nating-current electrolysis. 


CURRENT-CARRYING CAPACITY OF WIRES AND CABLES. — 
The permissible temperature rise of Insulated conductors usually depends upon 
the effect of heat on the insulation. In the case of rubber there is no well-detined 
temperature at which deterioration becomes especially rapid. The usual order 
of events when rubber is heated fs as follows: Oxidation is accelerated if ait 
is present; "devulcanization" commences, i.e, the rubber molecule breaks up 
without, however, liberating any sulphur; vulcanization proceeds, until all the 
free sulphur has combined with the rubber or mineral matter. The maximum 
working temperature is given as 130° F. (534.4? C.) by Melsom & Booth and 
122? F. (so? C.) by the G. E. Co. 

In the case of varnished cambric a temporary weakening occurs at a much 
lower temperature than any permanent deterioration, the insulation resistance 
falling quite rapidly and the diclectric strength decreasing, owing probably to 
the ionization of the separating oils. The same applies to paper in a somewhat 
less degree. These cables may therefore be worked at higher temperatures at 
low voltages than at high voltages, especially in the case of yellow varnished 
cambric which does not contain gilsonite or petroleum products. Paper i4 
desiccated and impregnated at between 220° and 230? F. and no deterioration 
of the materials is observable even if the processes are considerably prolonged 
but the material docs not insulate effectively for low-tension work above about 


167° F. (75° C.) : 
Approximate Formula for Permissible Current. — 


Let A = cross-sectional arca of conductor, circular mils, 

f = resistance per mil-inch of conductor at final temperature, 

I = current in conductor, amperes, 

C = circumference of conductor, inches, 

w= watts dissipated per square inch of conductor surface, per degree 
Centigrade temperature rise. This will depend upon the thermal 
resistivity of the insulation and upon the nature of the radiating 
surface, 

T = temperature rise, degrees C. 


When the watts dissipated become equal to the watts generated, the tempera. 
ture of the conductor will no longer rise and the current will have the value 


I -$ JACUT 
r 


The above formula does not hold very accurately in practice on account of 
the approximations in the equation for watts dissipated. It is, however, useful 
for estimating the influence of various factors upon the carrying capacity. 


Table of Current-carrying Capacity. — The following table gives the safe 
current per conductor as recommended by the authorities cited. 
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CURRENT-CARRYING CAPACITY OF COPPER CABLES 
Amperes per Conductor 
(For Aluminum Cables multiply the currents given in Table by 0.84) 
f Three- 
Single-conductor cables con- 
Low Tension ductor 
cables 
: Stand. 
Size wire, Nat. Elec. Code General Electric Und. |G. E. Co 
TN E ai Cab. Co 
or B. & S a 
and Paper | jou. | Rubber, 
Cir. Mils | Rubber | Other in- | Rubber | or var- lated | Paver 
insulation | sulations |insulation| nished lead | OF c20- 
cambric covered bric 
In-doors | In-doors | In tile |In-doors 
In-doors | In-doors exposed | exposed | ducts | exposed 
18 3 5 a 
16 6 8 ei oe 
14 12 16 s 18 a 
12 17 23 TT - 24 ixi 
IO 24 32 20 2j 33 16 
8 33 46 3o 36 45 24 
6 46 65 So 60 64 40 
5 54 77 65 75 76 so 
4 65 92 80 go 91 65 
3 76 IIO 100 IIO 108 80 
2 go 131 120 140 125 - 
I 107 156 145 170 146 110 
o 127 185 170 200 168 130 
oo ISO 220 200 235 I95 15S 
000 177 262 240 280 225 185 
0000 210 312 280 340 260 220 
200,000 200 300 | 270 320 d 210 
300,000 270 400 370 450 323 290 
400,000 330 500 460 560 390 360 
500,000 390 590 550 660 450 440 
600,000 450 680 630 750 505 t 
700,000 500 760 710 850 558 
800,000 550 840 790 950 607 
900,000 600 920 850 1050 G50 
1,000,000 650 1000 goo IISO 695 
1,200,000 730 IISO AON ios 780 
1,500,000 850 1360 1200 1500 895 E 
1,700,000 930 1490 E us 970 
2,000,000 1050 1670 1400 1750 1085 
Initial temp .20° C 20°C. | 21.5°C. | »'C. 
Temp. rise 30°C 60°C. | 44.5^ C. ] »' C 


* 35*.C. for paper. 


x 


i 


£e. 


Wires and Cables, Insulated. 1909 


Notes on above Table. — The columns headed National Electric 
Code give the requirements of the National Board of Fire Underwriters for 
interior wiring in buildings. 

The columns headed General Electric Company are made up from a table 
published by this company in their bulletin No. 4737. ‘The following notes are 
appended to this table in the bulletin. 

*" Concentri cables (one conductor inside the other, the latter forming a tube) 
will safely catry about 20 per cent less current in cach conductor than the same 
size of single-conductor cable. Four-conductor cables, ro per cent less than 
same size triple conductor. All temperatures refer to temperatures of copper 
core." 

The values of the current given for threc-conductor cables are approximately 
78 per cent of the values given for single-conductor rubber-insulated cables for 
a rise of temperature of 30? C. above surrounding air at 20? C. This same 
factor may be applied to the values given for single-conductor cables in ducts in 
order to obtain the current-carrying capacity of three-conductor cables in ducts. 
The current-carrying capacity per conductor of twin-conductor cables is approxi- 
mately the same as for single-conductor cables, while the current-carrying 
capacity per conductor of duplex cables (round) is about 15 per cent less. 

The column headed Standard Underground Cable Co. is taken from the 


` handbook issued by that company and applies to each of four equally loaded 


' from the Standard Underground Cable Co's. handbook: 


cables installed in adjacent ducts in the usual type of 
conduit system. 


Cables in Ducts. — The following is also taken 


"Assuming that not more than twelve cables, 
arranged as shown in Fig. 4, can be used, the average 
carrying capacity may be taken as the criterion for the 
proper size of conductor; and for cables of e given 
type and size the carrying capacities of all cables, even 
though placed in adjacent ducts, will be represented by the following figures, 
taking unity as the average carrying capacity of four cables: 


Number of Cables........ 2 4 6 8 IO 12 
Multiplier. .............. 1.16 1.00 0.88 0.79 0.71 0.63 
“Rubber versus Paper.— Rubber insulation is a somewhat better heat con- 


ductor than dry or saturated paper, and therefore, when applied to the same size 
conductor in equal thickness, will permit of a larger current flowing in the con- 
ductor for the same rise of temperature above the surrounding air. On the 
other hand, rubber deteriorates much more rapidly at high temperatures than 
saturated paper, and, while this disadvantage is apparently compensated for 
up to about 150? F. by its superior heat-dissipating qualities, at higher temper- 
atures deterioration takes place and becomes so serious that its value as an 
insulating medium disappears in a comparatively short time. 


" Insulation Thickness. — As the thickness of insulation is increased, the 
temperature of the conductor, with any given current flowing, gradually increases 
and therefore the current-carrying capacity becomes reduced. "The reduction ig 
capacity, however, is not very great, being in the ratio of about 93 for 1583 in- 
sulation to 100 for 7$3 insulation, so that the values in the table given above 
should be slightly decreased when greater thicknesses than 74» are used. 

“Initial Temperature. — As it is the final temperature reached which really 
affects the carrying capacity, the initial temperature of surrounding medium 
must be taken into account. If, for instance, the conduit system parallels steam 
or hot-water mains, the temperature of 150° F. (which is assumed in the above 


cu table to be the maximum for safe continuous work on cables) will be reached 


"4 
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with lower values of current than would otherwise be the case; and as 70° Ffi ms 
-is the actual temperature we have assumed to exist in the surrounding medium} «4 x 
prior to loading the cables, any increase over 70? F. must be compensated for eris 
by reducing the current carried. ning | 
“For rough calculations it will be ai to use the following multipliers to | ia 
reduce the current-carrying capacity given in the table to the ‘proper value for $8 1 


the corresponding initial temperatures: . > | lel 
Initial temperature, °F.. yọ 86 90° 100 110 120 130 140 I$% . mil 
Multipliers........ i... 1.00 6.93 0.86 0.78 0.70 0.60 0.48 0.34 6.0" |r 


` German Practice. — Tables giving the rules of the Verband Deutcher gil 
Elekilotecliniker for underground cables will be found in the Elek. Zeit., 1907, 
Vol. 28, p. 500, and the practice of the Siemeris-Schuckert Werke for cables p 
buried in the ground in the Elek. Zeit., 1909, Vol. 30, p. 380. 

Cables Buried Underground, Under Water, etc. — A cable buried in earth 
will carry from ro to a5 per cent more current with a given rise in temperature ! ! E 
than it will when run in a dry duct, depending upon the character of the soll 
immersed in water it will carry about 50 per cent more (G. E. Bulletin, 4591). 


= 


EYA 

Current-carrying Capacity of Lead Sheath. — The carrying capacity d 
a lead sheath is given approximately by the following formula: its 

C = 128 Vdp (d — pT, dun 
where 

d = outside diameter of sheath in inches, 

p = thickness of sheath in inches, 

T = temperature rise, ° C. 

Rise of Temperature with Time. — Fig. 5 Scis the rise of temperature 
with time for a single conductor, 0.5 -~ 
square inch in cross-section, carrying 100 - k 
750 amperes. Curves I to VI are $ 0M — peA 
from a paper by C. Beaver (Jour. 580) - Py am — | i4 | $ 
L.E.E., 1911) and curve VII from = 7 7 AP |__| " 


! 
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g 
Del Mar’s Electric Power Conductors. E 60} Ese: sisse sd 
DM ME m por l a 
- A 40) = 'aper,lead armored, buri in vu 
p= ^ 0n ec- Ne Un V tubbe er, raided, in iron pipe 
ificalions, below.) Wires and cables e d A i Bare REEL 
are submitted to factory tests to as- © 10f na | | 
certain whether they meet specified @ 09 1 3 3 pee C—T i Eu 
requirements. For the tests on the | Time, Hours i 
conductors themselves, see the article Fig. 5. 


on Wires and Cables, Bare. The usual 

factory tests of insulation are the high-potential test and the measurement d 
insulation resistance and capacity. In the case of rubber insulation, the te 
sile strength and elasticity of the insulation are also measured. Insult 
wires and cables are also tested after installation to discover incipient faults 
and to locate existing faults. 

The tests described below in greatest detail are those employed by the 
majority of American cable manufacturers and operating engineers. Met i 
of measuring insulation resistance are described in the article on Resislwt — 
and Conductance, and methods of measuring capacity and inductance in the 
atticles on Capacity and Inductance. 


High-potential Tests. — The voltage which will break down the ae? 
of a given cable decreases as the length of the conductor is increased. For 
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this reason the potential tests of the National Board of Fire Underwriters, 
which are made upon one-foot lengths, are much too severe for commercial 
lengths. The chance of weak spots also increases with the conductor diameter 
making large cables dielectrically weaker than would be expected from theory 
based upon the assumption of homogeneous dielectrics. Large cables in. long 
pieces are also likely to be overstressed momentarily upon the application of 
the voltage on account of the transient. voltages caused by their electrostatic 
capacity. Furthermore, the manufacturers are unwilling to test large cables 
as near the limiting voltage as small cables on account of the greater com- 
mercial risk. 

The breakdown voltage also decreases with the time of application. For 
example, a paper-insulated cable which breaks down at 2000 volts applied for 
§ minutes will break down at about 1600 volts applied. continuously for 30 
minutes and at 1300 volts applied continuously for 60 minutes. On this ac- 
count, the time of application of the test voltage as well as the value of this 
voltage should always be specitied. 

For the methods of measuring the voltage, see articles on Insulating Material, 
Testing of; Spark Gap for Measuring High Voltage. 

Standard High-potential Tests. — In the following tables are given 
the test voltages recommended by the authorities noted for given thicknesses 
of various kinds of insulation. 


POTENTIAL TESTS FOR 30 PER CENT PARA COMPOUNDS 
Potentials in Kilovolts 
(Association of Railway [Electrical Engineers, 1913) 


For 5-minute factory test. 


IO I2 14 16 

10.5 

10.5 | 

I1.0 

II.5 | . 

I2.0 " 

13.0 ee r.e.. e... 

14.0; 16 18 20 22 23 

14.5 | I7 19 22 24 25 

15.0 | I7 19 22 24 25 

15.5 18 21 23 25 27 

15.5 18 21 23 25 .| 27 

15.5 ! 18 21 23 25 27 

15.5 | 18 21 23 25 27 

15.5 | 18 21 23 25 27 

15.5 | 19 22 24 26 28 

14.5 | 19 22 24 26 28 

14.0 | 19 22 24 26 28 

13.0 19 22 24 26 28 
1,250,000 12.5 19 22 24 26 28 | 
1,800,000 12.0 19 22 24 26 28 
1,750,000 | ...| ...] eee} eee] onn : Ir.5 | 19 22 24 26 28 
2,000,000 | ...l ...1... | ...| 5,01 10.5 1 19 22 | 24 26 28 


For cables having conductors of a size not listed, use figures for next larger size, 
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POTENTIAL TESTS FOR VARNISHED-CLOTH INSULATION 


Potentials in Kilovolts 
(G. E. Co. Bulletin 4787) 


Thickness At factory After installation 

of insula- | ——1— ————— — 

tion, 64ths 
in. 


5 min.|[3o min.|60 min.| 5 min. |3o min. 60 min. 


250,000-500,000 

550,000-1,000,000 

1,100,000 and over 
6-0000 


250,000-500,000 
550,000-2,000,000 
All sizes 


All sizes 
All sizes 
All sizes 


All sizes 
All sizes 
All sizes 


All sizes 
All sizes 
All sizes 
All sizes 
All sizes 
All sizes 
All sizes 
All sizes 
All sizes 


All sizes 
All sizes 
All sizes 
All sizes 
All sizes 
All sizes 
All sizes 
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Tests on three-conductor cables for circuits with grounded neutral, in propor 
tion to thickness of insulation: Example, three-phase, 12,000-volt circuit "Y," 
neutral grounded, insulation on each conductor 346 inch (total between conduc- 
tors $$ inch), outer belt $53 inch (total % inch); test pressure at factory for 5 
minutes, between conductors 30,000 volts, each conductor to earth 22,500 volts. 
For mechanical reasons, thickness of insulation on individual conductors ol 
three-conductor cables 3000 volts and less is made somewhat greater than re- 
quired by working pressure on some sizes. 

(The above tests are very conservative, some manufacturers advocating fat 
severer tests.) 
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POTENTIAL TESTS FOR PAPER INSULATION 
Potentials in Kilovolts 
(G. E. Co. Bulletin 4787) 
At factory After installation 
Size wire, | Thickness = O O 0 Sooo LR 
A. W. G. or 
BAS of insula- | 
and Cir. Mils ee s min. | 30 min. 60 min.| s min. |30 min.!60 min. 
14-2 4 2.0 1.6 1.3 16 1.3 1 
1-0000 5 2.0 1.6 1.3 1.6 1.3 I 
225,000-§00,000 6 2.0 1.6 1.3 1.6 1.3 I 
550,000- 1,000,000 7 2.0 1.6 1.3 1.6 1.3 I 
12-2 S 2.5 2 I. 6 2 1.6 1.3 
1-0000 6 2.5 2 1.6 2 1.6 1.3 
225,000-500,000 7 2.5 2 1.6 2 1.6 1.3 
550,000-2,000,000 8 2.5 2 1.6 2 1.6 1.3 
10-0000 7 5.0 4 3.2 4 3.2 2.5 
225 ,000-500,000 8 5.0 4 3.2 4 3.2 2.5 
5$50,000-2,000,000 9 5.0 4 3.2 4 3.2 2.5 
8 and larger 10 7.5 6 4.8 6 4.8 3.8 
8 and larger 12 10.0 8 6.4 8 6.4 S.I 
6 and larger 14 12.5 10 8.0 10 8.0 6.4 
6 and larger 16 15.0 12 9.6 12 9.6 1.3 
5 and larger 18 17.5 I4 II.2 I4 II.2 9.0 
5 and larger 20 22.5 18 14.4 18 14.4 11.5 
4 and larger 22 27.5 22 17.6 22 17.6 14.1 
4and larger 24 32.5 26 20.8 26 20.8 16.6 
3 and larger 26 37.5 30 24.0 30 24.0 19.2 
3 and larger 28 42.5 34 27.2 34 27.2 21.7 
2 and larger 30 47.5 | 38 30.4 | 38 30.4 | 24.3 
2 and larger 32 52.5 | 42 33.6 | 42 33.6 | 26.8 
I and larger 34 57.0 46 36.8 46 36.8 29.4 
o and larger 36 62.5 So 40.0 50 40.0 31.9 


Tests on three-phase cables for grounded neutral in proportion to thickness 
of insulation: Example, three-phase 13,000-volt circuit “Y,” neutral grounded, 
insulation on each conductor %6 inch (total between conductors 36 inch), outer 
belt 543 inch (total %3 inch); test pressure at factory for 5 minutes, between 
conductors 32,500 volts, each conductor to earth 17,500 volts. 


High-potential Test at Factory. — The entire reel of cable, unless 
lead covered, should be set, with its ends projecting, in a tank of water. The 
braid, tapes, etc., should be removed from the insulation for a length depending 
upon the potential to be applied and the surface of the insulation thoroughly 
dried or dipped in hot paraffine. One terminal of a source of alternating 
e.m.f. is then connected to the conductor and the other to the water. In the 
case of lead-covered cables the second terminal is connected directly to the lead. 
In the case of multiplex cables, the potential is sometimes applied between 
conductors. 

The source of e.m.f. is invariably a transformer, but various means are adopted 
for obtaining variations of potential. Among these means are: 


Pl 
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I. Supplying the transformer from a special alternator whose voltage is | iw 


varied by means of a field rheostat. 

2. Making the primary and secondary windings movable in relation to one 
another, so as to vary the linkage of magnetic lines. 

3. Applying the current to suitable taps in the low-tension windings of the 
transformer by means of a multi-point switch. 

Tests for Faults in Sheath. — There are sometimes faults in the lead of 
lead-encased cables. {In order to detect them the usual practice has been to 
place the cable for twenty-four hours in water and then measure its insulation 
resistance. V. Planer (Elek. Zeit., Jan. 4, 1912) has investigated whether this 


method is a really reliable test with modern cables. In several lead-encased ` 


cables insulated with impregnated paper, a number of holes were artificially 
made in the lead armor and the cables placed in water. Every twelve hours 
the insulation resistance of the cable was measured and the cable was tested 
every hour at double normal voltage. After the cables had been in water for 
twenty-four hours or forty-eight hours the insulation resistance was just tht 
same as before. The measurements were repeated daily and the results re- 
mained unchanged after five weeks. A second cable was placed in the water 
without a lead covering so that the impregnated paper was directly in contact 
with the water. After four weeks the cables could still withstand the test with 
double the normal voltage, while the insulation resistance had decreased by 
1o per cent. These experiments prove that to place a modern cable for twenty 
four hours in water before testing it is not a reliable method for detecting 
fault in the lead armor. The best way to test the lead armor is with water 


under pressure. Some German cable manufacturers use pressures of several 
atmospheres, l 


Mechanical Tests of Rubber. — The test piece should be carefully pre- 
pared avoiding incisions and irregularities. The best way to obtain a test 
piece from a small conductor is to wet a sharp knife and run it tangentially 
along the wire so as to cut off a strip of rubber of segmental cross-section. In 
the case of large conductors, the best plan is probably to remove the insulation, 
spread it out flat and cut off a piece of uniform width by means of a special 
cutter consisting of a pair of parallel knife blades attached to a common frame. 
The diagonal projections of rubber which occur on the inside of insulation 
stripped from stranded conductors are neglected in computing the cross-sectional 
area. 

In order to measure its tensile strength the sample of rubber is held in some 
sort of grip and stretched in a machine similar to that used for wire (see Burcas 
of Standards Bulletin No. 37). It is usual to reduce the results thus obtained 
to pounds per square inch. 

Seals. — Large purchasers of wire and cable assure themselves that they 
receive the material which they have inspected by sealing it at the time of 
inspection. ‘Two sealing stamps are usually necessary, one for wire from No. 4 
to No. 10 A.W.G. and one for wire from No. 8 to No. 4 A.W.G. These stamps 
press the purchaser's mark into the copper, Wires smaller than No. 14 A.W 6. 
are too small to show such a mark and are therefore sealed by looping a loo 


end into a lead seal and pressing this tight with a stamp which leaves the put- 
chaser's mark upon the lead. 


Tests after Installation. — A high-potential test with the voltages given 


above in the tables is usually applied to the full length of cable immediately 
after installation and at regular intervals to detect incipient faults. Double 


line voltage is frequently used for the periodic tests. Grounds or crosses of 


relatively low resistance may be detected by bridge methods or by explom* 
tion, as described below. 
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Some engineers make periodic insulation-resistance tests and plot the results 
asacurve. If the curve manifests any decided downward tendencies the cause 
is immediately sought for. The methods of making these tests are given below, 

Testing for Faults by Murray Bridge Methods. — The bridge used 
in the Murray loop tests is shown diagrammatically in Fig. 6. It consists 
essentially of a resistance wire graduated into two equal scales each. reading 


. from o to 100, the zero points being at the ends of the wire. A galvanometer 


is connected across the zero points and a ilexible lead connected to the positive 


. terminal of a source of direct current is put in sliding contact with the wire. 


The negative terminal of the dírect-current source is grounded. 


To Galranometes 


To Soarve of Current other 
terminal of which ls grounded. 


Arraugement of Bridge 
Fig. 6. Fig. 7. 

One Conductor Grounded. - - When. one conductor of a multiple-conductor 
cable is grounded, the bridge is connected as shown in Fig. 7, a jumper being 
placed between the faulty conductor and one of the others. The sliding con- 
tact is moved along the bridge wire until the galvanometer detlection becomes 
zero. Let a= distance of sliding contact, on bridge scale, to the terminal of 
the bridge connected to faulty wire, as a percentage of the length of the bridge 
i and L » length of cable; then if x is the distance from the bridge to the 

ult, 


Xa 
IOO 


Two Conductors Crossed. — When one conductor of a three-conductor cable 
is crossed with another, the bridge is connected as shown in Fig. 8, a jumper 


Wheatstone 
E L 
k CE ge. | 
^  — Ó€—á——— Y 
D—Ó—— ug ——ÁP—— 
we Telephone 
£ A Reesives 
ey 
Fig. 8. Fig. 9. 


being again used, although connected differently. Zero reading is obtained on 
the galvanometer as before, and, using the same notation, . 


aL 


x=: 


100 


One Conductor Open. — When one conductor is open, the bridge fs connected 
as shown in Fig. 9, a telephone receiver being substituted for the galvanometer, 
and alternating current for the direct current. The sliding contact is moved 


along the bridge until silence is obtained in the telephone. 
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Let a = distance from sliding contact to the terminal of bridge connected to P 
open conductor, 


b = distance from sliding contact to the terminal of bridge connected to whole |" 
conductor: then, mae, 
"at 

x= —L, IY: 

z sit 


Ayrton’s Method to Detect Crosses. — In Fig. 10, a, b and r repre as 
sent three arms of a Wheatstone bridge, the fourth arm being the conductor N, ' ~ : j 
which is in contact with a second conductor M of the same cable at the point EE 
P. Ground the conductor N at the far end and let x and y be the resistances | 


Eg 
| ien 
ET 
iy 
Tse 
aw 
ids 
itt the 
Fig. 10. Fig. 11. RS 
of the grounded conductor from the bridge to P and from P to the grounded ' 
end respectively. Let a, b and r be the resistances of the other three arms of | 
the bridge. Make a= b, and adjust the variable resistance r until the galva | 
nometer shows no deflection; then Tes 
x+y=r, iu 
neglecting the resistance of the ground. " 
Then connect battery to M instead of to earth as shown in Fig. 1l,andadjs  ;, 
a to a value a; such that the galvanometer shows no deflection. Then ax*))  ; 
or Ug 
x b 
x+y bra | 
— 
But from first arrangement x + y = r, whence 9 
+= i Te 
b+ a ult 
From the resistance of the conductor per foot, the distance to the point P is us 
then immediately determined. ws 


Varley Loop Test for Grounds. — Grounds may be located by the 
arrangement shown in Fig. 12. Loop the bad wire at the distant end witha 
good one of equal resistance. Call the b 
resistance of the good wire c and the 9 Y» 


resistance to the fault on the bad wire x. , —————9—————5 E 
Adjust the rheostat until the galvanom- E 
eter balances. Then b iz 
2bc—ar a 

ee ato Fig.12 > i 

a,b and r being the values of the bridge arms and rheostat respectively when rs 
the galvanometer shows no deflection. (S. G. McMeen.) E 


Varley Loop Test for Crosses. — This is made by substituting o0¢ 
of the crossed wires for the earth path of Fig. 12, using one good wire as before. 
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Cable Tests by Exploring Coil. — Grounds on wires in cables can 
be located by the use of a telephone receiver connected to an exploring coil. 
To do this, connect a source of interrupted current to one end of the wire in 
trouble, the other terminal of the source being grounded. Remove from the 
wire in trouble all the grounds other than the fault. Then move along the 
cable a coil such as one spool of an 8o-ohm telephone ringer (see Telephony), 
across whose terminals a receiver is connected. Hold the exploring coil with its 
iron core at right angles to the cable. A tone from the interrupter should be 
heard when the exploring coil is between the fault and the source of sound, but 
not when it is beyond the fault. (S. G. McMeen.) 


Listening Tests on Telephone Lines. — A long telephone line will be 
noisy if one of its wires is grounded, open or crossed with a third wire, whether 
the latter be grounded or clear. To determine where the fault is, listen on the 

= line while assistants short-circuit it at different places. The fault is beyond 
-—r the short-circuit if the short-circuit makes the line quiet (5. G. Mfc Meen.) 

Use of Various Methods of Testing for Faults. — Two electric light- 
ing companies (V. E. L. A., rors) gave the following data on testing for 
faults: the relative number of tests for faults made by the different methods, 
and the cost per test of cach type. 


T! 


i 


A Cost to 
u Company A . Company B Company B 
Per cent Per cent 
15.0 46 $12.00 
36.5 8 12.00 
17.5 60.00 
aes 24.3 2.50 


j£ I.3 
5.4 


100.0 


SPECIFICATIONS. — (Sce also article on Wires and Cables, Bare.) The 
following forms are recommended for insulated wire and cable specifications. 
The general idea is for the purchaser to have printed or mimeographed forms 
and to fill them in according to specific requirements. These tabular specifica- 
tions are supplemented by general specifications for workmanship and materials, 
which should be included when bids are sought or orders given. This arrange- 
ment minimizes the chance of accidental omission on the part of the purchaser 
.* and manufacturer and saves the bidder time in reading long specifications. 


o Items to be Covered in Detail Specification. — 
Specification No., 
Title, 
i State briefly the service for which the conductor is intended, 
Y Number of separately insulated conductors, 
Material of conductors, 
Type of stranding (parallel, concentric or rope), 
Number of strands per conductor, 
Number of wires per strand (if rope strand), 
x" Total area of conductor or A.W.G. No., 
Conductor shall sot be tinned (omit the word “not” as required), 


-11 "Type of separator, if any, 
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Insulation material, each conductor, . 
belt, l E us d 
Minimum thickness of insulation, each conductor, . 
geni belt, 
Tape, material, i 
Number of tapes, each conductor, 
. over each layer, 
over-all, ; i 
Pressure wire (if any), size, 
insulation, 
location, 
Servings, material, 
number, 
thickness, inches, 
Braid, material, 
number on each conductor, 
number over-all, 
Tracers (if required), material, 
number, 
arrangement, 
Laterals (if required), material, 
Filling under sheath, 
Sheath material, 
Thickness of sheath, 
Filling between sheath and armor, material, 
. thickness, measured after armoring, 
Armor, material, wire or band, 
Jute over armor, 
Maximum over-all diameter (if limit is necessary), 
Length, maximum, 
minimum, 
Whether to be supplied in coils or on reels, 


All workmanship and materials shall conform with the General Wire and Cable 
Specifications given in next paragraph. 


GENERAL WIRE AND CABLE SPECIFICATIONS. — The follow- 
ing general specifications are to be used in conjunction with the above. These 
are offered merely as suggestions, as every-engineer should be guided by personal 
experience and local requirements. The specifications of the Association of 
Railway Electrical Engineers have been largely drawn upon in preparing them. 


Tests and Inspection. — The wire or cable shall be open for inspection by : 


an authorized representative of the Purchaser, who shall be afforded all the 
necessary facilities for making the specified electrical tests and to assure hir 
that the materials used and the process of manufacture conform with the sped 
fications. 

The Contractor shall notify the designated representative of the Purchaser 
sufficiently in advance of the completion of the wire or cable to enable inspection 
to be arranged for. 

Measurement of Cross-section. — The combined area of the wires when 
laid out straight and measured at right angles to their axes shall be not less 
than the specified gage or circular mils. 

Thickness of Insulation. — Unless otherwise specified, wires and cables 
shall be insulated in accordance with the National Electric Code j 
as given above in the section on Thickness of Insulation. 


Un 
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Strending. — Unless otherwise specified, 


cables shall be stranded in accordance with Size wirà Number 
the accompanying table (which is that pro- A.W.G. or of com- 
posed by the Bureau of Standards). B. & S. ponent 
Tinníng. — The wire shall be provided and Cir. Mils wires per 
with a heavy uniform coating of tin without conductor 
projections. ne TOS TT See ce 
Samples of wire, before stranding or cov- Pe ons = 
ering, shall be thoroughly cleaned with | i 660,000 1.100.000 il 
alcohol and immersed in hydrochloric acid b doc oos eS quado 61 
of specilic gravity 1.058. and temperature sod. 539 5360:006 35 
60° F, for one minute. “They shall then be OSA i 
rinsed in clear water and immersed in a 5 ; 


solution of sodium sulphide of specitic grav- 
ity 1.142 for thirty seconds and again washed. 
This operation shall be repeated three times and upon the completion of the 
fourth cycle, the sample shall show no sign of blackening. 

The sodium sulphide solution must contain an excess of sulphur and should 
have sufficient strength to thoroughly blacken a piece of clean untinned copper 
wire in five seconds, 


Separator. — The separator may consist of soft cotton yarn (which may 
be braided), or of paper or muslin tape. With untinned conductors, the sepa- 
rator shall completely cover the conductors; with tinned conductors, it is de- 
sirable that the separator shall allow the insulation sufficient contact with the 
conductor to prevent the conductor sliding in the insulation, 


Rubber Insulation. — (See also article on Rubber.) Various grades of 
rubber insulation may be used with advantage, according to the degree 
of permanence desired. Rubber compounds, being composed of a mixture of 
organic and inorganic substances and their compounds, are too complex to 
permit of their permanency being predicted from theoretical considerations 
based upon tests of chemical and physical properties, It is therefore necessary 
to rely entirely upon experience and lo write specifications which will require 
all new material to be substantially identical with insulation which has been 
found satisfactory in service. 

At the date of going to press, the subject of standard rubber specifications 
is receiving a great deal of attention from committees of technical societies and 
by committees appointed by the large consumers and manufacturers. The 
general tendency is to specify a combination of chemical, mechanical and elec- 
trical requirements. The idea of the chemical clauses is that by specifying 
close limits upon the following analytical results (obtained by a standard method 
of analysis), the use of non-permanent substances will be substantially prevented, 


m Deleterious substances whose use is 
Analytical M M limits prevented by limits upon analytical 


results 


Total sulphur. Reclaimed rubber. 


Alcoholic potash extract. Rubber substitutes. 

Chloroform extract. Tars. 

Mineral matter. Carbon, cellulose, etc. 
Saponifiable gcetone extract, Unextractod high resin rubbers. 
Unsaponifiable acetone extract. Deresinated rubber. 
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The mechanical clauses ensure sufficient vulcanization and assist in limiting |^ 
the grade of rubber. The electrical clauses are to ensure the proper insulat- Eu 
ing qualities. EI 

Where a high-grade rubber eoupoaudi is to be purchased on the basis of com- | * 
petitive bids, the chemical clauses recommended by the “Joint Rubber Ins- ixi 
lation Committee” (Proc. A.I.E.E., Jan. 1914 and Jour. Ind. & Eng. Chem., = | 
Jan. 1914) may be used in combination with the following mechanical and |^ 
electrical clauses. Mo 

Concentric Application. — The compound shall be applied concen- 
trically about the conductor and shall fit closely thereto. If necessary, in order 
to achieve this result on conductors of greater diameter than three-quarters; 
of an inch, a tape shall be applied over the insulation before vulcanization. - i 
Such tape will be additional to any which may be required in the accompanying à in 
wire specification. 


Repairs and Joints. — If exigencies of manufacture require repairs 
of joints in the insulation, the compound employed shall meet the mechanical 
and electrical requirements of this specification, and the work shall be done in 
such a way as to leave the repaired part or joint and all parts affected by it as 
strong and durable electrically as the remainder of the insulation. The repairs '- | 
or joints shall be properly vulcanized in a mold of approximately the same d — 
ameter as the rest of the insulation. l 2s 

Elasticity. — A sample of the insulation shall be stripped from the ~~ 
conductor, and cut to such a width as to give a cross-sectional area as neat | 
as practicable to one thirty-second square inch. The covering having been “ui 
removed, marks shall be placed two inches apart on the sample, which shall : 5: 
then be stretched at the rate of twelve inches per minute until the marks ae == 
six inches apart and one end immediately released; thirty seconds after release ui 
the marks shall be not further apart than is specified in the following table. — - 


Tensile Strength. — A strip of segmental cross-section shall be cut 
from the cable by means of a sharp knife held tangential to the conductor. The | -:: 
sample shall be bent in every direction to magnify and reveal any surface incision 
or imperfection which may exist. A portion of the sample without such defects 
and having a free length of not less than two inches shall then be stretched st 
the rate specified above until it breaks. Five samples from every 25,000 ftt  . 
or less, shall be tested in this way and their average tensile strength shall be 
not less than one thousand pounds per square inch, or their minimum tenslt — 
strength less than nine hundred pounds per square inch. At the moment ^ 
fracture the average distance between marks shall be not less than specified in 
the following table: 


BET 


NM, 


de 


Length after Length at E 
Insulation thickness stretching and moment of I 


release, in. fracture, in. 


Less than 864 in. ............eeeeee eese 27Áe - 
964 in. to 1264 in. 2"Ào 
1344 in. or over 214 


Electrical Tests. — Electrical tests shall be made upon all wire or cable 
after at least twelve (or 24) hours immersion in water while still immersed and 
before the application of any covering other than the tape or braid used ia 
vulcanization. The insulated conductor shall successfully meet the specified 


— 


f. 


Fr 


ah 
- 
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high-potential tests. The insulation resistance shall then be measured. In the 
case of rubber-insulated multiplex: cables, the insulation. resistance shall be 
measured before assembling the conductors. An additional electrical test shall] 
be made on lead-covered cable only and shall consist of a high-potential test to 
be made upon the cable after assembling: and leading and without immersion in 
water. In the case of multiplex cables this test shall be made successively be- 
tween each conductor and the other conductors and sheath, 

The insulation resistance shall be not less than speciicd (see section above on 
Insulation Resistance). 

The temperature coeficient for correcting the insulation resistance to the 
standard temperature of sity (00) degrees Fahrenheit shall be in accordance 
with the value given in the article on Znsidatine Materials, Miscellancous. 


Varnished-cloth Insulation. — (.1«soc. Ry. Elect. Eng., 1912.) The insula- 
tion shall consist of a closely woven cotton cloth and a viscous tiller. Each sur- 
face of the cloth shall have smooth continuous films of varnish and shall be free 
from wrinkles, blisters and all other imperfections. It shall be thoroughly im- 
pregnated with insulating compound, shall be pliable and shall have no ten- 
dency to crack when doubled on itscif. 


Filler, — The filer shall be à viscous moisture repelling insulating com- 
pound whose dielectric constant is similar to that of the varnished-cloth insu- 
lation and of such a nature that it will prevent the tapes from unwrapping when 
cut, but will allow the lavers to slide upon each other when the cable is bent. 


Assembly. — The insulating cloth shall be applied in the form of tape 
wound on helically and reversed at least every two layers. The tapes shall be 
of such widths that for different diameters of cable they will lie smoothly and 
be free from wrinkles; the turns shall overlap and the joints in successive layers 
shall be staggered. The filler shall be so applied between layers as to exclude 
all air, the whole forming a hard homogeneous semi-tlexible wall of insulation. 


Tape. — A layer of cloth tape thoroughly filled with a rubber compound 
lapping one-fourth of its width shall be applied over the cloth insulation. 


Electrical Tests. — Each and every length of cable shall conform to 
the specified electrical tests. Braided wires to be tested after twelve (12) hours 
immersion in water and before the braid is applied; lead-covered conductors 
to be tested against the sheath with sheath grounded. Multiples cables shall 
be tested between each conductor, and the other conductors and sheath or 
ground in multiple. 

Impregnated Paper Insulation. — (Assoc. Ry. Flect. Eng., 1912.) The 
insulation shall consist of a Manila paper applied helically and evenly to the 
conductor, and then thoroughly impregnated with an insulating compound. 
The cable shall be pliable and show no tendency to harden injuriously at 32? F. 
The paper or compound shall contain no acids, alkalis or metallic salts. 

The compound shall be applied so as to exclude all air and moisture. 


Tensile Strength. — The tensile streng. h of the paper measured length- 
wise before impregnation shall be equivalent to the weight of a strip not less 
than 20,000 feet long, and its elongation shall be not less than 2 per cent. 
Acceptance will be based upon the average of six tests on samples selected at 
random from every order. 


Electrical Tests. — Each and every length of cable shall conform to the 
specified electrical tests. No immersion is required before testing. The poten- 
tial test to be made between conductor and sheath with the sheath grounded. 
Multiplex cables shall be tested between each conductor, and the other con- 
ductors and sheath or ground in multiple. 
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Braids. — (Assoc. Ry. Elec. Eng., 1912.) Braid shall be of closely woven | Sie 
cotton thread, at least two-ply, thoroughly impregnated with an insulating | -Tey 
weatherproof compound and finished viel 
with a. black insulating compound E SS 
thoroughly slicked down. The com- | Diameter over Thickness of | 
pounds shall be neither injuriously the insulation, | braid, inches, not; | o: 


affected by nor have injurious effect inches less than ! | fen. 
upon the braid at a temperature of ; da 
200? F. The thickness shall be not (dux 
less than given in the following table. 0.160 0.018 EE 
Tests. — A six-inch sample of 0.290 0.028 IRA 
wire with carefully paraffined ends 0.530 0.038 » 


shall be weighed and submerged in I.000 and over 0.053 
fresh water of a temperature of 70? F. 5 


for a period of twenty-four hours. — yor intermediate diameters use next smalt | 57 
The increase in weight after submer- diameter. (Note: The above does not apy | =>: 


sion and removal of surface water to fancy or special braids for fixtures, etc) 
shall be not more than 8 per cent of 

the weight exclusive of copper and insulation before submersion. The com | z 
pound shall not drip at a temperature of 125? F. 


Rubber-filled Cloth Tape.— (Assoc. Ry. Elec. Eng., 1912.) The tap fizi 
shall consist of a cotton cloth not lighter than one pound per four yards 5 1 : 
inches wide with not less than 56 by 60 picks per inch, thoroughly filled wii | 
a rubber compound. The tape shall be applied spirally overlapping not les | : 
than one-quarter of its width. The following table gives the maximum wid | *: 
of tape allowed. | 


a 


Diameter over | Maximum width Diameter over | Maximum width | E 
insulation, inches | of tape, inches || insulation, inches | of tape, inches |" 


5 0.62 2 f a 
444 . 0.50 154 flere 
ee 
4 0.44 DA E EY 
31% 0.38 1% i : 
ET 0.31 Bol 
3 0.25 18 | m 
234 0.19 84 | ie 
23% 0.16 Un s 


For intermediate diameters use next smaller diameter. 


Sheath. — (Assoc. Ry. Elec. Eng. 1912.) Unless otherwise specified the shet? 
shall have an average thickness of not less than that indicated in the tabula? >; 
next following, and the minimum thickness shall in no place be less than nix `~- 
per cent of the required average thickness. A 

Composition. — The sheath shall consist of commercially pure le! | 
for all cables having a core diameter (i.e., internal diameter of the sheath) ks. ~ 
than two inches; for cables having a core diameter equal to two inches # 
more the sheath shall consist of an alloy of lead and commercially pure "8 
containing not less than one per cent of tin. 

Wire Armor. — (Assoc. of Ry. Elec. Eng., 1912.) The core of the cable o>, 
shall be run through a hot asphalt compound, served with a layer of jute yat - 
run through hot asphalt again, and then laid with galvanized wire armor. g 


ett 
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Size of Armor Wire. ,-——————————- — 
ER siz i 1 . es 
-Thepmper SIC OIEERTOT | Corresponding thickness of 
wire will depend upon the sheath di Oaths of an meh 
conditions of service; the | : 
: Internal diameter , 
latitude allowed in the fol- ; 
of sheath, inches 


lowing table represents the | . Rubber or 
difference arising from Paper Hisus var. cloth 
such ditference in service | lation insulation 
conditions. Unless other- 1 0 L | 7 
wise specified the armor | 
wire shall be the minimum 0.05 to o 2) 5 4 
size. 0.30 ton ty 6 5 
Lay. — The armor Or Nae 7 6 
shall be applied closely Betas 1g 8 7 
Without appreciable space 2 Go tod ny 9 8 
2.70 and over 10 9 


between adjacent wires. 
The lay shall be from eizht I 
to twelve times the pitch For intermediate diameters use next smaller diameter. 
diameter. 

Finish. — The armored cable shall be run through hot asphalt. com- 
pound, served with a layer of the best three ply 14 pound hard-twisted jute 
yarn applied in a close "E 
short lay, run through 
hot asphalt compound, 
then served with a sec- 


— —— — +e 


Jute bedding | 
Diameter of cable, Armor wire under armor 
under jute bed- A. (Steel measured in 


ond layer of three-ply, ding, inches W. G. finished cable, 
14-pound jute yarn, run inches 
through hot asphalt com- |- ^ minimum 
pound and finally run 0.00 to 0. 5o 14-13 jaa 
through some material 0.14 0.69 12 jas 

to prevent sticking. o 64" 1.00 lu 252 
(Under certain condi- o 88" 1.50 8 782 

tions, the purchaser may 1.25 " 2.00 6 322 

find it advisable to spec- 1.30 and over 4 Phe 


ify the omission, of the 
outer jute covering.) 
Direction of Lay. — Successive layers of jute or jute and armor shall 
be laid in opposite directions. In the case of multiple-conductor cable armored 
without lead, the outside laver of conductors shall be put on with a right-hand 
lay. The armor shall be put on with a left-hand lay. The direction of lay is 


- defined as the lateral direction in which the wires run over the top of the cable 


as they recede from an observer looking along the axis of the cable. 

Tests of Armor Wire. — The armor wire shall consist of a galvanized 
mild steel wire of uniform diameter, free from all cracks, splits or other flaws. 
Samples shall be taken at random from 10 per cent of the coils to be used, 
for each of the following tests. At least 8o per cent of the samples shall ful- 
fill the conditions of the tests in order that the whole lot may be considered 
satisfactory. 

Tensile Test. — The wire must havea tensile strength of 50,000 pounds 
per square inch and an elongation of not less than ten per cent in eight inches, 

Galvanizing Test. — Thoroughly clean a sample to remove all dirt and 
grease, rinse in clean water and wipe dry with a clean cloth or cotton waste. 
Immerse for one minute in a solution of copper sulphate, rinse in clean water 
and wipe dry. Repeat this operation until the samples have been immersed 


a ge Amd. e, 


-— ig es ape E 


-—À 9 
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four times. After these immersions no sample shall show any bright deposit | 
of copper. The samples shall be approximately straight and the ends protected 
with paraffine. The solution shall be saturated with copper sulphate to which 17" 
an excess of C. P. cupric oxide has been added, shall have a specific gravity oí 
1. 186 at 65°F. and shall be maintained at 60° to 65° F. during the test. 


Flexibility Test. — The armor wire shall admit of bending around : 
spindle of ten times the diameter of the wire and back again without developing 
cracks of the galvanizing which are visible to the naked eye. 


Steel-tape Armor. — (Assoc. Ry. Elec. Eng., 1912.) The core of the cable 
shall be run through a bath of hot asphalt compound, served with a layer of 
jute yarn spun on with a close short lay, run through hot asphalt compound, ` 
armored with a steel tape, armored with a second steel tape, run through ht |t 
asphalt compound, served with a layer of one-hundred pound jute yarn witha |^** 
close short lay, run through hot asphalt compound and finished by running |" 
through some material to prevent sticking. Each layer of jute shall be applied Hit 
in the reverse direction to the adjacent layer. The space between adjacent |^*! 
turns of steel tape shall not exceed one-tenth the width of the steel tape. M 


Armor Tape. — The tape and jute under armor, after armoring, shail 
conform to the following table: 


— 


Maximum Minimum thick-| Minimum jute | 


Cable diameter before width steel ness each tape, | thickness under | ty 


armoring, inches 


tape, inches inches armor, inches |: 

cp | 

; zti; 

0.00 to 0.45 LE | 0.02 0.06 : 

0.46 to 0.75 34 0.02 0.06 5 

0.76 to 1.00 I 0.03 0.07 nio 

1.01 to 1.40 114 0.03 0.07 Bx 

I.41 to 1.70 Il, 0.04 0.08 | | it 

1.71 to 2.00 134 0.04 0.08 | = : 

2.01 and over 2 0.05 0.09 » 
E 


Cable Reels. — Each reel shall consist of a wooden drym with wooden ' =: 

disks or heads securely fastened thereto. OR 

Bushing. — Each disk or head of the reel shall be provided witha = 

iron plate or cast-iron bushing in the center of which shall be a hole 242 inches qi 

in diameter. The plates or bushings shall be secured to the head by means! — ^^ 
bolts or lags through the head. 


Covering. — Insulated cable shall be thoroughly covered with burlap 
before lagging is applied. 

Lagging. — When used for insulated cable the reels shall be suitably 
lagged; when used for bare cable, the lagging of the reel shall be replaced by 
a burlap covering securely bound to the cable. 

Chocking. — Reels shall be properly chocked in the car so that there 
shall be no movement of reels during transit. 


INSTALLATION OF INSULATED WIRES AND CABLES. — fot 
the installation of wires and cables in buildings sce articles on Wiring of Buildings 
for Light and Power; Wiring of Buildings for Miscellaneous Devices. Below 8 
given a brief description of modern practice in installing insulated wires and 
cables on messenger wires and in underground conduit systems. For the con- 
struction of the pole lines carrying the messenger wire see articles on Poks 
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. for Overhead Lines; Towers, Transmission. For the construction of conduit sys- 
. tems see article on Conduits and Conduit Lines. See also the articles on Distri- 


. bution Lines and Transmission Lines. 


ia 


^. messenger to carry the weight of the cable. 


Messenger Construction. — The messencer wire is erected in the same man- 
ner as an ordinary line wire; see article on Transmission Lines. A “leading- 


. up” wire is stretched from the bottom of one pole to the messenger wire on the 


starting pole, forming an incline on which to pull up the cable. A pulling rope 
is then fastened to the end of the cable by means of a cable grip and carried 


~~ alongside of the messenger to the point where the cable is to reach, thence through 


` a snatch-block down to the terminal pole to a second block at the bottom and 
thence to a capstan, winch, locomotive or whatever is to be used for pulling. 
. Either temporary rollers should be provided on the poles over which the rope 
_ runs, or the rope should be suspended from the messenger by wire hooks. The 


cable is then slowly drawn up the inclined wire and along the messenger, attach- 


ing temporary carriers to the cable as it is paid out and hooking them over the 


Linemen must be stationed on each 


pole to pass these carriers around the messenger clamp or insulator. The final 


* suspension of the cable may be accomplished in either of the following ways: 


(1) When the end of the cable arrives at the beginning of the last span, the 
lineman on cach pole replaces the temporary carriers by permanent hangers, 
spacing them regularly along the cable, so that when the last span is pulled, all 


_ the hangers will be in place. (2) When the cable has been pulled all the way, 


a lineman rides along the messenger wire in a carriage replacing each temporary 
carrier by a hanger. This plan is preferable as the hangers may be attached 
more tightly to the messenger wire, and are less likely to slip on the cable. 


Installation of Cables in Ducts. — The conduit system having been con- 


` structed, it must be prepared for the reception of the cable by being cleaned 
` out or rodded as described in the article on Conduits and Conduit Lines. 


If there are several ducts available, the choice of the particular duct to be 


' used should be governed by the following considerations: 1. Avoiding un- 
^ necessary crossings of cable in the splicing chambers, substations, etc; 2. 
' Avoiding the obstructing of empty ducts; 3. Keeping the cables cool; and 


© middle and top ducts which not only take 


.: dissipate heat through adjoining ducts. 


ally the coolest and best heat-radiating 


bL 


. The following statement in the catalogue 


4. Keeping d-c. cables away from others. 


of the A. S. & W. Co. is pertinent with 
regard to keeping the cables cool. ‘‘ Usu- 


ducts are those located at the lower cor- 
ners of the system, next are those nearest 
to the outside of the system and lastly the 


up heat from the lower cables, but must 


Attention to these points when planning 
à new system may prove very profitable in Fig. 13. 


l the end.” 


The next step is to set the cable reel on the shaft of a pair of wheels of slightly 
greater diameter than the reel itself or on jacks and raise it slightly above the 
ground, taking care to locate it as shown in Fig. 13, so that 
the cable will unreel into the manhole without making a 
reverse bend. l 

The pulling rope having been left in the duct after rod- Fig.14. 
ding, the cable is unreeled sufficiently to bring its end close to the mouth 


: of the latter and a wire pulling grip (Fig. 14) is drawn over its end. The 


Digitized by Google 
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end of the grip is hooked to the rope and the rope pulled from the other end. | 
Fig. 15 shows an arrangement of pulleys for guiding the pulling rope. The{*" 
pulling may be done by capstan, winch, 
motor truck, horse or by hand, depending 
upon the size and amount of cable to be 
pulled, and upon local conditions. The 
cable should be carefully guided into the 
duct so as to avoid sharp bends and abra- 
sions, and a small quantity of grease may 
with advantage be spread over the cable 
as it enters the duct. R. J. Robb (Journ. 
I.E.E., 1911, Vol. 47, p. 350) says that 
112 pounds of pctroleum jelly is required 
per mile of cable. It is also necessary to 
cover the edges of the duct with pieces of 
lead to prevent abrasion of the cable as it 
passes into the mouth of the duct. 


Protection of Cables in Splicing Chambers. — (See also article on Com ] «sd 
duits and Conduit Lincs.) Wherever there are several large cables in a splicing | 123i 
chamber, there is always danger that a burn-out of one cable will involve som | t 
or all of the remainder. Hence it is usual to protect such cables by meanid į 51 


one or more of the following methods: bte 
I. Concrete shelves, } 
2. Open-face conduits, anh ¢ 
3. Cement coating with 14-inch rope bond, Do 
4. Asbestos tape saturated with silicate of soda, fum 
5. Asbestos tape covered with soft steel-tape armor, 7 
6. Asbestos rope, EX 
7. Split tile duct. j zim 


Methods Nos. 1 and 2 are applicable only to chambers containing few cables | i 
No. 3 has given good results in many cases, but the cement is liable to crak |7 
and fall away from the cable unless carefully bonded. On the other hand, th . is 
location of a burn-out is plainly indicated by the cement covering being blow `; 
off. No. 4 combined with No. 5 is very generally used and gives very satis 1 ^^ 
factory results. No. 6 is but little used. No. 7 is very satisfactory, buts _ 
very clumsy, and cannot be used where there are many cables in the chambers. im 

The necessity for such protection (according to the Committee on Unde- i 
ground Construction of the N. E. L. A., 1911) is equally great with low-tension ^ 
cables as with high-tension cables, for, while a breakdown of the insulation ^ 
a high-tension cable is often attended with a violent explosion and the gener: _ 
tion of a very high temperature, the duration of the trouble is limited to ont `: 
or two seconds; whereas in the case of a short circuit on a low-tension cable it ' * 
may continue to burn with a considerable flame for several minutes, whid `= 
would be quite long enough to damage adjacent unprotected cables. E 

In the case of direct-current feeders for electric railways, where the tetum 
is grounded, the danger of burn-outs spreading is much greater than with te. 
insulated lighting systems referred to in the N. E. L. A. report. This su 
ject is treated at greater length in the author's Electric Power Conductos, - 
from which the following is quoted: “If it is necessary to put direct- and alte- >. 
nating-current cables in the same duct line, it is well to isolate the direct-currett ~ 
cables as much as possible in the splicing chambers. The racks on which diret + 
current cables are supported should not be in metallic contact with other racks 
If, however, this is unavoidable, the cables should not lay directly on the rads 
but on insulating pads or blocks." 
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Jointing Insulated Conductors. — (See also article on Wires and Cables, 

.. Bare.) Having selected the corresponding cable ends, they should be inspected 

for mechanical defects along the entire exposed length and bushings placed 

over them at the ducts so that the sheath will not be cut by the edges of the 

conduits. The cables should then be bent until the ends overlap, the bends 

77 being of ample radius throughout, and the position of the cable such that the 
joint, when completed, will not have to bear any clastic stress or weight. 

Drying Out Cable Ends. — In the case of paper or cambric insulated 
cables, the ends should be examined. for moisture before they are finally cut 
short and if any exists or is suspected, heat should be applied to the sheath, 
beginning at the duct end and. slowly working to the open end. This is 
usually done with a gasoline torch but sometimes by pouring on hot insulating 
compound. 

d 
Overlap. — This operation having been completed, the cable ends are 
_- cut so as to leave an overlap, depending upon the method of joining the conduc- 
— tors (see below) and upon the number of separately insulated conductors in the 
cable, If the cable has but a single conductor, and a butt joint is to be used, 
, the overlap should be merely sutlicient to allow for cutting off the ends, whereas 
if an interlaced joint is contemplated, the overlap should be greater by about 
|. 3 0f 4 times the diameter of the conductor. In the case of multiple-conductor 
_, cables, the separate joints of which must be staggered, the overlap should be 
^ correspondingly greater. 
Removal of Sheath. — The next operation is to cut off a sufficient 
length of lead sheath to permit the joint to be made. This length may he 
judged from the size of the sleeve to be used (see below). The operation is 
performed with a chipping knife and hammer, or with a special tool designed 
for the purpose, and the greatest care should be exercised to avoid cutting the 
insulation to the slightest degree. It is usual to make a cut around the sheath 
and gradually increase its depth until the lead is cut through. The lead must 
then be cut lengthwise from the circular cut to the end, injury to the insulation 
:* being avoided by holding the knife tangent thereto. The lead may then be 

pulled off with a pair of pliers and loose particles carefully removed. In the 
- case of high-tension cables the ends of the lead should then be turned up slightly 
: ^ to a bell-mouth shape by means of a special tool. 


Putting on Lead Sheath. — Before jointing the conductors, the lead 

- Sleeve should be slipped over one of the cable ends and pushed out of the way. 

: ** The ends of the sleeve should have been previously scraped for a length of about 

" a couple of inches along the outside and the cleaned surfaces smeared with 
' tallow. 


Removal of Insulation. — The next step is to cut back the insulation 
|." fora length between 14 and 44 inch greater than half the length of the connector 
^. to be used. In the case of multiple-conductor cables having a belt, the belt 

_ must be cut back sufficiently to expose all the joints, the greatest care being 
` exercised to avoid cutting the inner insulation in doing so. 


Jointing the Conductors. — The next process is to prepare the con- 

ductor or conductors for jointing. The most usual type of joint is made by 

.* butting the ends of the conductors and enclosing them in a cylindrical copper 

, « Connector. The conductors are first cleaned with gasoline and then tinned by 

. pouring molten solder over them, using tallow for flux. All burrs should be 

... Temoved with a file and the ends smoothed so that they will butt together 

. perfectly. The connector is then put over one conductor end and the other 

., end slipped in until the two ends butt. Solder is then poured over the joint 

] until it is thoroughly saturated, when the surplus is wiped off so as to leave no 
7 gharp projections. 


~ 


1928 Wires and Cables, Insulated 


Connectors. — The connector should have a cross-section not less than J sta t 
that of the conductor and a length in accordance with the following table. 


TOS 
A length of 294 inches is 


REDI 


recommended by a Commit- Length of 

tee of the N. E. L. A. (1911) Size of conductors connector || X 

for high-tension cable joints. inches | litro 
From points % inch back al 

from each end, it should be "Amt 

pencilled down to thin edges. | 9 to 000 B. & Beier RE BR 1-2 E 


at the ends, and it should be 
split the entire length on one 
side. 


oooo B. & S. to r million Cir. Mils.| 2102-3 shart 
144 million to 2 million Cir. Mils.. .| 344-3 


Jointing Stranded Conductors. — While the connector joint is by iat “i 
the most common, stranded conductors may be joined by cutting the wits d à 
alternately long and short, and fitting the two conductor ends into one another. | is! 
The joint is then bound with small wire. Stranded conductors are sometime riis 
joined by cutting the wires of successive layers alternately long and short. and | is. 
telescoping the ends into one another. Yet another method is to lay strips d | s 
flexible copper braid longitudinally along tlie butted conductors and bind them | t, 
securely with copper wire. In any case, the joint must be saturated with solde | 2:35 
and wiped, as described above. Da 


Insulation of Joint. — The next step is to insulate the joint. Te! ^ 
usual process is to cover it with a tape of similar material to the remainder o | ** 
the cable insulation, although this method is not universal. If of oiled pape * ru 
or varnished cambric, the tape should be cut on the bias. Assuming this to | als 
be the process, the cable insulation is tapered gradually to the conductor, by | ^ 
means of a sharp knife, leaving about 14 inch between it and the conne. 
After this has been done, the exposed insulation, if paper, is to be dried by 
pouring over it melted parafin heated to a temperature of 125°C. Narrow 
strips of tape should first be wrapped in the space between the insulation and 
the connector until this space is built up to the diameter of the connect. | -.; 
Wrapping should be continued back and forth in the space between the tw | ely 
ends of the original paper insulation until it is built up to the level of thisix | 7., 
sulation. The tape is then wound on until a thickness about 40 per cent great y y+} 
than that of the cable insulation is reached, the tape running up the sloping ^ v 
part of the insulation until firmly attached to it. 

In the case of three-conductor high-tension cables the wrapping should c  ;.. 
mence at a point on the covered conductor 3 inches from the outer belt asi 
extend to a corresponding point at the other end. The wrapping is then œt +. 
tinued back and forth, stopping each successive layer 15 inch short of the et! ,. 
of the preceding layer. In applying the tape, each turn should be drawn tig», 
to exclude air and should overlap the preceding turn by two-thirds of its width — — 
It is important that the tape should be applied tightly and evenly. In the av 
of rubber tape the tension should be such as to stretch it to about half its width. ~ 
In this process care must be taken to have everything perfectly clean. E: 


** Boiling Out." — Where cotton or linen tape is used, each layer mut 
be “boiled out" by pouring hot compound over it until all the moisture is et- 
pelled and the tape wrapping is thoroughly saturated. Before applying t 
compound the jointer should assure himself that it is not hot enough to ignite 
a piece of paper dipped in it; otherwise the tape is likely to be charred. Ths 
should be done before entering the splicing chamber, as the accidental ignition t 
of a pot of compound is dangerous in such a confined space. i 


Vulcanizing. — Where rubber tape containing sulphur is used, it should 
be partially vulcanized by the application of heat from a spirit lamp, care being 


Zu 
i 
Qu 


us 
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-* taken to apply the heat evenly and to avoid burning the insulation. This 


so ii aA 


process is usually complete in about one minute with conductors up to one-half 
inch diameter. 


Spreaders for Three-conductor Cables.— In the case of three-con- 
ductor cables, after all the conductors are joined and insulated as described, a 
roll of tape 12-inch diameter is inserted between them at the center of the joint 
to serve as a spreader. A band of tape is then wrapped around all three con- 
ductors to such a diameter that the whole will slide nicely into the lead sleeve, 


as shown in Fig. 16. " 
Use of Insulating Tubes. jx —-—- ——-18" — 
—3 T ts 


— Another way of insulating PPT Tasulatios 
| Tape Insulation l 


joints is to slip an insulating | | -— 6 


tube over the conductors be- AN — qe 
fore soldering and bring it over LA | 
the joint when the latter is com- © 
pleted. In order to get the  . Copper Connector ——— Eeparator 
sleeve out of the way during sol- Fig. 16. 
dering, it must be large enough 
to slip easily over the insulation. Such tubes are made of prepared paper, 
varnished cloth, or micanite. The jointed conductor should first be wound 
with cotton tape up to the level of the original insulation, ‘boiled out” as de- 
scribed above, and then the sleeve slipped on. A further “boiling out” with 
hot compound completes the job. In the case of belted multiple-conductor 
cables, in addition to the®insulating tube over each conductor a large tube 
must be slipped over the belt before splicing the conductors. 

Owing to the absence of convolutions of tape and to the thorough impreg- 
nation of the tubes at the factory, this type of insulation is claimed to be more 


reliable than tape. 


English Practice. —A type of joint used largely in England for multiple- 
conductor cables, has the conductors separated from one another by an in- 
sulating spreader or separator, which may be of ebonite, china or similar material. 
The shrinkage of solid compound gives rise to air holes near the conductors, 
with consequent low dielectric strength. By insulating the cores separately 
with insulating tapes before the compound is run in, this trouble can be 
avoided, but it is better to use a viscous compound which never sets (Ver- 
nier). This type of joint has two serious defects, rst, breakdown is likely 
to occur on account of defects of the separators or on account of moisture on 
their surfaces; 2nd, a longitudinal pull of the cable, such as is likely to arise 
when the cable shrinks in cold weather, puts the separators in compression and 
may stress them unduly. 


Lead Sleeves. — The joint having been insulated, the lead sleeve should 
be brought symmetrically over it, and the ends beaten down into contact with 
the sheath, taking care to make the sleeve concentric with the cable. 

The sleeve and sheath are then joined by pouring solder over the ends from 
a ladle and wiping the joint with a cloth. This process should be continued 
until perfectly air-tight joints are obtained, the under side being examined for 
defects by means of a hand mirror. 

When the sleeve is well wiped on, two small holes should be made in the top 
of it and hot compound poured in one hole until it appears at the other. If 
any frothing appears, the compound should be poured in one hole and allowed 
to escape from the other until this defect ceases. The joint should then be 
allowed to cool for about an hour, and if then the compound has settled, more 
should be added until the sleeve is full. The sleeve is then closed by soldering 
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Cable Co. 


Single - conductor, 
and power, up to 6600 


' volts. 


Single conductor, 
and power, above 6600 


volts. 


Multi-conductor, light and 
power, all voltages. 


Outside 
diam. of 
cable, 
mils 


Up to 550 
551- 950 
951-1350 

1351-1750 

1751-2150 

2151-2550 


Up to 550 
3SI- 950 
951-1350 

1351-1750 

1751-2150 


2151-2550 | 


Up to 800 
801-1200 
1201-1600 
1601-2000 
2001-2400 
2401-2800 
2801-3200 


small patches of lead over the holes. 


and solidified, it may be pushed gently 

Compounds for Filling Lead Sleeves. 
heen used for filling the sleeves, such as paraffin 
voltax, ozite, etc. 
excessive contraction coefficient, causi 


l 


ower than ordinary air. The Commonwe 
& compound developed by the en 
temperature of 150° C. 

A good compound should have a hi 
tric strength, low coefficient of contr. 
temperatures. 

Stamping the Joint. — After 
stamp his initials at each end of the sl 

Taped Joints. — Where the cable 
braided, it is usual to finish the joint with f 
Terminals. — Conductors may 
be clamped mechanically b 
In the former case the 
is then brightened by 
fux. The conductor is th 


Inside 
diam. of 

Sleeve, 

: inches 
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The following data on lead sleeves are 
DATA ON LEAD SLEEVES 


Length 
0f sleeve, 
inches 


given by the Standard Underground 


Gals. of | Wiping 
com- solder 
pound per 
per joint, 
joint Ibs. 
0.05 0.9 
O.I 1.7 
0.2 2.8 
0.3 4.2 
0.5 5.5 
0.6 6.8 
0.05 0.9 
O.I 1.7 
0.2 2.8 | 
0.4 4.2 
0.6 5.5 
0.8 6.8 
0.2 1.5 
0.25 2.5 
0.35 3.7 
o.6 5.0 
0.8 6.3 ° 
1.0 7.6 
I.4 8.3 


When the joint has thoroughly cooled 
into its permanent place. 
— Various compounds hav 
wax, G. E. No. 227 compound, 
Paraffin does not adhere to smooth surfaces and has an , Gu 

ng voids which have a dielectric strength ' ;." 
alth Edison Co. of Chicago uses 
gineers of the company. It is poured in at a 


gh melting point, adhesiveness, high dielec- 
action and should not be brittle at ordinary 


the joint is completed the jointer should 
ceve. 


has no lead sheath, but is merely 


riction tape. 
be soldered to lugs or terminals or they may 
y means of a Dossert or similar connector. 


insulation is cut from the end of the conductor, which 
Scrapi 


ng or sandpapering and smeared with soldering 


en tinned by plunging into molten solder. The lug 


ni io 
"rx 


Etan 


<a 
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* must also be tinned internally and heated so that it will hold some solder in 
the molten state. ‘The conductor, also heated above the melting point of solder, 
is then pushed into the lug and the latter cooled by the application of wet waste. 
When cool the shreds and globules of solder are tiled. off and the surfaces 

i brightened with sandpaper. Some jotnters prefer to bold the lug in the molten 
solder until it attains the same temperature as the latter. In this case, if the 
lug has been previously treated with lux, its outside as well as its inside surface 
will be tinned and it will make better contact with its accompanying lug or 
terminal, If, however, the copper or brass surface is desired for appearances, 

- it may be preserved by coating the outside of the Jug in a light oil of high flash 
point, before dipping it into the solder, 

In cither case it is advisable to wrap the end insulation in a rag previously 
wrung out in cold water to prevent it being melted or charred. 


Grounding Sheaths. — The conductors of high tension cables induce electro- 
static charges on the sheaths, often raising the latter to dangerously high poten- 
tials. It is, therefore, customary to ground the sheaths of cables at suitable 
points in order to carry off the "static," as these induced charges are called. 
The sheaths of low-tension cables do not have to be grounded to drain off static 
electricity. The sheaths of direet-current railway feeders which are used in 
conjunction with a grounded return system should, however, be grounded to 
the negative return system, except when the tracks have insulated sections for 
automatic block signals, in order to afford a low-resistance path for a short- 
Circuit current. Unless this is done, the escaping current will return through 
devious paths, inflicting damage without attaining suflicient strength to trip 
the station circuit breakers. 


BURN-OUTS OR PUNCTURING OF INSULATION. — Cable burn- 
outs may be caused by mechanical injury, exposure to excessive heat or cold, 
by chemical deterioration, or by transient high-voltage phenomena. 


Burn-outs Due to Mechanical Injury. — Paper insulation differs from 
rubber and varnished cambric in depending upon the integrity of the lead sheath 
which incloses it. Hence in the case of paper-insulated conductors, a puncture 
of the lead sheath will sooner or later result in à burn-out even though it may 
take a week or longer for the moisture to penetrate the insulation sufficiently 
to accomplish this. (Burch, Trans. A.I.E.E., 1903, vol. 22, p. 433) The 
moisture-resisting qualities of paper insulation are further treated above in the 
section on Tests and [nspection. 

Mechanical injury often occurs in the process of installing underground cables, 
À slight projection in a duct will cut a groove in the lead sheath, thereby reduc- 
ing its effective thickness and rendering it liable to crack open. The bending 
of cable in splicing chambers may crack the insulation, especially if tightly 
wound paper insulation is used. A loosely insulated cable is also liable to injury 
because bending will flatten the cable, compress the insulation in one direction 
and flare it out in the other, causing voids or air spaces between the layers, 
which under the influence of high voltages will cause electric discharges, heating, 
ozone and consequent chemical action. Mechanical injury after installation 
may be due to settlement of the conduit line, to careless stepping upon the cable, 
to vibration setting up crystallization of the lead sheath, etc. 

Exposure to alternate heat and cold leads to expansion and contraction which 
may introduce mechanical stresses into the insulation and thereby injure it. 
Excessive heat (120 to 150° F.), such as would result from direct exposure to 
summer sunlight, is likely to dangerously reduce the insulating qualities of 
varnished cambric and to a less extent that of oiled paper. A higher degree 
of heat (200° F.), such as would occur in the proximity of steam pipes, has. thq 
effect of making rubber insulation become brittle, 


1932 Wires and Cables, Insulated 


Chemical deterioration may be due to electrolysis (q. v.) or merely to ordinary 
chemical reaction between the sheath and the material in contact with it, the 
former cause being the more common. 


Burn-outs Due to Static Discharges. — Failure of high-tension rubber- 
insulated conductors is sometimes due to electrostatic discharges from the 
charged conductor to its supports, the irregular potential gradient giving rise 
to local static discharges with consequent formation of ozone and oxidation 
of the rubber. 


Burn-outs Due to Imperfect Manufacture or Splicing. — Insulated con- 
ductors also burn out because of defects of manufacture or of splicing. The 
former class of defects is happily rare, but dirt, moisture and jagged edges of 
metal are frequently responsible for the failure of joints, especially on high- 
tension cables. 


Transient High Voltages and Currents. — “Surges,” i.e., transient high 
voltages and heavy currents, are sometimes responsible for very serious cable 
failures, such as described in Trans. A.I.E.E., Vol. 24, p. 297. To determine 
the origin and cause of high-voltage disturbances, so as to be able to guard 
against their recurrence, the most important thing seems to be to very carefully 
observe and record all the details of the phenomena, even those which appear 
unessential. The existence of static (i.e., high-voltage discharges of small 
currents) on switchboards, lines, etc., and the existence of voltages and currents 
different from those which may be expected require special attention. Either 
of these is sufficient to raise the suspicion of some dangerous fault in the system 
or some dangerous arrangement of apparatus, which requires consideration. 
The severity of the phenomena depends almost entirely upon the power momen- 
tarily available in the system and very rapidly increases with the size of the 
generating stations (C. P. Steinmetz). 

After considering the likelihood and severity of such potential disturbances 
P. Junkersfeld and E. Schweitzer reached the following conclusions with respect 
to their influence upon the use of high-tension cables. 


1. Where local and commercial conditions justify, pressures as high as 25,000 
volts can be satisfactorily used even for systems aggregating as much as à 
hundred miles of cable. No single line of such a system would be much longer 
than twenty miles. If higher voltages are needed to meet operating require- 
ments and can be justified commercially, special construction will be necessary 
to overcome limitations in paper, rubber or varnished-cambric insulation, anil 
also in the standard forms of underground conduit or subways used in this 
country. 

2. On comparatively short lengths, underground or under water, as a part 
of a long overhead transmission line, cables operating at 40,000 volts can be usel. 

3. Potential rises of 5o per cent and roo per cent are not uncommon in large 
underground cable systems, although this fact may not always be manifest, 
due to the high factor of safety in the insulation. 


Occurrence of Cable Burn-euts. — The following table gives the number 
of cable burn-outs on some important cable systems. In each case the cables 
were three-conductor cables and were operated at 25 cycles. 


REPAIRS. — The principal work of repairing cables consists in replacing 
lengths, for details of which see above under Installation. Sometimes a bum- 
out in a splicing chamber merely necessitates the insertion of a short length of 
cable, in which case two splices are necessary. 

Lead-sheathed cable, which has been removed from ducts after having been 
in service, may often be releaded and made practically as good as new. The 
sheath is first stripped from the cable by passing the latter continuously ovet 


mm 
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CABLE BURN-OUTS 
ataract 
| New York : pee New TOI | 
i Commonwealth ! Inter- | 
| Bebe Edison Co. and . | borough | 
| Co. Conduit | Syst i 
Co. | ystem 
ee ME ee 
Period covered. ...... (00 Bes duo, Do74 Po S do Tod S| 899 1920 2years | 
Miles of cable a... gv) Sp a4, 11 12 330 l 
Line voltaye.. iss 6620 MEET 2,70 11,000 11,000 
Neutral, grounded or | 
ungrounde t ooo. 0... L Unproundedt Grounded) Grounded, Li... Grounded i 
Kind of insulation... Paper _ ede eite E Rubber Paper | 
Thickness of insulation: | 
Between conductors Mian. | breui ues NOR | 
Conductorand sheath Taz in. eae ere d epe nen tree 
Durn-outs duc to: | | 
Mechanical injuries .. 38 2 I Je doasstesss j 
Faults in or at splices. 18 2 | 1 pP oS xi 
Faults in bends. .... 4 Jd. c Lakes ER Pue eo Pave RARE i 
Faults in run of cable i 6 IS s^ v3! to» Al phat ee ese 
Absence of end bells | oo... 6... J e | weer ee 2 eer: d 
Totaledeser tss sens) 66 umol { 6 16 | 
Burn-outs manifested 
by: 
Opening circuit 
breakers... 3 oss AY. baesessvxdjosxeR Resa] nrbes [ate tee 
Insulation test....... T? EMI ms I onus npa | Ter E 
Reported by linc in- 
SOCCUOIS ced x ao^ asese poten | m 


a pair of wheels between which a stationary knife is set, as shown in Fig. 17. 
The knife cuts nearly through the sheath, which is then pulled off by means 
of special tools. The core is re-saturated and a 
new sheath put on in the usual way. 


COST. — The cost of cables depends upon the 
price of their constituent metal, insulation, pro- « 
tection, sheathing, etc., and upon the degree of Fig. 17. 
congestion in the factories. As rubber, copper and 
aluminum vary greatly in price from time to time, it is uscless to give any 
specific cable costs, but the rclative cost oí different size cables of the same type 
and for the same voltage usually follows a curve such as shown in Fig. 18; the 
actual costs given in this curve refer to double-braided 30% Para rubber 
insulated cables and are approximate only. The cost per foot C, ex- 
cept for small conductors, practically follows the equation C = A + Bx where 
A and B are constants depending upon the type of cable and the cost of 
materials and x is the cross-section of the conductor in circular mils. A curve 
of the same shape is applicable to multiple-conductor cables. 


Life. — The life of cables depends s» much upon the type, excellence of manu- 
facture and conditions of service, that specilic figures are of little use. An 
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average life of 20 years is suggested by A. W. Welch, provided the cables are 
not disturbed and are properly protected from electrolysis. Vernier says from 
20 to 30 years. Fernie says that low-tension 


e : i 1.00 
rubber-insulated cables in wet ducts last only TIITII 


7 or 8 years. (See article on Depreciation.) 
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WIRES, RESISTANCE. (See also Plectromarnet Windines; Resistance and 
Conducance, Electric; Rheostats and Resistors; Wares and Cables, Bare; Wires 
and Cables, Insulated.) Metals and alloys having high specific resistance or 
low temperature coefficient of resistance are largely used for resistors. Some 
of the principal metals ued for this purpose are listed below. "They can 
usually be obtained ta the form of wires, ribbon or sheets. The data given for 
Nichrome, Climax, Advance, Therlo, Yankee Silver, Ferro mekel, Monel Metal 
and Nickel were supplied by Mr. L. O. Hart of the Driver Harris Wire Co. 
The data on Krupp metal were supplied by T. Proser and Son, those on 
Calido and Ideal materials were supplied by the Electrical Alloys Co., and 
those on Excello, Ia. Ta, and Superior resistance metals were taken. from the 
1914 catalogue of Hermann, Boker & Co. 

Advance. — This material is a copper-nickel alloy, containing no zinc. It 
is uniform in its composition and constant in its resistance under all conditions 
of service. It is especially recommended for measuring instruments and appa- 
ratus in which the wire is subjected to repeated heating and cooling. 

Calido. — This is a high percentage nickel chromium. alloy. containing a 
small percentage of iron. The melting point is about 1550° C. It is recom- 
mended for electrically heated devices. 

Climax. — This is a high resistance nickel steel alloy. Tt is especially well 
suited for use in rheostats. It is one of the cheapest resistance metals. 

Excello is adapted for use in electric heating devices. 

Ferro-nickel. — This alloy has a high current-carrying capacity, on account 
of its low specific resistance. As it will rust, it can only be used where it is 
not attacked by moisture. 

German Silver.— This is an alloy of copper, nickel and zinc. The “grade” 
of the wire designates the percentage of nickel. ‘The 18 per cent grade is the 
most common. The resistance of any particular. grade depends upon the 
degree of annealing; hard wire is slightly higher in resistance than soft. Ger- 
man silver was for many years the only resistance alloy obtainable, but it is 
now being generally displaced by materials of the same specific resistance but 
of superior qualities. 

Ia Ia is recommended for use in instruments and electrical devices where a 
low temperature coeflicient is desired. 

Ideal. — This is an alloy of nickel and copper, and contains no zinc. The 
manufacturers state that its temperature coefficient is "nil." It may be used 
at an incipient red heat of 520? C. It is adapted for resistors and measuring 
instruments. 

Krupp Metal. — This is a special grade of nickel-steel adapted for resistors. 

Manganin. — This is a material developed by the Reichsanstalt, for use in 
instruments and standards. The alloy which was shown to be the best for 
ordinary purposes is one containing 85 per cent of copper, 12 per cent of man- 
ganese and 3 per cent of nickel. 

Monel Metal. — Moncl metal contains approximately three parts nickel to 
one of copper. In smelting and refining the ore from which monel metal is 
made, the nickel and copper are not separated, and, therefore, appear in the 
finished alloy in the same relative proportions. The treatment of this ore con- 
sists merely in eliminating the impurities, excepting a small percentage of 
reduced iron. As a result the metal is tough, strong, as non-corrosive as pure 
nickel, and is the same in appearance; whereas nickel, as a pure metal, is rela- 
tively expensive, owing to the difficulty of isolating it. This alloy is produced 
at a cost which permits favorable competition with German silver, etc. The 
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TABLE I.— PROPERTIES OF RESISTANCE METALS 


Maxi- | Mi- | Tempera- Tensile | Linear 


] mum | crohms ture | Specific! .+rength,| expansion 
Material working|per cm.?| coefficient |gravity:| 3} per |coefficient 
‘| temp., jat20°C.| per ° C.: 6 gq: in» | -per* C. 
TO. P Ao j 
Advance (a).......... 480 | 48.8 | 0.000018 8.9 120,000 | 14.4X10! 
Calida sed eae 1100 | 100 0.00034 8.2 lee 
Climax............50- 540 87.2 0.00054 8.14 | 150,000 |17.1X10! 
Excello............... (c) 91.6 | 0.00016 8.9 95,000 | oaae 
Ferro-nickel.......... 340 28.2 0.00207 4.8 175,000 p 
German silver (18%) ! 
(ay) (U) acerina 260 33.3 0.00031 8.5 Joere 17.3X10* 
Ta: Tay Soft esetei Gadeis 47.1 0.000005 8.92 | el creer 
Ia Ia, hard drawn....| ...... 50.2 |-—0.00001I 8.92 | «d nnnm | 
Ideal (3)......:.. s. 520 49.2 0.00004 89 j|.enMM | 
Krupp metal......... 600 85.1 0.00069 8.1 85,000 | .. e 
Manganin (2)......... 100 | Pos a un 8.9 150,000 | eee 
73.8 0.000039 
Monel metal..:....... 480 42.6 0.00198 8.9 160,000 |13.8X10! 
Nichrome............ goo 99.6 0.00044 8.15 150,000 16.4X10*. 
Nichrome II......... 1100 | 109.5 0.00016 8.02 150,000 | ........ 
Nickel ny chtu sien 540 | 10.7 | 0.0037 8.9 | 120,000] ........ | 
| 
Superior............. 550 87.2 0.00081 S04. lere] oe | 
Therlo (a)............ 100 46.7 0.000006 8.18 | e. 19. 4X10 ’ 
Yankee silver........ 480 .33 | | 0.000154 8.0 OF aac. 15.9X10*. 


(a) Thermo-electric Power of these metals with copper, in microvolts per ° C. * 
approximately: Advance, 40; German silver, 20 to 30; Ideal, 45 (M.I.T. tests); Manganin, 
1 to 2; Nickel, 19.5; Therlo, 0.3 (see also Pyrometers, p. 1153). 

(b) 30 per cent German silver has substantially the same properties as Advance metal. 

(c) The melting point of Excello is 1500° C. 


resistance varies somewhat in different lots, and according to temper. Th: 
variation is, however, no greater than that of 18 per cent German silver. 

Nichrome. — This alloy is practically non-corrosive, has an extremely hish 
melting point (about 1550° C.) and is far superior to nickel in its ability 
withstand high temperatures. It is especially recommended for use in elci- 
trically heated appliances and resistance elements generally where extreme 
conditions are encountered. 

Nichrome II. — This alloy is strongly resistant to oxidation. It has been 
especially developed for use in carbon combustion furnaces, and other labora- 
tory furnaces where the more extreme temperatures are to be met. 

Nickel. — Due to its high temperature coeficient nickel is very efficient 
(or use in resistance thermometers and owing to its non-corrosive qualities it 
may be employed for rheostats where acid fumes are to be met with. 

Superior is recommended for use in rheostats, arc lamp resistances, etc. 


Therlo. — An alloy of copper, manganese and aluminum for work? wher 
low thermo-electric effect against copper is demanded. Compared with man 
ganin, this alloy gives a higher specific resistance, does not oxidize so fast, and 
is more stable in its electrical and mechanical behavior. This material is espe 
cially suitable for shunts. Temperature coefficient is + o.0000031 per 1° F. 


eet 
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Yankee Silver. — This is a new alloy with most of the qualities of “18 per 
cent German Silver." It will withstand. repeated heating and cooling, and 
often gives satisfactory service where German silver fails. 


TABLE II. — RESISTANCE, WEIGHT AND CURRENT-CARRYING 
CAPACITY OF WIRES 
Resistance, ohms per foot at 20° C. — Ne : 
1990 
where p is the resistivity of the metal in microhms per centimeter cube, taken from Table I, 
and A is given in the table below. 
IS 


Weight, pounds per foot = - ; 
1009 


Where 6 is the specific gravity of the metal, taken from Table I, and H is given in the 
table below. 


IO Iq 
Current for given temperature rise, amperes = 7———, 
Vp 
where p is the resistivity of the metal in ohms per centimeter cube, taken from Table I, 
and Js is given in the table below. This formula is approximate only. For insulated 
Wire wound ia coils of several layers sec article on Adectromaunct Windings. 


A. W.G. NE px Weight PIENE Md I, for p=100 (c) 
orB.&S. '. , factor ib me " en 
Gage inches factor (a) H 100° F.' 200° F. | 500° F. 
K , " rise rise ; rise 
Oo 229 8 9 ' i40 | 19 6 | 31.5 
o 33 3 62 MES a, E34) 0n. $44 
0.579 3.51 EN | 12.2 19.4 
© v2 | 2 22 | 7.0 | 9.35 | 15.3 
146 I. 40 (055 7.48 | 11.8 
2 33 : 0.880 , 4.1 5.45 8.9 
370 | 9 553 | 3.1 4.2 6.75 
5.ty 1 O 348 | 2.38 3.15 5.15 
9.40  , 0.219 " 1.75 2.35 3.85 
119 ! 0 138 | I.4 1.85 3.03 
22 Evi | ©. 6863 | 1.09 I.40 2.35 
37 6 | 0.C544 il 0.84 I.08 | 1.81 
599 | 0.0312 | o fi? 0.87 | 1.41 
95.2 | o OJ13 | O ŠI 0.68 | 1.08 
151 0.0145 0.39 0.50 | 0.84 
241 o OOSSI | 0.30 0.39 | 0.63 
383 | ea eE F ate: S lll EE ee ceheean EAA 
608 | 0.00337 | Tro pcne | Pc per 


BIBLIOGRAPHY. — Summerville, A. A., Resistance Metals, Phys. Rev. 
1910, Vol. 30, p. 532; Catalugues of the Driver Harris Company, Electrical 


Alloy Co., Herman Boker and Co., Thomas Prosser and Son. 


[W. A. Del Mar.] 
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WIRING OF BUILDINGS FOR LIGHT AND POWER. — (Saf * 


also Distribution of Electric Energy; Distribution Lines; Transmission Lines | 3t: 


Wires and Cables; Wiring of Buildings for Miscellaneous Devices.) E 
The following is a brief table of contents of this article: We 
Systems of Wiring. d s tese obe USE pde Pale utn ddsted od MR p.198 TS b 
Standard Voltages and Frequencies............... eee 1939 ind 
Preliminary Layout........... ccc e cece eee e essa enis 1940 Uu 
Standard Wiring Symbols..........c.eeeseesee nen e "NE 194a idi 
Wiring. Calculations: «sus etes onena wes da Eo Tux TEN VO o Ew 199 — XT: 
Current-carrying Capacity. ......... 0... cece cece ene eene 1944 E 
Currents taken by Various Devices..............6.0.cccceeeeeeee 1944 “ey 

Wire Tale ooo ce poi oa nie a Door eub edet a estet Rer dU RET 1948 4 
Authorities Governing Installation... 0.0.0.0... 0... cece cece cece seers 1951 ve 3 
Methods of Installing Wire......... sels I I951 wd 
B ——— Mr—— — ——Á—— 1952 Ww 
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Cost OF WIDE. o9 e ha nadine netic oe Mte deed ee dui de EU 1999 
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General Requirements. — Wires and fittings designed to conduct eec 
tricity in a building should be selected as to size and insulation and, installd . 
in such a manner that: (1) the attending fire risk and the possibility of an 
electric shock to the inhabitants shall be a minimum; (2) the clectnc 
power efficiency of the system shall be reasonable; (3) the voltage at te. 
receiver shall approximate the rated voltage of the receivers and shall reman 
sensibly constant; (4) the mechanical arrangement of the system shall . 
simple and convenient for inspection and use; (5) the conductors shall be | ..; 
mechanically protected from external injury; (6) the service shall not be inter- 
rupted under normal load; (7) the cost of the materials, labor of installation 
and replacement due to depreciation shall not be excessive, and (8) the entie , 
wiring system shall conform to the rules and regulations of any authority ''* 
having jurisdiction over the building in question. x 


SYSTEMS OF WIRING. For direct-current and single-phase disti =: 
bution the two-wire system (Fig. 1) and the three-wire system (Fig. 2) ae ~+ 


Fig. 1. Fig. 2. 


employed. For two-phase distribution either three of four wires are used. For 
three-phase distribution three wires are usually employed, although a fourth — 
or neutral wire is sometimes installed. Fig. 3 shows typical methods of cur > 
trolling a group of lamps from two or more switches. 


Direct-current and Single-phase Distribution. — In direct-curreat ® ^ 
single-phase alternating-current circuits, the two-wire or the three-wire st? 7 
is used. The two-wire system is used for the greater part of interior wiring — | 
the three-wire system being used chiefly for feeders and mains. The three” 
wire system possesses the advantage over the two-wire system that for the 7: 
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same power transmitted at the same efficiency to receivers of the same voltare, 
ul the three-wire system requires less weicht of conductor. The neutral wire of a 
three-wire system is usually of the same size as cither outside wire, the saving 
in copper over the Gwo-wire system then 
being Sy or 62.5 per cent oee Distribulion of 
Electric Energy). 1n some cases, buildiurs 
are wired with the three-wire system in 
which the neutral wire is made twice the 
size of either outside wire so that if neces- 
sary, the system may be operated cither as 
à two-wire or a three-wire system; in the 
former case the two outside wires are con- 
nected in parallel. Power may then. be 
supplied to the building from a local two- 
wire source of supply (isolated plant in the 
building) or from an emergency threc- wire 
street service. 

In this case wires of such size would be 
usal as would give normal efiiciency and 3Way 4 Way — 3 Way 
regulation when used as a two-wire system; Three Stationa 
the loss when used as a three-wire system Vig. 3. 
would then be only half as great. 

The first cost of a three-wire system may not be less than that of a two-wire 
system because of the increased cost of the fittings, insulation and the labor of 
installation. The three-wire system is not as simple as the two-wire system, 
and is subject to more disturbances unless the load is kept balanced. Some 
, electric power companies limit the power which they will supply to a two-wire 

System and in such cases in new installations buildings taking power above the 
- two-wire limit must be wired with the three-wire system. The two-wire system 
- is used for either lighting or power loads while the three-wire system is used 

for cither lighting or mixed lighting and power loads, motors in the latter case 

being connected between the outside wires. 


Two-phase and Three-phase Distribution. — For distributing two-phase 
‘alternating currents, either three or four wires are employed, A four-wire 
two-phase system may be treated as two separate two-wire systems, which 
cannot in any case be connected in parallel. A single wire 41 per cent larger 
than cither of the wires it displaces may be substituted for any two of the wires 
of the four-wire two-phase system thus making a three-wire two-phase system. 
Either three or four wires may be used for two-phase lighting or power loads. 
—Z Three wires are usually employed on three-phase alternating-current circuits 
<= supplying power to lighting or power loads. I the neutral is accessible, a neutral 
wire may also be used, making a four-wire three-phase system for lighting 
loads, the lamps being connected between any outside wire and the neutral 
wire. 


STANDARD VOLTAGES FOR LIGHTING AND POWER LOADS. — 

On all standard lighting loads the voltage across the lamps ranges from 100 

to 125 volts in accordance with the rating of the lamps. In a few cases, lamps 
rated between 200 and 250 volts are used with the corresponding voltages. 

' The voltage between the service wires of a constant-current series-arc or series- 
incandescent lamp system must not be greater than 3500 volts, the maximum 

- -7 voltage for inside work allowed by the National Electrical Code (see p. 1951.) 
: Constant-current systems are used chiefly in lighting large areas as in mills, 
L factories, armories, etc. On power loads standard voltages of approximately 
. 7” MO, 229 or 550 volts are used depending on the magnitude of the load supplied, 


- _# 
- 


3 Way 3 Way 
Two Stations 
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STANDARD FREQUENCIES ON ALTERNATING-CURRENT CIR- 
CUITS. — Alternating currents are usually supplied to lighting loads at a 
frequency of 60 cycles and to power loads at 25 cycles. In some cases, a fre- 
quency of 40 cycles is used when the lighting and power loads are of about the 
same magnitude. 


PRELIMINARY LAYOUT OF THE WIRING SYSTEM. — If power 


is to be supplied to the building from some outside source, the service entrance 


must first be located from plans or by an inspcction 
of the building itself. In most cases, service cn- 
trances are made in the basement, although first- 
floor entrances may be substituted when basement 
entrances are impracticable. In overhead-service 
connections, the service wires are usually run in con- 
duit on the outside of the building from the point 
where the wires are attached to the building to the 
service panel-board. In underground-service connec- 
tions, the service wires are run in conduit from the 
street mains through the basement walls. In the 
latter case, the conduit should be tightly closed at 
the outlet to prevent gases from entering the building. 
Fig. 4 shows two types of service connections. 


Location of Panel-Board. — The service panel- 
board should be placed securely in an accessible loca- 
tion and should contain space for the service cut- 
outs, service switch and meter. When power is sup- 
plied from within the building, the switchboard of the 
power plant must be located as a starting point in 
the design of the feeder system. 


Location of Outlets, Switches, etc. — Outlets, 
control switches and cut-out cabinets should then be 
located throughout the building. Great care must 
be exercised in locating outlets and control switches 
in such positions as to accommodate the receiving 
devices planned for the building. Cut-out cabinets, 
which constitute the local distributing centers, 
should be located as near as possible to the depend- 
ent receiving devices and should at the same time 
be easily connected by feeders to the main switch- 
board. Fig. 5 shows a riser diagram and Fig. 6 
a diagram of the wiring for one floor of an office 
building. 

Number of Feeders. — Having located the outlets, control switches, di 
tribution centers and the main switchboard, a feeder system must be planned to 
suit the conditions under which the system is to operate. The number o 
feeder sets required depends upon: (r) the power taken by the receiving devices, 
(2) the degree of control desired at the main switchboard; (3) the number dl 
receiving devices which may rely upon one set of feeders; (4) the desired wi- 
formity of voltage at the receiving devices, and (s) the character of the receiving 
devices. If the total current supplied to the building is roughly calculated and 
is found to exceed 650 amperes (the allowable carrying capacity of a 1,000,000 
circular-mil rubber-insulated conductor), more than one set of feeders should 
be used, since it is impracticable to install feeders larger than one inch in diam- 
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STANDARD WIRING SYMBOLS 
(Adopted by the National Electrical Contractors’ Association and the American 


Institute of Architects.) E: 
oF Ceiling Outlet; Electric only.* " iden 
Zs Ceiling Outlet; Combination.t If gas only L| ati 

2H3] Bracket Outlet; Electric only.* NT. 
a Bracket Outlet; Combination.t If gas only au vie 
2-9 Wall or Baseboard Receptacle Outlet.* zo 
y Floor Outlet.* ZW 
"HD Outlet for Outdoor Standard or Pedestal ; Electric only.* BE 
wet Outlet for Outdoor Standard or Pedestal; Combination. t ely 
OY Drop Cord Outlet. , Ru 
e One Light Outlet, for Lamp Receptacle. eit 
Qo Arc Lamp Outlet. bu 
@ Special Outlet, for Lighting, Heating and Power Current, as described. ae 
Ceiling Fan Outlet. Neu 
S. P. Switch Outlet. Show as many Symbols as there are » i i 
D. P. Switch Outlet. Switches. _ Or in case of a very large | “Fit 
3-Way Switch Outlet. group af Switches, indicate mmi"! | Fi 
4-Way Switch Outlet. thus; S! XII; meaning r2 Singe ! ES 
Automatic Door Switch Outlet. |. Pole Switches. EM ; ‘and 
Electrolier Switch Outlet Describe Type of Switch in Specifa i, 
* d tions, that is, Flush or Surface, Push te 
Meter Outlet. Button or Snap. P 
Distribution Panel. TR 
- Junction or Pull Box. Wim 
ky Motor Outlet; Numeral in center indicates Horse-Power. ach 
cS Motor Control Outlet. : Mini 
Transformer. Heights of Center-of-wall| ; TA 
Bs ——— Main or Feeder concealed under Floor. v e d At 
Main or Feeder concealed under Floor above. Living Rooms s ít.6in.| uk 
Sears Main or Feeder run exposed. Chambers — 5 ft. oin. | . Cn 
Branch Circuit concealed under Floor. Offices a oM , 


Corridors ^— 6 ft. 3 in. 
Branch Circuit concealed under Floor above.| Height of Switches (unless 


————— ~~ Branch Circuit run exposed. otherwise Ape 
--e---e-. Pole Line. 
e Riser. 


Telephone Outlet; Private Service. 

» Telephone Outlet; Public Service. 

B Bell Outlet. 

O Buzzer Outlet. l 

E: Push Button Outlet; Numeral indicates number of Pushes. 

$ Annunciator; Numeral indicates number of Points. 
Speaking Tube. 

Watchman Clock Outlet. 

= Watchman Station Outlet. 

-ð Master Time Clock Outlet. 

—D Secondary Time Clock Outlet. 

n Door Opener. 

5 Special Outlet; for Signal Systems. 
TT Battery Outlet. 


a -=y Circuit for Clock, Telephone, Bell, etc.$ under Floor, concealed. 
Kind of Service wanted ascertained by Symbol to which line connects. 
— -—— Circuit for Clock, Telephone, Bell, etc.,$ under Floor above, concealed. 
* Numeral indicates number of standard 16 C. P. incandescant lamps. 
t Upper numeral indicates number. of standard 16 C. P. incandescent lamps, lower 
numeral number of gas burners, e.g., f indicates 4 incandescent lamps and 2 gas burners 
§ Kind of service wanted ascertained by symbol to which line connects, 
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eter. In fact, in most cases, it is not considered good practice to install feeders 
larger than No. oooo B. & S. gauge (0.46 inch in diameter). Unless controlled 
by remote control switches, separate feeders must be installed from the switch- 
board to receiving devices which are controlled at the main switchboard. 

If a single set of feeders is used on a lighting load, the possible extinction of 
all the lights in a building by an open circuit in the main feeders may cause a 
panic; on a power load an interruption of all the machinery for any length of 
time may cause a considerable loss of money. To avoid such a discontinuance 
of the service, it is customary to connect separate feeders to sectionalized parts 
of the load, so that the entire load may not be interrupted at one time. 

The voltage at receiving devices may be made more uniform by the use of 
Separate feeders than by the use of one set of feeders, except when a single set 
of feeders may be run to a distributing panel to which branch feeders of nearly 
equal length are connected. When the power taken by certain receiving devices 
varies extensively and rapidly, the voltage at all other devices connected to the 
same feeder will vary accordingly, and in such cases lamps must be connected 
to separate feeders to avoid undesirable flickering. 

Wiring Diagram. — After deciding upon the number of feeders to be used in 
any installation, a diagram should be made showing the location and length of 
all feeders and branch circuits. When the wiring system is sectionalized, each 
section should be treated by itself as a complete system. Figs. 5 and 6 are 
typical wiring diagrams for an ollice building. 


WIRING CALCULATIONS. — The proper size of wire for any feeder is 
determined by three factors: (1) mechanical strength; (2) current-carrying 
capacity, and (3) the allowable potential drop in the feeder. 

Minimum Size of Wire. — ‘Ihe National Electrical Code specifies No. 14 
B. & S. (A. W.G.) as the minimum allowable size for all classes of wiring, except 
that in fixture work and for peudant cords wires as small as No. 18 B. & S. 
may be used. 

Current-carrying Capacity. — The following table, from the National 
Electrical Code, gives the allowable carrying capacity of copper wires and cables 
of 98 per cent conductivity, according to the standard adopted by the American 
Institute of Electrical Engineers, and must be followed in placing interior con- 
ductors. Sce also Wires and Cables, Insulated. 
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CURRENT-CARRYING CAPACITY OF COPPER WIRES 
National Electrical Code Standard 


Max. allowable 


Size of amperes Size of 
wire, wire, 
B. & S. cir. mils 

gage Rubber Other 


insulation | insulations 


18 3 5 200,000 

16 6 IO 300,000 

14 15 20 400,000 

12 20 25 500,000 

1o 25 30 600,000 

8 35 50 100,000 

6 50 70 800,000 

5 55 80 900,000 

4 70 go 1,000,000 

3 80 100 : 1,100,000 

2 go 125 1,200,000 

I 100 150 1,300,000 

o 125 200 1,400,000 

| o0 ISO 225 1,500,000 
| 000 175 275 1,600,000 
0000 225 325 1,700,000 
"OP POE Nur Mr 1,800,000 
— HDI aot eoo 1,900,000 
m ecc Juve 2,000,000 


* For insulated Sluminum wire the maximum allowable current is 84 per cent of tbat 
given in the table for the corresponding type of insulation. 


Currents Taken by Various Receiving Devices.— The current taken 
by each receiving device if not stated in the specifications may be determined 


roughly from the following tables. 


Max. allowable 


amperes* 
Rubber Other 
insulation  |insulations 
2co 300 
275 400 
325 500 
400 600 
680 


CURRENT TAKEN BY INCANDESCENT LAMPS AT 114 VOLTS 


Amperes per lamp 


Candle power 
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CURRENT TAKEN BY ORDINARY ARC LAMPS 


V»- pt h carbons 


| Multiple* | Series 
Type | mM T 
Volts | Amperes «re Amperes 
E e n 
Direct current r os | — 1 10 5to6.6 
Alternating current | Ee : pu 70 6.6 to 7.5 


- —— 


* On multiple-arc lamp circuits, the conductors must be designed to carry 150 per 
cent of the normal current taken by the limps. 


CURRENT TAKEN BY DIRECT-CURRENT MOTORS* 


Amperes at 
Horse-power dcum 
110 volts 220 volts $00 volts 

2 4.5 2.2 I 
OM 68 3.4 I.S 
I 9o ^" 4.5 2 
11^ 13.6 6.8 3 
2 16.9 85 3.8 
3 25.4 12.7 5.6 
4 33.8 16.9 7.5 
5 42.3 21.1 . 9.3 
7T 56.5 32.2 12.4 
10 75.3 37.6 16.6 
15 113 56.5 24.9 
20 150 75.3 33.I 
25 188 94.1 41.6 
30 226 113 49.7 
40 301 150 66.3 
50 376 188 82.8 
60 452 226 99.4 
70 527 263 I16 
80 602 301 132 
go 678 339 149 


* For single-phase a-c. motors divide current given by power factor of motor. 
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CURRENT TAKEN BY THREE-PHASE INDUCTION MOTORS Potent 


Power factor taken as 80 per cent DN 

omama 

. ; g sdiott 

Amperes per wire at line voltages of on 

Horse-power es 

IIO volts* | 220 volts* | 55o volts* zd 

z dre 

z 6 4 cdl 

2 12 6 2 i 

3 18 9 4 BO 

4 24 12 5 T 

5 28 14 6 vt Pi 

IO 56 28 ` II yb 

rat 

15 85 42 17 ce 

20 112 56 22 { "i 

25 140 70 28 | Me 

30 167 83 33 ue 

40 222 IIO 44 eui 

So 218 140 58 Cad 

60 330 165 66 Cle 

70 385 192 77 

80 440 220 88 E 

9o 490 245 98 E 

100 550 275 IIO tad 
150 790 395 158 
200 1050 525 210 
250 1320 660 264 

300 1580 790 316 Ve 

. PE 

* These are volts between wires; the corresponding volts to neutral are 63.5, 127 aad 3 


318, respectively. 
CURRENT TAKEN BY HEATING DEVICES 


Amperes at 


IIO volts 220 volts 


Flatirons, 3-pound 2.3 
Flatirons, 6-pound 5.5 
Water-heaters, pint 3.6 
Water-heaters, quart 4.5 
Water-heaters, 2-quart 9.1 
Chafing dishes . 5.2 
Coffee percolaters, 3-pint 4.5 us E 
Toastets 5.5 — i 
Heating pads 0.5 l 
Cigar lighters 0.7 aes 

Glue pots, 2-quart 0.8 0.4 

Luminous radiators 6.8 to 13.6 3.4 to 6.8 
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Potential Drop. — In most installations the potential drop per conductor 
between service-entrance or switchboard and the farthest receiver is taken as 
approximately 3 per cent of the to/fugce fo. neutral at the service-entrance or 
switchboard. ‘This is equivalent to a totul drop t both wires) of 3 per cent of the 
tollage between wires in the case of a two-wire direct-current. or. single-phase 
system. In three-wire systems the two outside wires are to be regarded as 
the feeders. 

In direct-current or single-phase alternating current systems the maximum 
potential drop per conductor will then be 0.0135 X 110 — 1.685 volts for a 110-volt 
system, 3-3 Volts for a 220-volt system, ete. In three phase systems the poten- 


: 110 

tial drop per conductor will be 0.03 X -= 1.91 volts for a 110-volt system, 
V3 

3.82 volts for a 220-volt system, ete. In feeders and branch circuits the drop 

in the feeders is usually made two-thirds and the drop in the branch circuits 

one-third of the total drop. 

Note that in the case of a lamp load the allowable drop of 3 per cent is based 
en the current corresponding to the tal connected load, ie, this is the maximuni 
Crop when aff lamps are burning. In ordinary buildings the actual maximum 
bad is seldom more than one-third the connected load; consequently when the 
witing is designed on this basis the voltage at the lamps will seldom be more 
than 1 per cent lower than the voltage at the service connection. ? 


Calculation of Size of Wire. — Let 


I = current per conductor in amperes, 
v= allowable potential drop fer conductor in volts, 
l= length of the conductor in feet * 
then the required cross-section of a copper wire in circular mils is 
Kil 
A= a (1) 
where K is a factor depending upon the specific resistance of the wire, the size 
and spacing of the wires, the frequency and the power factor of the receiver. 
The factor A for alternating-current circuits is therefore not a constant but for 
preliminary calculations its value for the sizes of wires and spacings (1 to 6 inches) 
ordinarily used for interior wiring is approximately as given in the following 
table. The alternating-current values apply to single-phase, 2-phase 4-wire, 


Values of K 


System Power factor fot copped 
Direct current............. As 11° 
Alternating current........ — jak 
Lighting load only....... 1.00 II 
Lighting and power loads 0.95 I2 
Lighting and power loads. 0.90 I3.5 
Power loads............. 0.85 I5 
Power loads............. 0.80 17 


* This value is practically exact, the others are approximate only. 
and 3-phase 3-wire systems at any frequency from 25 to 60 cycles per second, 
For a direct-current or single-phase 3-wire system proceed as for a 2-wire 
system, neglecting the presence of the neutral wire; the neutral wire should 
then be made thc same size as cach outside wire as thus calculated. 


: - Note that / is the length of cach conduclor; the total length of wire for a two-wire 
line is 2 /, for a three-wire line 3 l, etc. 


1948 


Commercial sizes of wire differ successively by about 25 per cent in the larger 
sizes and 60 per cent in the smaller sizes; the odd-numbered sizes smaller than 
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No. 1 are not generally manufactured, although No. 3, 5 and 9 are sometimes f- «i 


made. 
culated area. 


of wire should be selected. | 
600-VOLT RUBBER-INSULATED COPPER WIRE 


(Single Braid, N.E.C. Standard; Conductivity of Copper, 98 per cent) 


Cross- 
section 
of cop- 
per, cir. 

mils 


Size, 
B. & S. 
gage 


I1.53I 
1.469 
1.406 
1.344 
1.250 
1.125 


1.063 
0.969 


0.0110 
0.0122 
0.0138 
0.0157 
0.0184 
0.0220 
0.0275 
0.0307 
0.0441 
0.0520 
0.0656 


solid 
0.126 
0.159 
0.201 
0.253 
0.320 
0.403 
0.641 
1.02 
1.62 
2.58 
4.10 
6.55 


Pounds 


per 
1000 
ft. of 


3721 
3390 
3051 
2707 
2354 
1958 
1617 
1283 
1095 


From the table below * select the size of wire corresponding to the cal- 
Unless the calculated area in circular mils agrees very closely 
with the area of one of the conductors given in the table, the next larger size 


Reactance per 1000 ft. of each | 
: i 


wire 
T————— 
Wires in l6inches between 
contactt wires] 

25 60 25 60 
cycles | cycles | cycles | cycles 
0.0130 | 0.0313 | 0.0283 | 0.0679 : 
0.0132 | 0.0317 | 0.0288 | 0.06) 
0.0134 | 0.0320 | 0.0292 | 0.072. | 
0.0136 | 0.0328 | 0.0298 sae | 
0.0138 | 0.0332 | 0.0306 | 0.072 |. ı 
O.0135 | 0.0324 | 0.0312 | 0.0749 
0.0141 | 0.0340 | 0.0322 | 0.0773 
0.0144 | 0.0347 | 0.0333 | 0.0800 
0.0148 | 0.0354 | 0.0341 | 0.0820 
0.0144 | 0.0347 | 0.0348 | 0.0835 
0.0149 | 0.0358 | 0.0358 | 0.0860 
O.OISI | 0.0362 | 0.0368 | 0.088) 
0.0159 | 0.0381 | 0.0378 | 0.0908, 
0.0165 | 0.0396 | 0.0390 | 0.0936 
0.0159 | 0.0381 | 0.0388 | 0.098 
0.0160 | 0.0385 | 0.0398 | 0.098 
0.0166 | 0.0400 | 0.0410 | 0.0980 
0.0168 | 0.0403 | 0.042I | 0.10iT 
0.0176 | 0.0422 | 0.0432 | 0.1037 
0.0179 | 0.0430 | 0.0442 | 0.1001 
0.0181 | 0.0434 | 0.0464 | o.11U 
0.0193 | 0.0464 | 0.0495 o. 1165 
0.0210 | 0.0505 | 0.0507 | 0.1218 
0.0221 | 0.0532 | 0.0529 | 0.1270 
0.0231 | 0.0554 | 0.0550 | 0.1320 
0.0245 | 0.0588 | 0.0572 | 0.1372 


er ee ee | 1——— |———— | ——— |—M | 


stranded |stranded|stra’d’d 


eee —— eel 
ae |) ee | ———— | | ~a 


* More extended wire tables will be found in the articles on Wires and Cables. 


f Two insulated wires side by side, the insulation of the two wires in contact. 
t Measured from insulation to insulation, equals distance between centers minus tace 


the thickness of insulation on either wire. 
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"^ Check on Calculation of Size of Wire. — Calculation of Actual Poten- 
- tial Drop. —- (See also Alternating Currents.) From the table, corresponding to 
< the size of wire selected, take 
y= the resistance per 1000 feet of conductor, 
x 5 the reactance per 1000 fect of conductor, 
-= and put 
b= length of cach conductor in feet, 
1 = amperes per conductor, 
es V 2 volts to neutral at receiver,* 
coso = power factor of recciver, 


| f , 
Ra~- — = total resistance per conductor, 
1000 
n i x 
sa Xs- — a total reactance per conductor. 


1000 
™ Then the actual volts drop per conductor is 


" v= V(Vcoso + R1) 4 (V sing + NI) — V. (2) 
"ur * 
_ . Toa very close approximation in all ordinary cases this is equal to 
X 
v= NI een 4- jene). (3) 


E 
-- 


If the drop as calculated does not check within a reasonable value with the 
drop assumed in calculating the size of the wire, select another size of wire and 
recalculate, etc. ‘This refinement will be found necessary, only in the case of 
low power factors and when the size of wire as calculated is either exceptionally 
. large or exceptionally small, in which case the values given for the factor K 

in the formula for 4, equation (1), may be in error by a large amount (in limit- 
. ing cases 50 per cent or more). 

In addition to making sure that the drop will be within a reasonable amount, 
one should also note whether the conductor selected is large enough mechani- 
cally and has the proper current-carrying capacity (see above), remembering 
also that the National Electrical Code requires that conductors through which 
power is supplied to a motor shall have a current-carrying capacity equal to 
125 per cent of the full-load current taken by the motor. 

Example of Calculation for a D-C. or Single-phase System. — Incandes- 
cent lamps taking 0.5 ampere cach are supplied. with power from a r15-volt 
60-cycle service through a set of feeders 200 feet in length which terminate at a 
cut-out cabinet as shown in Fig. 7. 
The lamps are grouped in sets of 10 lamps 
each (only one set is shown) and each 115 Volts 
set is connected to the cut-out cabinet 
- by branch circuit conductors averaging 
- 25 fect in length. Assuming a total 

potential drop of 3 volts, the drop per conductor will be 1.5 volts. The drop 
. per conductor in the branch circuit should then be one-third of 1.5 or 0.5 volt 
and the drop per conductor in the feeder circuit should be two-thirds of 1.5 or 


50 Amps. 


Fig. 7. 


* For d-c. or a. single-phase or a-c. 2-phase, 2-wire systems V = 14 X (volts between 


wires); for a 3-phase system V = +. X (volts between wires); for a 2-phase 3-wire 
Va : 

system V = 14 X (volts between either outside wire and middle wire). Tn calculating 

the normal drop in a single-phase 3-wire system pay no attention to the middle wire, i.e. 

assume a balanced load. 


me lh ered an pent ge bi e e RR Fil 2 te oe J 
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I volt. The respective calculations of the areas of the conductors in the feed oil 
and branch circuits may then be carried on independently. In the brandl^5" 
circuit, referring to equation (1), J = 10X0.5= 5, l= 25 and v= o.s, whent] igo 


for copper wire un 
IIXSX235 ! ; Lm 

A = ————— —- = 2750 circular mils. uii 

0.5 P À 

2o 


From the wire table it is found that the next larger commercial size is No. 5 !^*?* 


B. & S., which has a resistance of 2.58 ohms per roco feet, and a reactate kin 


(assuming a 2.5-inch spacing) of 0.106 ohms per 1000 feet. ES 
Referring to equation (3), V = 57.5, cos = 1, tang = o, R= 2.58 X 25/100 USE 
= 0.0645, X = 0.106 X 25/1000 = 0.00265, whence ` al 
uh 

v= 0.0045 X 5 = 0.323. mE 


| ee eee 
i Nah 


Equation (2) gives the same value. This voltage i is 35.4 per cent less than the {> 7 
assumed voltage of 0.5 volt, but since No. 13 wire is not a commercial sizs | ^*& 
closer realization of the assumed voltage is impracticable. DE 

In the same manner, the required area of the conductors used in the fet ' dey 
circuit is determined by substituting the following values in equation (1): a 


I = 100 X 0.5 = so amperes, } = 200 feet, and v= 1 volt. Hence Ce 
II X 50 X 200 ; a 
A= Du 110,000 circular mils. ly M 


From the wire table it is found that a No. oo B. & S. wire must be used. ug 

The above calculations although made for a lighting load apply equally w! 7: 
to a motor load, except that in the final selection a wire must be chosen whid ^t 
will carry 125 per cent of the full-load current of the motor. x 


Example of Calculation for a Three-phase System. — Power is tok -.. 
supplied by three feeders cach 400 feet in length to a three-phase, 6o-cyd', te 
alternating-current motor (power factor 8o per cent), the voltage between an. 
two line wires at the service entrance being 550 volts. At full load the cur- 
rent taken a the motor is 50 amperes. The voltage to neutral at the servit 


vi 3 

Allowing a drop in each conductor of 3 per cent of the voltage to neutral, the 
drop will be 3 per cent of 318 or 10 volts approximately. The following valus 
should then be substituted in equation (1): K 17, J = 50 amperes, }= 49 
feet and v = ro volts, giving 


entrance jg ? or 318 volts. The wires are to be spaced 6 inches apart. y 


17 X 50 X 400 "pi i 
A= DEN areal 34,000 circular mils. f 


From the wire table it is found that a No. 5 B. & S. wire might be used consider 

ing the potential drop alone but since the carrying capacity of the conductor 

must be 1.25 X 50 or 62.5 amperes, it would be necessary to use a No. 4 wire. 
Adopting a No. 4 wire and referring to equation (3), V = 318, cosó = o$, 


` tang = 0.75, R= 0.253 X 400/1000 = 0.101, X = 0.101 X 400/1000 = 0.040, 


whence . `, 


0.0 . 
sea os) = 5.3 volts, 


v= 0.101 X 50X08 C + 
O.IOI 


M 


- 


neu 


m 
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which is a little more than half the allowable drop of 10 volts. Equation (2) also 
gives 5.3 volts. 


: AUTHORITIES GOVERNING THE INSTALLATION OF WIRING 

IN BUILDINGS. — As noted at the beginning of this article all interior 
wiring must be installed in accordance with the regulations of the authorities 
having jurisdiction over the building in question. dn general, these authorities 
are: (1) the fire underwriters; (2) the municipal authorities; and (3) the power 
company supplying the current. 

National Electrical Code. — This code is a set of instructions published in 
odd years by the National Board of Fire Underwriters. A List of Electrical 
Fittings approved by the Underwriters’ Laboratories, Inc. is published by the 
National Board in April and October of cach year. In order that fire insurance 
on any building wired for clectric heht or power may be obtained from. an 
insurance company, the wiring must be installed in accordance with the rules of 
the National Electrical Code or such modifications of it as are required by law 
in certain municipalities (see Municipal Regulation, below). Permission must 
also be obtained to use any fitting not included in the list of approved fittings. 

Both the Code and the List of Approved Fittings may be obtained gratis 
by applying to the National Board of Fire Underwriters, 135 William St., New 
York City. In view of this fact, and the frequent revisions of the rules and 
' list it is not deemed advisable to give them in detail here. ‘The general require- 
ments, however, are covered in the section below on Methods of Installing 
Wiring. 

Municipal Inspection. — Many state legislatures have passed laws regu- 
lating the installation of electric wiring and empowering the appointment of 

municipal inspectors of wiring. In some states fines are imposed by legislative 
' enactment upon those who violate the inspector's rules. Although free to decide 
~ upon the proper installation of electric wires, Municipal inspectors have gener- 
ally adopted the National Electrical Code as a standard with modifications 
suited to their desires. A copy of these modified rules can usually be obtained 
gratis from the municipal authorities. 


Regulations of the Light and Power Companies. — The National Elec- 
trical Code is usually adopted by electric power companies with the addition of 
specific requirements pertaining to service connections, placing of meters, type 
of system, ctc. 


METHODS OF INSTALLING WIRING.— The National Electrical 
Code approves the use of the following methods of wiring: open work, moulding 
(wooden and metallic), concealed knob and tube work, rigid conduit, flexible 
conduit, armored cable and flexible tubing (in short runs). These methods are 
described in detail below, but first are given the more important general require- 
ments regarding joints, protection, cut-outs, switches, etc., which apply to all 
classes of wiring. 


General Requirements. — All joints must be mechanically and electrically 
Secure without soller and unless made with some form of approved splicing 
device must be soldered and covered with an insulation equal to that on the 
conductor. Wires must be separated from contact with walls, floors, timbers 
or partitions through which they may pass by non-combustible, non-absorptive 
insulating tubes, such as glass or porcelain, except at outlets where flexible tubing 
is required. Unless inclosed in conduit or moulding, wires must be separated 
from any conducting material or from any other electric wire not more than 
two inches away by some continuous and firmly fixed non-conductor creating 
& permanent separation. In damp places wires must be separated from pipes 
by an air space and should be run over rather than under pines upon which 
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moisture may gather. Wires must be protected from mechanical injury by 
running-boards or guard-strips on low ceilings and by wooden boxing or metal ¥_——_ 
conduit on side walls. Protection on side walls must extend not less than five 

feet from the floor. No method other than open wiring may be used when the 
difference of potential between any two wires exceeds 550 volts. - 

Automatic Cut-outs (fuses or circuit breakers) must be placed in all -- 

service wires (i.e., the leading-in wires from the street circuit), and at every i iS 
point where a change is made in the size of wire unless the cut-out in the larga ! 
wire wif protect the smaller wire. The cut-out in the neutral of a three-wire | 
system may be omitted if the neutral wire is grounded and is of the same size 

as the outside wires. No set of incandescent lamps requiring more than 6o ^ 7 
watts, whether grouped on one fixture or on several fixtures must be dependent l 
upon one cut-out. Cut-outs must in general be inclosed in an approved cabint = 
although circuit breakers and inclosed fuses may be placed in plain sight in dy V 
places where there is no danger of igniting any combustible material. 


Switches which disconnect all wires (i.e., switches having 2, 3 ot more 
poles) must be placed in the service wires as near as possible to the point where 
they enter the building and in all circuits supplying current to motors, heatinz 
devices or lamps; except that in the case of motors of one-fourth horse-power ot 
less in circuits where the voltage docs not exceed 300 volts, and in circuits sup 
plying not more than 660 watts of power to heating devices or lamps, single E 
pole switches may be used in two-wire systems or branches. Switches mut ss- 
always be placed in dry, accessible places and must be grouped as far as possible. 
When used in rooms where combustible flyings are liable to exist, switches 
must be placed in dust-tight cabinets and when flush switches are used, they __ 
must be inclosed in an approved steel box. 


—— — —  €—MÀ —À 


I 

Open Wiring. — When the appearance of the wiring is not important, | 
exposed surface wiring supported on cleats or insulators furnishes one of the — 
safest and best methods of | 
wiring. The wires must be 


insulated in dry places with Inches from sur- | Taches be- M 

rubber, slow-burning weather- face to insula- | Len wires Uu 

w-burning insula- : ; , wii 

pront P z l z ith Voltage not on wie from inse — ... 

tion, in damp places wit WELL 
rubber insulation, and in loca- dd si 
| 


Dry Damp 


tions where the wires are cx- 
posed to corrosive vapors 
with weatherproof or rubber 
insulation. l 
Spacing of Wires and 
Supports. — Wires must be 
separated from each other and * [n the case of 3-wire d-c. or single-phase systems 1), 
spaced from the surface wired the neutral may be placed between the two outers 
over as given in the accom- these latter being 2.5 inches apart. 
panying table. 
Wires must be supported under ordinary conditions at least every 4.5 fèt, 
except that in mill construction, wires of not less than No. 8 
A 


0-300 
301-550 


B. & S. gage, if separated about six inches, may be run from 
timber to timber and be supported at cach timber only. Open 
wiring cannot be used in elevator shafts. - ; 


Cleats. — Cleats are made in a variety of forms. The | 


following are the dimensions and costs of cleats of the form shown ` 
in Fig. 8, all dimensions being in inches, Fig. & i 


at 
y. 
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DIMENSIONS AND COSTS OF CLEATS 


I-wire cleats 


Size of wire, . 
cir. mils or | | Dimensions, inches Size of 
B. & S. gage EP. Screw, Cost* per 
; IOQ 
| | inches 
A | B | C 
| ; 
14-12 2 | ry EE | 3X8 $2.50 
10- 8 2 | PM. 0. 8 | 3X8 2.90 
6- 3 al, rt 1 3X10 3.15 
2 ME 1's Ds | 3%2X12 3.40 
1-0 21: | 2 hy Jl2X12 3.90 
o0 z*, | 2l, | Ln 312X12 4.50 
000 3 24 EET 4X14 4.85 
. 0000 3 ' ay 04H 4X14 6.50 
225,000-500,000 | 3l4 23, | the 442 X16 7.70 
; | 5X18 ' 
600,000- 800,000 4 | hy 2 f ‘ E l 10. 30 
4; ^ } 2 . . 
900,000- 1,000,000 | 4 | J^" | / Mises lag 18.30 
2- and 3-wire clea 
14-12 3*4 rh, AN | 3X8 2.48 
10- 6 zy 14 “g 3X8 3.20 


——— M. MÀ 


Wooden Moulding. — When exposed wiring is not desired, and when it is 


v 


impracticable in old buildings or too expensive in new buildings to install con- 


 cealed wiring, wooden moulding may be used, provided the difference of potential 
- between any two wires in the same moulding does not exceed 300 volts. Ita 
use is forbidden in elevator shafts and in concealed or damp places. Wooden 


e 


Moulding may be made inconspic 


moulding is manufactured in the following sizes. See table on next page. 


uous by matching the wood of the moulding 


to the finish of the room and by using a capping, which will conceal the purpose 


of the moulding. In this manner, 
moulding, and on ceilings a panel 


moulding may be made to simulate picture 
effect can be obtained by the use of dead 


moulding. All wires used in wooden moulding must have a rubber insulation 
.. and must not be jointed or tapped in the moulding. Branch taps may be made 
with tap fittings designed for the purpose. Many other moulding fittings are 
manufactured, which, if used, reduce the labor of installation and improve the 


&eneral appearance of the work. 


Wooden moulding is fastened to walls by 


means of thin screws or toggle-bolts and the capping is nailed on with brads. 
' "Kicking boxes" are usually placed around the end of moulding on floors to 
' „ Protect the wires and porcelain tubes from possible injury. 


Metallic Moulding. — Metallic 


‘moulding may also be used to conceal and 


- - Protect wires when the difference of potential between any two wires in the 
: moulding is not more than 300 volts and the power transmitted through the 
`- Wires contained in the moulding does not exceed 1320 watts. Metallic moulding 


^ 
- 


«the depth depending upon the ty 


is manufactured in one width only, namely, 1 inch wide by 3$ to 14 inch deep, 


pe of moulding. The two types of metal 


"S ba 
1954 Wiring oí Buitdings for Light and Poway 


STANDARD WOODEN MOULDING 


Dimensions, 
inches 
Size of 
. of 
pios groove, 
inches . 
Width | Depth 
over all Cap to 
base | 
— ——ÁÁ—M— re 
2 X mH | 1e D 
z 546 115416 154g i 
2 746 z I vu 
2 %6 216 Il4 Sl 
2 95 3 134 td 
2 [^ 3*8 134 li 
2 I 434 216 
NEM MMC ERN MIS n l 
3 y 2s Wo ii: 
3 546 PU 1546 } 
3 46 21346 14 6-5 19.25 | bbe 
3 94a 31 144 4-2 37.25 |» 
3 34 4348 1740 1-000 51.75 [| — 
3 v8 sks 134 0000-250,000 6.50 i 
3 I 61146 234a 300,000-400,000 | i Se 
ee CC METER NECNON Mode tt 
* Based on purchase price (1913) of large quantities, screws included. i 
; : 
| n 


moulditig im common use differ principally in the method of attaching the | 
capping. In the “Lutz” metal moulding the capping consists of a flexible‘ ~~ 
metal strip, which is slid into the two grooves that form the upper edge of the | 
moulding. Tn the “National” metal moulding the capping is snapped over the 
base. "Lutz" moulding is made in ro-foot lengths while the National mon: | 
is made in $-foot 4-inch lengths. “Lutz” moulding is listed at $6.50 per 19 
feet and "National" moulding at $8.00 per roo feet, with discounts of abort 
40 per cent for latge quantities. 

Metallic moulding cannot be used in concealed or damp places except tht, y 
ín passing through a floor, such moulding may be used if carried through:  ': 
iron pipe extending from the ceiling below up through the floor to a point five ù 
feet above the floor or to a point at least three inches above the floor whee "s 
appearance is an essential feature. All parts of a metalfic moulding syste! 
including outlet boxes, ftmnction boxes and cabinets must be electrically connett 
and grounded. Fittings employed with metallic moulding must be % Coe 
tracted as to protect the insulation of the wires from abrasion. Wires pac" 
in metallic moulding must be insulated and installed as in wooden moulding | 
wíth the exception that in alternating-current systems wires of the same circus i 
must be installed in the same moulding. It is suggested that this also be dost N 
for direct-current systems when there is a possibility that an alternati | 
system may be used at some future time. 5 


y 


~ 
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Concealed Knob and Tube Work. — This method of wiring is forbidden 
by the inspectors in many large cities, but when approved, it is employed. in 
buiklinzs of frame construction when it is desired to install the wiring at a 
Minimum first cost. The wires when running parallel to beams or studding 
are supported on knobs and when running through beams, studding or tloors 
are insulated by porcelain tubes. When passing through tloors at the bottom 
of plastered partitions or through braces, the porcelain tubes insulating the 
wires must project at least four inches above the door or brace. Split knobs 
must be used for the support of conductors smaller than No. 8 B. & S. gaze 
except at the end of runs where a solid knob or strain insulator must be used. 
For conductors larger than No. 8 B. & S. gage, solid knobs may be used. 
Wires must have a rubber insulation and tie wires when used must have an 
insulation equal to that of the conductors they contine. 


Distance between Wires. -- Wires must be in talled in such a manner 
that the distance between any two wires is at leat 5 inehes aud cach wire must 
be separated from the surface wired over by a distance of at least 1 inch. If, 
in any place, the 5 inch separation cannot be maintained, cach wire must be 
separately incascd in a continuous length of approved flexible tubing. At 
outlets, wires must be protected by tlesible tubing extending in. continuous 
lengths from the last porcelain support to at least 1 inch beyond the outlet. 


Distance between Supports. — Wires must be supported under ordinary 
conditions every 4.5 fect and if the wires are liable to be disturbed the distance 
between the supports must be shortened. 

Knobs and Tubes. - - Two types of knobs are used, namely, the solid 
knob and split knob. The following table gives the dimensions and costs of one 
type of split knobs and 4-inch Cubes. 


— ee eee —— 


Split knobs * Tubes 
Size of D""-———— Zac PS Dun PE 
wire, ! . i : 
. EAM Inside Outside 
B. : S. oe | pone oid diatnetec, ^ dinmeten Cost t 
gage | inches , inches p | dees Inches per 100 


* Holding single wire 1 inch away from wall. 
t Based on purchase price (1973) of large quantities; screws included in cost of knobs. 


Rigid Conduít. — Although the most expensive method, rigid conduit is 
considered to be the the best method of wiring and its use is required by in- 
spectors in certain districts of many large cities. Two kinds of conduit are 


" manufactured; lined conduit, having a lining of insulating material and unlined 


conduit, having an inner coating of insulating enamel. Unlined conduit is used 
more often than lined conduit because unlined conduit is cheaper to buy and to 
install and because wires are drawn in unlined conduit more easily than in 
lined conduit. In lined conduit corrosive action on the conductors due to a 
Possible leak in the conduit is prevented by the insulating lining. The con- 
ductors used in lined conduit cost slightly less than the conductors used in 
unlined conduit, because the conductors used in unlined conduit must have am 


-æ 


2 w 


-r - 4 
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additional layer of braid to allow for abrasion in drawing in the wires. 
conduit is manufactured in the following sizes: 


STANDARD RIGID CONDUIT 
Made in ro-foot lengths 


Max. size of double- 


© U | 2 2 na B ; 
g $ 3 $ E © rae a A B o braided wire used ina 
ag | 33 alk? es & > | single conduit, B. & S. gage 
re i^ re r E. ug or cir. mils 
g| G3) be | 2) 9s À* | 
d a O w . " . 
Fi geja’ 3 ze I wire a wires | wis | 


ERE 


* Based on purchase price (1913) of large quantities. 


Bushings, Bends, etc., in Rigid Conduit. — All parts of the cor 
duit system including outlet or junction boxes must be mechanically securi 
in place and must be electrically connected and grounded. At outlets or junaci — i; 
boxes rigid conduits must be provided with bushings or nipples to protect tht «3; 
wires from abrasion. The radius of curvature of the inner edge of an elbow « f 
bend must not be less than 3.5 inches and there must not be more than the | 
equivalent of 4 quarter bends from outlet to outlet, the bends at the outlet net 
being counted. Bends should be used whenever possible in place of elbows 2 ı 
the wires will pass more easily around a bend than an elbow. The various bend: 
ing tools that are on the market consist of some form of lever, the end ot which 
may be slipped over the conduit while it is in position. When the number of 
bends between outlets becomes excessive or when a large number of conduits 
placed side by side must be deflected, pull boxes are installed so that the direc- 
tion of the conduit may be changed and the wires may be drawn in more 
easily. In fireproof buildings conduit is frequently installed just .after the ; 
steel work has been erected and is then covered up by concrete or tiling. 


Insulation of Wires Used in Rigid Conduits. — Wires used in rgd 
conduit must have an approved rubber insulation and must not be spliced o 
tapped within the conduit. In alternating-current systems the two or mort 
wires of a circuit must be drawn in the same conduit. It is suggested that this 
be done for direct-current systems also when there is a possibility that an alter: 
nating-current system may be used at some future time. The same conduit 
must not contain more than four two-wire or three three-wire circuits of the sam 
system and circuits of different systems must be run in separate conduits. 

Wires should not be drawn in until all mechanical work on the building has 
been completed. For short runs wires may be pushed in at one opening Un 
they come out at the other opening, but on long runs or where there are man) 
bends, a spring-stcel *fish-wire" or “snake” is first pushed through the conduit 
and a piece of sash cord attached to the ‘“‘fish-wire” is pulled througb. 
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conductor is then attached to the sash cord and pulled through. When the 
wires cannot be pulled through a conduit easily, powdered soapstone is blown 
into the conduit to reduce the friction of the conductors. 

Supports for Wires. — In vertical runs conductars must be supported 
in the conduit in accordance with the 10llowing table: 


No. 14 B. & 5. too. every 100 feet 
No. 00 B & S. to ooco, i 8o " 
oooo B. & S. to 350,000 «tr. mils, ic 60 “ 
350,000 cir. mils to 500,000 cir. mils, " so “ 
500,000 cir. mils to 750,000 «ir. mils,“ 4o '" 
750,000 «ir. mils, ES ct 


Conductors may be supported by a turn of go degrees in the conduit system 
or by junction boxes designed tor the purpose. 

Flexible Conduit. — In distinction to flexible tubing, a non-metallic tubing, 
flexible conduit is a wmedallic tubing built up of spiral, convex and concave steel 
strips which interlock in such a manner as to form a fairly smooth surface, 
externally and internally. "t Flexible conduit," which is metallic, is usually 
distinguished from “flexible tubing” (see below), which ts non-metallic tubing. 
Flexible conduit possesses the advantage over rigid conduit in that it can be 
installed continuously and quickly from outlet to outlet and if necessary may be 
fished between partitions or floors. Its chief disadvantages are that it is neither 
nail-proof nor moisture-proof. Flexible conduit is manufactured in the follow- 
ing sizes: 

STANDARD FLEXIBLE CONDUIT 


a — 


Max. size of double-braided 


i 
Approx. | Weight | wire used in single conduit, 
| 
I 


* 
Size, | outside | per roo | Approx. v -Gost B. & S. gage or cir. mils 


inches diameter, | feet, adds E ps: Nu goxcc x c oe iind 
| inches | pounds | con fest f 
| l I wire 
= | 
515 | o 485 | 20 25 $5.6; | EE. aumx. db iiiv 
! "C. | o1 31 250 4 00 | 143: |: seek a! det farts 
la 0.92 68 100 8.25 8. | .12 [| ands 
EET 1.18 95 50 6.85 | 2 
if 1.49 141 50 11.09 | oo 
1!4 1:75 182 | 50 16 69 |, 200,000 
hy 2.06 217 | 23-50 22.19 400,000 
2 2.56 265 | 25-50 30.00 | 800,000 


| i . ATE 


* Based upon purchase (1913) of large quantities. 


All requirements as to installation and wires used in rigid conduit apply as 
well to flexible conduit. 

Armored Cable. — In place of flexible conduit in which wires must be drawn 
in after the conduit is installed, armored cable consisting of rubber-insulated 
conductors protected by interlocking spiral steel strips may be used. When 
installed in damp places, leaded armored cable, which has a lead covering 
between the insulation and the steel armor, must be used. Armored cable is - 
employed extensively in wiring old buildings where it would be impossible to 
install rigid conduit without cutting up the walls and floors. Armored cable 
for interior wiring is manufactured in the following sizes: 
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STANDARD ARMORED CONDUCTORS 


Size of Approx. Weight ` 
each con- Number of outside per App n Cost,{ per |g aa 
bunched f feet in kids i 
ductor, condüctors diameter, 100 feet, coil 100 feet 
B. & S. inches pounds kun 


14 I 0.37 20 250 $3.85 badd 
12 I 0.40 21.5 250 4.50 iw 
IO I 0.435 23 250 5.70 ii 
8 I 3 0.500 28 250 6.70 ited 
6 I 8 0.640 54 250 9.20 UN 
10* I E 0.435 23 6.00 "ei 
8* I 3 0. 500 28 7.25 fat 
6* I N 0.640 54 250 10.00 
4* I 0.690 59 13.00 
2* 1 0.770 71 17.00 
1* I 0.860 98 100 20.00 
* "d | 
IO Ie 0.555 48 250 7.50, 
8* s 10 
Ig 9 0.620 54 200 9. 
6* 18 g 0.760 81 200 . 12.40 i 
4* I c S 0.820 go 150 15.70 | 
2* 1o $ 0.900 120 150 20.00 
i 1 § " 0.985 165 100 24.50 
* Stranded. t Based on purchase price (in 1913) of large quantities. 
STANDARD ARMORED CONDUCTORS — Continued 
Size a 
of each Number of Approx. out- | Weight per Approx. Cost, 1 per 
bunched side diam- 100 feet, feet in 
conductor, ; : 100 feet 
B. & S. conductors | eter, inches | pounds coil 
I4 2 3 0.630 44 150-250 $6.55 ü 
12 2 E 0.640 4S 150-250 850 th 
IO 2 & 0.675 52 150-250 11.70 i E 
8* 2 % 0.818 81 100-150 13.20 T 
6* a 1.066 114 100 Aem dl a 
Y ka 
14 2599 0.636 75 100-200 10.30 Ts 
v ue 
12 2255 0.688 78 100-200 13.30 le 
10 2.59 E 0.861 108 100-150 16.00 be 
8* 2 5 0.900 125 100-150 20.50 T 
0 
14 3 ' | 0.648 53 150-250 8.70 "d 
12 3 $k 0.675 55 150-250 Ps 
42 80 zu 
Io 3 g: 0.755 66 100-200 H. E 
8° 3 0.900 99 100-150 20.50 vk 
14 0.694 79 100-150 E 
12 o. 766 88 100-150 be 
10 0.901 117 100-150 ES 


* Stranded. t Based on purchase price (in 1913) of large quantities. a 
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All requirements as to mechanical and electrical connections to outlet boxes, 
grounding, splicing and tapping of wires, assembling of conductors in alternating- 
Current systems, etc., applying to rigid conduit also pertain to armored cable. 
Bends in armored cable may be of smaller radius than in rigid conduit, however, 
the minimum allowable radius of a bend being 1.5 inches for armored cable. 

Flexible Tubing. — In addition to its use in all places where it is necessary 
to add to the insulation of the conductors, if the difference of potential between 
the wires is not over 300 volts, continuous Hexible tubing may be used to protect 
individual wires when fished for short distances in dry places. Although not 
allowed by some inspectors, flexible tubing is extensively used in this manner in 
conjunction with moulding or knob and tube work, especially in old buildings 
where it is necessary to fish the wites to avoid cutting into walls, floors or ceiling. 
Flexible tubing is manufactured in the following sizes: 


STANDARD FLEXIBLE TUBING 


| , 
Inside Weight Largest size 
di t Feet i il per 1000 Cost per of wire ac- 
ASSN oh eee feet, 100 feet | commodated, 
inches B.&S 


pounds 


Odd lengths 600 
Odd lengths 


COST OF WIRING. — The total cost of wiring a building is made up of the 
three elements: materials, labor and engineering. The labor and engineering 
charge will depend upon local conditions, and these costs may be estimated 
&ccurately only by reference to similar costs in completed work of the same 
general character. In regard to labor, the local conditions must include the 
factor of wages paid in the vicinity and the amount of work completed in a given 
time by the class of labor available. In determining the engineering charge 
the contractor must estimate the amount for each contract which should be 
charged to office expense and solicitation of business. 


Office Bstimates. — The cost of the materials is usually determined from a 
supply catalogue; approximate costs of moulding, cleats, conduits, etc., are 
given above. This may be accomplished by finding (1) the costs of the wiring 
materials between outlets and (2) the costs of the special devices such as outlet 
boxes, switches, cut-out cabinets, etc., and adding the two together. 


Cost of Rubber-covered Copper Wire. — The cost of insulated wire 
depends upon (1) the cost of copper-wire bars, (2) the cost of rubber gum, (3) 
the cost of the other ingredients in the insulation, and (4) upon the cost of 
manufacture. Items 1, 2 and 3 are subject to considerable variation from year 
to year, and consequently any costs given at the present time must be used with 
caution at any later time. In Table A is given the present (1913) cost of rubber- 
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insulated copper wire (National Electrical Code Standard) on the basis of copper 
at 15 cents per pound, together with the amount by which these costs must be 
increased or decreased for each cent increase or decrease in the cost of copper, 
assuming all other items unchanged in cost. 

Cost of Wiring Material per 100 Feet of Single Wire. — Tables B 
and C give the cost of all wiring material, exclusive of insulated wire, switches, 
cut-outs, etc., per 100 feet of single wire for all methods of wiring. Table D 
gives approximate costs of switches, cut-outs, etc. Costs of armored conductors 
are given above. 

The costs are based upon the purchase price (1913) of large quantities. 


TABLE A. — COST OF ONE HUNDRED FEET OF RUBBER-COVERED | 
COPPER WIRE 


Single Conductor, 600 volts 


| 
| 


-- 


Stranded, covered with double Stranded, covered with single 
braid braid 
Add for l Add for 
Size of | Cost per each |Add for . Cost per each | Add for 
í . A Size of P 
wire, cir.| 100 ft., | cent in- | each ES roo ft., | cent in- each 
mils or | copper crease | extra B. & S copper crease extra 
B. & S. | at 15 cts.| in price | braid ` ‘lat xs cts.| in price | braid | 
of copper of copper 
EEEE EA NEEE EEE 
1,000,000 | $85.10 $3.15 $2.60 I $9.55 $0.2 $0.85 
900,000 71.48 2.80 2.50 2 4.15 0.20 0.65 
800,000 69.85 2.50 . 2.40 3 6.00 0.15 0.60 
700,000 62.10 2.20 2.30 4 5.08 0.13 0.55 
600,000 54.55 1.90 2.20 5 4.30 0.10 0.50 
500,000 45.65 1.60 2.00 6 3.92 0.08 0.45 
400,000 37.60 1.30 1.80 8 2.42 0.05 0.40 . 
300,000 29 . 60 0.80 1.60 10 1.77 0.03 0.35 | 
250,000 25.55 0.75 I.50 12 1.37 0.02 0.30 
225,000 23.70 0.70 1.40 14 1.07 0.01 0.25 
0000 21.25 o.65s J fuses ; 
e . L1 d 
000 17.75 oso | ..... Solid, covered with single brai 
00 14.75 0.40 | ..... I 8.40 0.25 0.85 
o 12.35 0.30 | sess 2 6.30 0.20 0.65 
3 5.20 0.15 0.60 
4 4.28 0.13 0.55 | 
5 3.67 0.10 | 0.50 | 
6 3.11 0.08 0.45 
8 1.98" 0.05 0-4% 
10 1.46 0.03 o5 
12 I.IO 0.02 o. | 
14 o.87 0.01 0.25 E 


A 


Wiring of Buildings for Light and Power 1961 


TABLE B. — COST OF WIRING MATERIAL PER ONE HUNDRED FEET 
OF SINGLE WIRE 


Exclusive of Wire, Cut-Outs, Switches, Receptacles, Etc. 


Size of | Open wiring on cleats Wooden moulding | Knob and tube 
wire, Í . i 
cir. mils ' | | 
or I-wire — a-wire 3-wire ` 25 80 


2-wire ' 3-wire 
3 knobs , tubes 


nies) el ee 


| 
1 

B. & S. | cleats cleats clcats 
t 


| 
i 
| 


1,000,000 $1 
900,000 4 57 ' 
800,000 2.57 | | 
700,000 257 | 
600,000 287 EU 
500,000 1 92 | ! ! $5.00 | | 
$00,000 | 1.92 | 40 $1 06 | 
| 400,000 | 192 040? 4.06 | 
| 259.000 | 1 92 | | 304 ! 3.33 
«co Le | (0004.64 3 33 | 
O0, 12 "E | 2 No 2 59 " | - 
00 | 1.12 2.80 | 2.59 $0.50 | $0.79 
o! 0.97 | 280 259 0.50 | 0.79 
| I | 0.97 2.80 | 2.89 0.50 0.64 
2 | 0.85 | 2.08 | 1.86 0.50 0.69 
| 3 079 | | 2.08 , 1.86 0.50 0.69 
| 4 0.79 | 2.08 . 0.96 0.50 0.69 
5 | 0.79 | Lgs | EE 0.98 0.96 0.40 0.69 
6 0.79 | $0.40 | $0.27 0.98 0.96 0.40 0.69 
8 0.72 | 0.40 0.27 0.80 0.72 0.40 0.60. 
Io 0.72 0.40 0.27 0.80 * 0.72 0.40 0.55 
12 0.62 0.31 0.21 0.64 0.61 0.40 0.55 
14 o.62 | 0.31 0.21 0.64 0.61 0.40 | 0.55 
| 


Example of Use of Tables. — A three-phase, 550-volt, 25-horse-power, 
8o-per-cent power-factor induction motor is to be connected to a switchboard by 
conductors drawn in rigid conduit, the length of the conduit being 250 feet. The 
current taken by the motor is approximately 28 amperes. Assuming a potential 
drop in each conductor equal to 3 per cent of the voltage to neutral, the drop 
will be 9.5 volts per conductor. From equation (1), the required cross-section 
is then A = 12,500 circular mils. From the table of current-carrying capacity 
(see above), the corresponding size of wire which will carry 1.25 X 28 or 35 
amperes isa No. 8. Assuming the base price of copper to be 14 cents per pound; 


From table A, 100 feet of solid No. 8 wire costs 1.98-0.05 = $1.93 
Add for double braid .....0..0. 0.00 ee I KK O.40 
From table C, 100 feet of conduit costs per wire ........ sess. 2.56 
Total cost per 100 feet of cach wire .........-- cee cece eens $4.89 


Cost of 250 feet and for three wires is $4.89 X 2.5 X 3 = $36.60. To this 
amount must be added the cost of switches, cut-outs, etc., labor and engineering. 


1962 Wiring of Buildings for Light and Power 


| E 

TABLE C.— COST OF WIRING MATERIAL PER 4100 FEET OF 5 j 
SINGLE WIRE E 

Exclusive of Wire, Cut-Outs, Switches, Receptacles, Etc. s 

Flexible | Rigid conduit contain- | Flexible conduit con- | ps 

tubing con- - ing taining i ath 

I wire 2 wires 3 wires 2 wires 3 Wires is : 

cu Gad Gee nean de^ 

$17.60 $31.95 É 

17.60 31.95 eae " 

14.90 25.75 $21.30 s 

14.90 25.75 21.30 "NE sid 

12.70 25.75 21.30 ind 

I2.70 19.5S 17.17 itm 

10.80 19.55 13.03 Uu 

10.80 13.35 13.03 eu 

10.80 13.35 8.90 Lat 

©0000 8.95 8.57 8.90 n Xn 

000 8.95 8.57 8.90 $15.00 eed xis 

00 6.75 . 5.72 15.00 $10.00 4 

o 5.72 — 15.00 10.00 ho 

I 5.72 11.00 10,00 ES 

2 5.72 II.00 10.00 pe 

3 4.13 — 8.30 7.35 ul 

4 4.13 8.30 7.35 a 

5 3.65 8.30 5.55 Ux 

6 3.65 — 5.50 5.55 " 

8 2.56 5.50 3.65 pi: 

10 2.56 — 3.43 3.65 s 

I2 I.95 2.62 2.28 RE 

14 1.95 e 

A 

tts 

ur 

Las 

M 

: P i 

3-way flush switch S 

3.way saap switch ; a 

: : x 

D 


3- to 2-wire double-branch........... bsc cepa tace 
‘Receptacles: 
Waterproof floor receptacle. 
Flush baseboard receptacle......... A re 
Standard wall socket 
Drop cords: 
Drop cords, including spun brass canopy, cord and 


ey 


p 
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Field Estimates. — In order to enable its representative to make a rapid 
estimate of the cost of wiring a building while he is interviewing the owner or 
agent, the contract department of a lighting company usually provides their 
solicitors with a schedule of wiring costs, based (1) upon the number of lamp 
sockets and swikh outlets to be provided, or (2) upon the dofad number of outlets 
(both lamp and switch), or (3) upon the number of lamp sockets and the num- 
ber of lamp outlets required. Such wiring schedules are usually applicable only 
to finished buildings; the cost of wiring a building while it is being erected is 
usually much less than the cost of wiring the same building after it has been 
completed. 


First Method. — The buildings to be wired are divided into classes 
and the cost of wiring a building in any class is based upon the number of lamp 
sockets, the number of switch outlets, and the type of switches and receptacles 
installed. ‘The disadvantage of this method ts that it does not take into account 
the number of lamp outlets. In two buildings in which the same number 
of lamp sockets are installed, the number of lamp outlets may dilfer widely, 
and as a result the labor and material required for the work will differ in the two 
buildings although the cost of the wiring may be the same. In most instances, 
however, this delect is not serious, because of the close relationship between 
the number of lamp sockets and the number of lamp outlets which are usually 
installed in the buildings for which the schedule is intended. 


Second Method. — The various openings for switches, receptacles, 
drop cords and fixtures are considered as outlets and on the number of these is 
based the cost of work in houses of different classes of construction. An extra 
charge is made for hardware and for work installed under double or hardwood 
floors. With this method the number of lamp sockets installed in two houses 
for which the cost of wiring is the same may differ considerably. For schedule 
of cost see Elec. World, 1910, Vol. 56, p. 1134. 

Third Method. — Thc buildings to be wired are divided into classes 
and the cost of wiring a building in any class is based upon the number of lamp 
outlets and lamp sockets and the type of switches installed. This method is 
an improvement on Methods I and II as it does take into account the average 
number of lamp sockets per lamp outlet, and while the cost of the wiring in two 
buildings requiring the same labor and material may differ slightly, such differ- 
ences will not be as frequently encountered as in the other two methods. Asan 
example of this type of schedule sec article in Elec. World, 1912, Vol. 50, p. 548, 
descriptive of the method used by the Consolidated Gas, Electric Light and 
Power Company of Baltimore, Md. 


BIBLIOGRAPHY. — Auerbacher, L. J., Flectrical Contracting, New York, 
1910; Knox, C. E., Electric Light Wiring, New York, 1907; Poppe, T. W., 
House Wiring, New York, 1912; Horstmann and Tousley, Wiring Diagrams 
and Descriptions, Chicago, 1904, and Modern Electrical Construction, Chicago, 
1905; Bursill, A., Lleciric Wiring, London, 1911; articles in Elec. World, 
Elec. Rev., Elec. Rec., and Elec. and Mech. 
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WIRING OF BUILDINGS FOR MISCELLANEOUS DEVICES, |. 


— (See also Wiring of Buildings for Light and Power.) In addition to the wires 
designed to conduct electrical energy to lamps, motors and heating devices in a 
building, wires may be installed in connection with telephone (q.v.), telegraph 
(q.v.), district messenger and call-bell circuits, fire and burglar alarms, door- 
opening devices, gas lighters, watchman's clocks and electric clocks. Since all 
of these devices are operated at low voltage, it is unnecessary to use the same care 
in selecting and installing the wires as in the higher voltage systems, except that 
in all low-voltage systems care must be exercised that the conductors shall not 
become crossed with light and power circuits. 


Protection of Low-voltage Wiring. — When the conductors of any low- 
voltage system are brought into a building from the outside, an approved pro- 
tective device must be located as near as possible to the entrance of the wires 
tothe building. With the exception of instrument circuits.of telegraph systems, 
where cut-outs only are required, protective devices must contain a lightning 
arrester with a ground connection and a cut-out or heat-coil (see Telephone 
Instruments and Circuits). The conductors beyond the protective device in 
low-voltage systems need be insulated only sufficiently to prevent short-circuits 
and the consequent interruption of service. When bunched together in vertical 
runs the wires must be inclosed in a fire-resisting covering to prevent the wires 
from carrying fire from floor to floor. Low-voltage circuits may be run in the 
same shaft with light and power circuits, provided the two classes of wires are 
separated by at least two inches or one of the classes is run in a non-combustible 
tubing. Low-voltage wires may not be run in any case in the same tube with 
lighting or power wires. 


Telephone Wiring. — (See also Telephone Instruments and Circuits.) Except 
in large buildings, rubber-insulated twisted pairs_of wire are used extensively 
tor telephone work. "The twisted wires may be fished between partitions or 
concealed in moulding and if open wiring is not objectionable, the wires are 
carried along the finish of the room and fastened with insulating staples or 
tacks. In new buildings the wires are frequently installed in conduit and local 
connections are made at connection boxes designed for the purpose. In large 
buildings, when the number of telephones in use becomes very great, lead-covered 
insulated cable containing multiple pairs of conductors is installed in wire-ways 
provided for the purpose. Distributing connection boxes to which branch 
circuits may be connected are then installed on each 
floor. 


Bell Wiring. — In its simplest form a bell-wiring 
system consists of a battery (usually a Leclanché type 
or dry battery), a bell-push, a bell or buzzer and the 02° bell controled from two points 
connecting wire. Paraffine-impregnated double-cotton 
covered wires ranging in size from No. 16 to No. 22 
B. & S. gage are usually employed, either singly or in 
the form of twin wires. The wires may be fished, con- 
cealed in moulding or run exposed along the finish of 7*9 ls controlled Luo 
the room. When a large number of bell-wires must be 
run together through a building as in the case of a 
hotel annunciator system, the wires are frequently in- 
closed in a cotton braid or in a tube made of zinc or 
impregnated paper. In many buildings supplied with 
an alternating current source of power a small step- 
down transformer is used in place of the batteries, thus effecting a saving 
in the cost of the installation and eliminating the possibility of run-down bat- 
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teries. In Fig. 1 are shown several systems of bell wiring; these figures are 
self-explanatory. 

Burglar Alarms. — In place of the bell-push used in bell-wiring systems, the 
bell circuit may be closed by some circuit-closing device attached to windows, 
doors, etc., so that the opening of any window or door in the building will be 
made known by the nnging of a bell. As such a system has the objection that 
it will not operate if the battery is run down or if the wires are cut, a closed-circuit 
system is preferable, in which the opening of a window ur door opens the circuit 
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a Bell g Constant Ringing Drop 


€ Day Switch p Battery B Cirenit- 
t and ¢ Wires to which closing x Bn Switoh dera opening 

springs are connected q Syiiugs 
Fig. 2. Open-circuit Burglar Alarm Fig. 3. Closed-circuit Burglar Alarm 


and a relay in turn closes the bell circuit. In Fig. 2 is shown a typical open. 
circuit and in Fig. 3a typical closed-circuit system. In Fig. 4 are shown a 
door spring A and a window spring B. 

Fire Alarms. — In the manually-operated system glass disks are placed at 
convenient points throughout the building and with cach disk is provided a 
hammer, with which the disk may be broken in case 
of tire. The breaking of the disk opens or closes an 
electric circuit by means of which electric gongs are 
rung throughout the building. In the automatic. sys- 
tem the expansion or fusion by heat of elements in 
circuit-closing or opening devices usually placed on 
ceilings, causes gongs to ring throughout the building 
or in the watchman’s office. 


Door-opening Devices and Electric Clocks. — 
Doors may be opened by pressing a button at some Fig. 4 
distant point and thereby closing a circuit, through a 
which current flows, energizing a magnet, which releases the nosing in the door 
frame. In the same manner, a moving disk on a master clock may periodically 
close a circuit, through which a magnet is energized which operates a pawl 
attached to the hands of another clock. 


Watchman's Clock. — Circuit-closing devices are placed at different points 
throughout a building so that a watchman on his rounds may close the circuit 
by means of a handle or special key. The closing of the circuit at any station 
makes a record on a dial in the watchman's clock indicating the time at which 
the circuit was closed at each particular station, the stations being designated 
by numbers. To obviate the possibility of run-down batteries, magneto systems 
are often installed, a small magneto being placed at each station. 


Gas Lighters. — In the "pull-burner" and “automatic-burner” systems, 
when the gas is turned on, an electric circuit is made and broken by means of 
contacts placed at the tip of the burner. To intensify the spark at the burner, 
à spark coil is always connected in series with the circuit. In the “‘pull-burner”’ 
system (Fig. 5) the pulling of a chain or the turning of a key on the gas jet 
turns on the gas and at the same instant makes and breaks the circuit by contacts 
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placed near the burner. In this system one wire connects the battery in seri 
with a spark coil to the contact device, the other terminal of the contact devi 


being grounded to the gas pipe through which connection is made to the othe 
terminal of the battery. 


A Automatic Burner D Battery 
A Pull Burner C Battery 8 Two-Button Push E Gas Pipe DE 
B Spark Coil D Gas Pipe € Spark Coil | 


Fig. 5. Fig. 6. TS 


In the "automatic-burner" system (Fig. 6) three wires are run from a two- 
button push to one pole of the battery and one terminal each of the two'magnets 
on the automatic burner, the other terminals of the battery and the two magnes — .. 
being grounded on the gas pipe. The two push buttons are usually made black — .. 
and white respectively, the white button being pushed to light the gas and the Die 
black one to extinguish it. When the white button is pushed, a circuit is closed}... 
connecting the battery, the magnet which turns on the gas, the vibrating con- No 
tactor and the spark coil in series. When the black button is pushed, a circuit 3 


is closed connecting the battery and the magnet, which turns off the gas, in ' 5 
serles. 


BIBLIOGRAPHY. — Auerbacher, F. J., Electrical Contracting, N.Y. 19109, => 
Maycock, W. P., Electric Wiring, Fittings, Switches and Lamps, London, 1911; (ix 
Kennedy, R., Electrical Installations, Vol. 5, London, 1903. 
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- X-RAYS. — (See also Generators, Static; Induction Coils.) X-rays or Rónt- 
gen rays are generated when the cathode rays of a vacuum tube impinge 
upon any solid substance. The form of X ray tube commonly used, known as 
a “focus tube," is shown in Fig. 1. When a high unidirectional e.m.f. is im- 
pressed between the anode Cf) 
and the cathode (C), the cathode 
raysemitted from (C) strike upon 
the anti-cathode (CB) from which 
the X-rays originate. The 
anode and cathode are made of 
aluminum because of its low 
rate of disintegration under 
vacuous discharge. ‘Fhe anti- 
cathode is made of platinum to 
withstand the intense hcat of 
cathodic bombardment. The 
anti-cathode must be electrically 
connected to the anode to pre- Fig. 1. X-ray Tube 
vent tne possible emanation of 
cathode rays from its surface. The cathode is concaved spherically so that 
its rays are focussed upon the anti-cathode, the rays falling within a spot not 
more than 0.08 inch in diameter. Owing to the repulsion between the parti- 
cles constituting the cathode rays, the optical focus point of the cathode should 
fall just in front of the surface of the anti-cathode, so that the actual focus 
point will fall upon the surface of the anti-cathode. The vacuum tube, made 
of thin glass to reduce the absorption of the X-rays, is blown in spherical form 
to withstand the external pressure most effectively. 

Character of X-Rays. — Numerous attempts made to prove that X-rays are 
of undulatory form, similar to that of light, have been unsuccessful. It has been 
found that X-rays are neither retlected nor refracted and are not detlected like 
cathode rays by a magnetic force. Barkla (PAi. Trans., 1905, p. 407) found 
that such rays may be polarized and his conclusions have been confirmed 
by other investigators. According to the existing information, it may only 
be presumed that, when the negatively electrified particles constituting the 
cathode rays strike any solid substance, they lose their charge and give rise to the 
extremely high vibrations known as X-rays. It has been shown that such rays 
do not emanate from the impact spot on the anti-cathode but from a ring sur- 
rounding the spot, and travel in all directions from the surface of the anti- 
cathode, the densest emanation being in à direction normal to the surface. 

Properties of X-Rays. — All substances, many of which are opaque to 
ordinary light, transmit X-rays to a greater or less degree. In most cases the 
transparency of any substance to such rays is (roughly) inversely proportional 
to its specitic gravity. In the accompanying table are given the relative trans- 
parencies of various substances and their specific gravities, the transparency of 
water being taken as unity. 

When X-rays are passed through gases, the gases become ionized and their 
electrical conductivity is accordingly increased. This property has been used 
as a means of measuring the relative strengths of X-rays. 

Certain substances fluoresce under the action of X-rays making the existence 
of X-rays visible tothe eye. The fluorescent screens ordinarily used for anatom- 
ical examinations are coated with barium platino-cyanide, potassium platino- 
cyanide or calcium tungstate. 

X-rays are to a considerable degree chemically active and photographs may 
be made of objects generally opaque to the eye but built up of substances of 
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TRANSPARENCY OF VARIOUS SUBSTANCES TO X-RAYS 


Specific Transpar- 
Material - gravity, ency, 
water = I water — I 


0.56 
0.66 
0.87 


0.93 


1.14. 


Wool-cloth 
Celluloid 


different transparencies to the X-rays, so that the internal structure of the ob- 
ject is revealed in the photograph. Such photographs made with highly sensi- 
tive plates are called radiographs or skiagraphs. 

Considerable use is also made of X-rays in the electro-therapeutic treatment 
of certain diseases especially those of the skin. 


Manipulation of the Tube. — It is important that the tube be connected 
in the proper polarity as a reverse current in the tube will cause it to blacken. 
The voltage used with the tube depends upon its size and the degree of vacuum 
attained. The ordinary tube requires a voltage of from 50,000 to 100,000 volts. 
or, as usually stated, a voltage which will puncture a needle gap of from ; te 
10 inches in air. The source of e.m.f. used with the tube is usually an induc- 
tion coil (q.v.) and in some cases a static generator (q.v.). The voltage re 
quired to puncture a tube is materially reduced if a sheet of tinfoil electrically 
connected to the cathode terminal is wrapped around the outside of the tube a! 
the cathode end and covering about one-third of its surface. The current taken 
by a tube is extremely small so that the connecting wires need only be targe 
enough to withstand breakage but must be heavily insulated. Under continu 
ous use the internal pressure of the gas in the tube decreases due to the occlu- 
sion of the gas content by the metals and glassof which the tube is constructed. 
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As the internal pressure in the tube decreases, it may become inoperative and 
should then be heated in an oven to release the occluded gases and reestablish 
the proper pressure, Certain “regenerative” tubes contain palladium which 
occludes gas at ordinary temperatures and gives off gas under heat, thereby 
maintaining a constant pressure within the tube. 


“Hard” and “Soft” Tubes; Condition of Tubes. — The penetrating 
power of an X-ray tube is proportional, within certain limits, to its vacuity. 
Ahigh-vacuum tube, known asa “hard” tube, will emit a few ravs of great penc- 
trating power, whereas a low vacuum tube, known as a“ soft " tube will emit 
& greater number of rays of less penetrability. In most cases better contrast 
is obtained upon the photographic plate or fluorescent. screen. when a “soft” 
tube is used than when a “hard” tube is used, since the rays emitted by a 
"hard" tube may penetrate all the constituent. parts of. the object examined 
with nearly canal streneth, 

The condition of a tube under operation may be easily detected by observing 
the color of the vacuous discharge. When running under normal conditions, 
the tube will glow with a greenish-yellow lizht; the face of the anode will emit 
acanary-yellow light, but in the space behind the anode, a violet glow will ap- 
pear. The question of correct. polarity may then be checked by this appearance 
of the anode. A pinkish light within the tube indicates that the vacuum is 
too low, and the absence of any glow indicates too high a vacuum. A needle 
Rap connected in parallel with the tube will show when the voltage is too high 
and protects the tube from excessive voltages. 


BIBLIOGRAPHY. 7-7 Beck, C., Practical Applications of Roenteen Rays, Int. 
Lib. of Tech. Vol. so, Scranton, 1903; Bottone, S. R., Radiography, London. 
1898; Phillips, C. E. S., Bibliography of X-ray Literature and Research, London 
1897. i 
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Note, — Titles of articles are given in bold face type when principal references and in 
italics when cross references; other cross references are given in plain Roman type. 


Aaron clock meter, 1811 
Ab-. as prefix for units, 383, 1753 
Abbreviations and Symbols, 1-5 
Abbreviations, A. E.E. standard, 1, 1300 
Absolute temperature, 1564, 1569 
Absolute units, definition, 1751 
Absorption, 
atmospheric, definition, 1356 
in condensers, 239 
electric, 401 
of heat, 714 
of light, 1042 
Acceleration, 
angular, definition, 930 
constant, 1164 
linear, definition, 930 
rates, railway, 1169, 1179, TISE 
Acoustic resonance device, delinition, 1356 
Accumulators, sex Batleries, Storage, 77- 
119 
Acctone extract, 1247 
Acetylene, 603 
Acheson process, 568 
Acids, 6 
decomposition voltage. 354 
Active component, definition, 17, 1297 
Acuity, detinition, 1785 
Acyclic generators, 682 
Acyclic machine, detinition, 1302 
Adhesion, wheel rim and rails, 158, 1171 
Wheel rim and brake shoe, 153 
Adiabatic expansion of gas, 714 
Adiabatic process, definition, 1568 
Adit, 798 
Adjustor, automatic “average,” 9t 
Admittance, in complex rotation, 23 
detinition, 12 
Advance resistance Wire, 1935, 1936 
Acrial, wireless, see Antenna 
Aetna material, 798 
Afinity, definition, 437 
Ageing, coefficient, Magnetic Testing, 922 
of iron and steel, 899 
Aggregate, concrete, 232 
A.LE.E. Standardization Rules, see Stand- 
ardizalion Rules of the A.I.E.E., 1295- 
1358 
Air, 
for air-blast transformers, 1628 
brakes, 159 
for combustion, 556 
flow through pipes, 1059 
Bap, see name of apparatus 
heat required to warm, 729 
horse-power, definition 537 
insulating properties, 798 


Air. continued, 


lift, 1140 
monture in, calculation, 714 
supply for boilers, 145 
AL.A.M. rating, 590 
Alcohol engines, 595 
Alden brake, 1797 
Alkaline batteries, see Batteries, Storage, 
Alkaline Lype, 77-80 
Alloys, 7 9 
Íferro-, $72 
resistance, sec. Wires, Resistance, 1935- 
1937 
spree-Aluminum, 32 
wires of high tensile strength, 1872 
Alphabet, Greek, see Greek Alphabel, 689 
Alternating Currents, 10-29 
addition, 17 
conversion factors, tables, 1757-1772 
detinition of, 10, 359, 1296, 1356, 1357 
detinitions referring to, 107 £4 
electrolysis, 453, 475 
forced, detinition, 1356 
free, definition, 1356 
measurement, see Measurements, elec- 
trical 
non-sinusoidal, 22 
polyphase systems, 26-29, 367 
sine-wave, 14-21 
symbolic notation, 22-26 
Wate Analysis, 1828-1831 
Alternations, definition, 10 
Alternators, A.1.E.E. classification, 1302 
high-frequency, 1855-1857 
(see also Generators, Allernating-Current, 
616-652) 
Altitude, correction for, A.I.E.E. standard, 
1308 
Aluminum, 30-33 
alloys, 7, 32 
atomic weight, 512 
boiling point, 709 
bronze, 7 
cables, see Wires and Cables, 1858-1934 
conductivity, electric, 30, 1223, 1858 
conductivity, thermal, 720 
vs. copper, 3I , 
copper equivalent, 1868 
corona formation, 32 
corrosion, 32 
cost, 3a 
current-carrying capacity, 1881, 1908 
density, 30 
elastic limit, 30, 1687, 1878 
electrochemical equivalent, 443 
in electrochemical series, 449 
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a 


Aluminum 


Aluminum, continued, 
electrolytic, 428 
elongation, 30, 31 
expansion coefficient, linear, 723, 1687, 
1878 
fusion, heat of, 709 
jointing, 1889 
melting point, 31, 709 
modulus of elasticity, 30, 1687, 1878 
in overhead construction, 352 
plating on, 427 
production, 569 
properties, 30, 1687 
resistivity, electric, 30, 1223, 1858 
sleet formation, 32 
specific gravity, 30, 1838 
specific heat, 707 
spree-aluminum, 32 
temperature coefficient of, 
electric resistance, 31, 1223, 1867 
thermal conductivity, 720 
tensile strength, 30, 31, 1687, 1878 
transparency to X-rays, 1968 
weight, 30, 1687, 1838, 1858 
wires, see Wires and Cables, 1858-1934 
Alundum, 569 
Amalgams, 7 
Ambient temperature, see Temperature, 
ambient 
Ambroin, 798 
American Electric Railway Engineering 
Association, manual, 1359 
American Institute of Electrical Engineers, 
Abbreviations and Symbols, 1-5 
style recommended, 4 
Standardization Rules, 1295-1358 | 
American Railway Engineering Associa- 
tion, manual, 1359 
American Society of Mechanical Engineers, 
codes, 1359 
American Society for Testing Materials, 
yearbook, 1359 
American wire gage (A.W.G ), 581 
Ammeters, 34-40 
calibration, 38 
classification, 34 
cost, 40 
with current transformers, 36 
damping, 36 
definition, 1305 
precautions in using, 37 
precision, 39 
repairs, 40 
Shunts, 36, 1258, 1259 
stray fields, effect of, 36 
switchboard instruments, 39 
Ammonia, synthesis of, 572 
Amortization, definition, 334 
(see also Depreciation) 
Ampere, definition, 386 
international, definition, 1773 
Ampere-conductors, definition, 619 
Ampere-hour Meters, 41-43 


Arresters 


Ampere-turns, definition, 408 
for excitation, see name of apparatus 
Amplitude constant, definition, 1678 
Amplitude, harmonic motion, 945 
Analysis, proximate, definition, 555 
ultimate, definition, 555 
Anderson telegraph system, 1525 
Anemometers, 1688 
Angle of repose, 551 
Angles, 44 
standard, properties, 1430 
Angular frequency, definition, 1o 
Angular velocity, definition, 10, 1296 
Anion, definition, 438 
Annealed copper standard. 1220 
Annuities, see Interest, Annuities and Sink- 
ing Fund, 829 
Anode, definition, 438 
Anode mud, 429 
Antenna, definition, 1356 
“use, 1844, 1848-1850 
Anthracite coal, 557 
Anti-friction metals, 7 
Anti-inductive, definition, 1297 
Aperiodic instruments, 36 
Apparent power, definition, 1298 
Appraisal, methods of, 331 
Aqua regia, 6 
Arc, Electric, 45-49 
carbon, 45 
furnaces, 563 
lamps, see Lamps, Arc, 837-847 
musical, 47 
rectifiers, see Rectifiers, 1209 
as source of high frequency, 48, 1856 
stecl-burning, 48 
as telephone receiver and transmitter, 47 
Arc-light generators, 679 
Arcing distance, Insulators, 818 
Arcing-ground suppressors, 697-698 
Arcing grounds, elimination by metallic 
grounding, 702 
Areas of geometric figures, 
947-948 
Arithmetical progression, 1138 
Armature, Generators, Alternating-Currem, 
620, 624 i y 
Generators, Direct-Current, 665-660, 604 
Armature reactance, see Reactance — , 
Armature reaction, Generators, Alternating 
Current, 635 T 
Generators, Direct-Current, 658, 665, v? 
Armature windings, see Windings, arms 
ture 
Armor wire, 1895, 1922 _ 
Armored conductors for building wiring 
1957 . 
Armstrong’s formula for train resistance 
1163 
Arnold’s method of calculating reactance, 
1624 
Arresters, electrolytic, charging, 1105 


Mensuration, 


1972 


Arreste 


VER, 


pur x 
on, 86: 


sullen 
etis, 
gud 


Scand 


ox 
ilt; 
am 
ak t 
i 
ue: 
beat 
or 


bd Arresters 


‘à 
r 


sae 


t 


Arresters, lightning, see Lightning Protec- 
lors, 509-572 
Art galleries, lighting, 762 
Asbestos. insulating properties, 795 
Ash handling, 1124 
Ash-handling machinery, see Conrcyors, 
** 292-295 i 
Asphalt, 708 
Astatic meters, 36 
Atlantic type of steam locomotives, $80 
Atomic weights, definition, 436 
table, 12 
Attenuation, constant, detinition, 1454, 
1678 
Telephone Lines, 1553 
Transmission Lines, 1678 
Audion, DeForest’s, 350 
Automobiles, Electric, 50-62 
applications, 50 
batteries, 56, 59, 100 
car resistance, 54 
controllers, 58 
Costs, OI 
design, $1 
energy consumption, 59 
garage load curves, 60 
historical development, 50 
motors, §2 
operation, 60 
performance, 59 
speeds, 51, 59 
tires, 58 
transmission systems, 55 
weights, 51, 59 
Automobile engines. rating, 596 
Auto-Transformers and Compensators, 
63-65 
definition, 1304 
efficiency, 1315-1320 
heating, 1307-1314 
losses, 1315-1321 
rating, 1305, 1306 
insulation tests, 1321-1327 
Average values, detinition, 10 
of sine-wave, 15 
Axes, principal, of a plane section, 933 
Axle-generator system of train lighting, 
866 
Ayrton and Mather shunt, 1259 
Ayrton’s test for cable crosses, 1916 


B-u curves, determination, see Magnetic 
Testing, 911-920 
typical, 901 
Babbitt metal, 7 
Bakelite, 799 
Balanced system, definition, 26, 1553 
Balancer, definition, 1301 
motor generator, 375 
Balances, Current, 66 
Balancing of load, 375 
Ball bearings, 120, 121, 123 
Ballast, railway, 1205) 


Batteries 

Ballistic methods of magnetic testing, 912- 
917 

Bar and yoke, Magnetic Testing, 911, 
Q16 


Barns, car, 201 
Barometric pressure, etfect on rating, 1306, 
1308 
Barretter, 3.46 
Batteries, Primary, 67-76 
dry, 71-76 
capacity, 73 
connections, 75 
cost, 70 
emf., 72 
internal resistance, 72 
short circuit current, 72 
shelf lite, 72 
tests, 75 
for telephone circuits, 1532 
standard primary, 207 
theory, 67 
wet, OS 71 


Batteries, Storage, Alkaline Type, 77-86 


Automobiles, Ledectnte, 50 

capacity, S1, 34 

chatge and discharge, 8o 

cost, 95 

design, 78 

dimensions, 85 

efiiciency, 84 

electrolyte, 77 

installation, 84 

operation, 85 

pertormance, 79 

plates, 73 

rating, 79 

temperature effect of, 80 

testing, 83 

theory, 77 

voltage characteristics, 79 

weight, 85 
Batteries, 

87-102 

Automobiles, Electric, 56-58, 100 

central-station service, 83, 96 

controlling a-c. loads, 92 

drawbridge, 101 

Elevators, 98 

exciter, 94, 1099 

floating, 95, 1724 

gas-engine ignition, 102 

in isolated plants, 96 

Lighting Plants, $63 

peak service, 95 

regulating, 90, 98, 99, 102 

railway service, 9o, 95, 1468 

Signaling, Railway, 1264, 1278 

stand-by service, 38 

steady-voltage service, 102 

switch control, 93 

telegraphy, 1511 

telephone circuits, 1532 

train lighting, 865 


Storage, Applications of, 


Batteries 


Batteries, Storage, Lead Type, 103-119 
Automobiles, Electric, §7 
battery room, 117 
capacity, III, II3 
charge and discharge, 114 
chemical reactions, 104 
containers, 108, 117 
costs, I19 
design, 104 
dimensions, 115 
efficiency, 112 
electrolyte, 107 
forming of plates, 106 
installation, 116 . 
maintenance, 119 
operation, 118 
performance, 112 
rating, 112 
repairs, 119 
separators, 109 
specifications, 115 
testing, IIO 
theory, 103 
types of cells, 103 
weights, 115 
Battery room design, 117 
Baumé scale of specific gravity, 887 
Bazin's formula, 741 
Beam, beams, 
concrete, 237, 238 
continuous, 1461 
costs, 1443 
definition, 1428 
formulas, 1443 
standard I, properties, 1434 
timber, 1591 
Bearing metals, 7 
Bearings, 120-123 
Generators, Allernating-Curreni, 626 
Shafling, 1254 
W ater-W heels, 1793 
Bedplates, Generators, Allernating-Currenl, 
626 
Bell, bells, telephone, 1531 
wiring for, 1964 
Belts and Belting, 124-130 
Shafting, 1254 
speed, 128 
strength, 124, 1419 
Bending moment, see Moment, bending 
Berrite, 800 
Bessemer process, 1402 
Biased ringer systems, 1538 
Bibliography, see end of respective article 
Binomial theorem, 1253 
Birmingham wire gage (B.W.G.), 582 
Bismuth spiral, Magnetic Testing, 920 
Bitumen, see Asphalt 
Bituminous coal, 558 
Black body, definition, 715 
temperature, 1145 
Bleach, electrolytic, 433 
Blocks and Tackle, 131-132 


Booster kter 


Block signaling, see Signaling, Railway, 


1260-1280 


` Blondel hysteresis tester, 925 
Blowers and Compressors, 133-135 


for air-blast transformers, 1634 

in railway substations, 1467 
Boiler capacity, 141 
Boiler horse-power, definition, 136 
Boilers, Steam, 136-147 

applications, 137 

capacity, 141 

classification, 137 

construction, 138 

costs, 146 

equipment, 1134 

definitions, 136 

design, 138 

dimensions, 146 

economy, I37 

efficiency, 137, 141 

flue gas analysis, 144, 146 

grates, 139 

heating surface, 138 

oil burners, 140 

operation, 145 

performance, 141 

Pipes and Piping, 1052, 1061 

Power Stations, 1121 

separators, 1253 

settings, 140 

specifications, 145 

Steam, 1371-1375 

superheaters, 141 

testing, 144 
Boiling point, table, 709, 710 
Bomb calorimeters, 179 
Bond, chemical definition, 437 
Bonds, Railway Track, 148-157 

costs, 157 

current capacity, 150 

efficiency, 151 

equivalent length, 151 

impedance, 1266 

installation, 152 

rebonding, 156 

repairs, 157 

resistance, I5I 

size, selection of, 150 

specifications, 152 

substitutes for bonding, 149 

tests, 154 

types, 148, 150 


Bonding, as protection from electrolysis 


480 
efficiency, definition, 151 
Boosted feeder, battery with, 95 
Booster, 
charging, 97 
definition, 1300 
with negative feeder, 1724 


as protection against electrolysis, 


in railway service, 91 
with small batteries, 199 
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with synchronous convertor, 280 e 
transformer as, 374 
Boyle's law, 712 
Bracket systems, definition, 1311 
construction, see 4 rolley Systems, 1718- 
747 
Braking, period, 1174 
rates, railway, r160, 1179 
Brakes and Braking Systems, 158-160 
dynamic, 513 
magnetic disc, 495 
power, 159, 160 
shoes, 158 
Brass, friction coefficient, 552 
plating, 426 
Properties, 7 
sheet, weight per square foot, 580 


' Braun Tube, 161-102 


Breakers, circuit, see Circuit Breakers, 220 
Breeching, chimney, 218 
Bricks and Brick Masonry, 163, 164 
compressive strength, 163 
conductivity, thermal, 718 
cost, 164 
measurement of brickwork, 163 
specific gravity, 1838 
Stresses allowed by building laws, 174 
weight, 163, 1838 
Bridge systems, definition, 1313 
Bridges for Electrical Measurements, 
165-170 
cost, 170 
Hoopes' conductivity bridge, 169 
Kelvin bridge, 168 
ohmmeter, bridge type, 1027 
slide-wire bridge, 165 
Wheatstone bridge, 165 
Bridges, wind pressure on, 1842 
Brightness, definition, 1349 
normal, definition, 1350 
surface, see Hrilliancy, intrinsic 
Brilliancy, intrinsic, table, 1040 
British standard wire gage (S.W.G. or 
N.B.S.), 582 
British thermal unit (B.t.u.), definition, 
795, 1754 
Bronze, 7, 8, 9 
Brooks potentiomcter, 1081 
Brown and Sharpe sheet metal gage, 577 
table, 580 
Brown and Sharpe wire gage (B. & S. gage), 
581, 583 
Brush arc machine, 682 
Brushes, Generators, Dircet-Current, 665 
Bucking test, Transformers, 1630 
Buckingham telegraph system, 1527 
Buck's formula for wind pressure, 1688, 
1841 
Building laws, unit stresses allowed by, 171" 
Building material, angle of repose of, 552 
Buildings, Allowable Uait- Stresses in, 
171-175 


cllecting 


Buildings, heating of, see Heating o, 
ings, 720 741 
wind pressure on, 1842 
wiring of, sec Wiring of Buildings, 1938- 
19): 
Bunsen cell. 70 
Bunsen stuht box, 1048 
Burch s table of train resistance, 1167 
Bureau of Standards, 
calibration of instruments, 1774 
method of core-loss test, 924 
publications, 1361 
wire tables, 1553-1867 
Burzlar alarm wiring, 1664 
Burners, gas, 604 
Burn outs, cable, 1931 
Burrows’ compensated 
method, Uls 
Burns. treatment of, 1256 
Bus-Bars and Bus-Bar Structures, 176- 
175 
bus bars, as ammeter shunt, 37 
sectionalizing of, 1102 
systems, 170, 373 
connections, material for, 178 
material. 176 
open wiring. 177 
power-limiting reactances in, 1207 
structures, 177, 1458 
Bushings, terminal, for transformers, 1621 
Byerlyte, see Asphalt 


Cables, 


capacity and charging current, formulas, 
182-200 
conduits, underground, 251 
definition, r891 
electrolysis, 177 
messenger, deünition, T. 343 
quadded or phantomed, definition, 1355 
single-conductor, 185, 1906 
submarine, 355, 1805 
supports in underground splicing cham- 
bers, 256 
telephone, 1551, 1895 
three-conductor, 199, 1905 
types, definitions, 1892 
underground, 1895 
(sec also Trolley Systems, 1718-1749; 
Wires and Cables, 1858-1934) 
Cadmium standard cell, 207 
Cadmium test, 112 
Calcium, manufacture, 569 
Calcium carbide, manufacture, 567 
Calido resistance wire, 1935, 1936 
Calorie, definition, 705 
Calorific value, see Heating value 
Calorimeters, Fuel, 179 
Calorimeters, Steam, 180 
Cambric, Varnished, r8r 
application to conductor, 1893 
dielectric strength, 1912 


insulation thickness, 1899 


double-yoke 


i ‘1976 


Batteridc 


Battericic, Varnished, continued, 
properties, 181 
resistivity, 1902 
specifications, 1921 
weight, 1901 
Cambridge subway, tests upon, 1198 
Canals, cost, 1111, 1112 
Candle, international, definition, 1039 
Candle power, 
definitions, 1039, 1349 
mean hemispherical, 1351 
mean horizontal, 1351 
mean spherical, 1351 
mean zonal, 1351 
Capacitance, see Capacity, electrostatic 
definition, 1300, 1338 
Capacity, l 
conversion factors, 1771 
of electrical machines, A.I.E.E. stand- 
ards, 1305, 1306, 1343 
electrostatic, 
condensers, 239 
definition, 398, 1300, 1338 
telephone cables, 1551 
(see also Capacity aad Charging 
Currents, 182-200) 
in parallel circuit, 400 
power of a machine, definition, 1309, 
1305 
in series circuit, 400 
specific inductive, see Dielectric constant 
of storage battery, test for, rrr 
Capacity and Charging Currents, 182- 
200 
cables, single conductor, 185 
cables, three conductor, 199 
cables, two conductor, 197 
capacity susceptance, 184 
charging current, definition, 184 
definitions, 182-184 
grounded, 183 
induction, electrostatic, between circuits, 
200 
to neutral, 183 
normal, 183 
plates, 185 
relations, general, 182 
spheres, concentric, 184 
tables of capacity, overhead wires, 
per 1000 feet, solid, 187 
per 1000 feet, stranded, 189 
per mile, solid, 188 
per mile, stranded, 190 
tables of charging current and suscept- 
ance, overhead wires, per mile, 
25 cycles, solid, 191 
25 cycles, stranded, 192 
60 cycles, solid, 193 
6o cycles, stranded, 194 
. wire, single, and ground, 195 
wire in sheath, 185 
wires, overhead, three, 196, 200 
wires, overhead, two, 185, 198 


Cement mit 


Car, see Cars, Electric 
ar Barns and Inspection Sheds, 201- 
202 
Carbolineum, 1070 
Carbon, 
boiling point, 709 
conductivity, thermal, 565, 720 
expansion, coefficient, 723 
generator, 452 
lamps, 848 
melting point, 709 
regulator, 91 
resistivity, electric, 565, 1223 
rheostat, 1233, 1234 
specific gravity, 1838 
specific heat, 707 
steel, see Steel, 1405 
temperature coefficient of electric re 
sistivity, 1223 
weight, 1838 
Carbon bisulphide, 568 
Carbon dioxide recorders, 146 
Carborundum, 568 
Carcel lamp, 1044 
Carbardt-Clark standard cell, 207 
Carnot cycle, 1383, 1571 
Cars, Electric, 203-205 
bodies, 204 
dimensions, 203 : 
energy requirements, see  Railwy. 
Encrgy Requirements, eic., 1165-120 
heating, 1199 
weight, 203 
Cascade control, ror1 
Cascade converter, definition, 130% 
Castings, Iron and Steel, 206 
cost, 206 
Castner process, 569 
Catenary, compound, definition, 1343 
equation, 524 
simple, definition, 1343 
Catenary suspension, 
construction, see Trolley Systems, 11 
1747 
definition, 1343 
steel cable for, 1880 
Cathode, definition, 438 
Cathode rays, 507 
Cation, definition, 438 
Caustic, production, 434 
Cedar, see Poles, 1062, and Timber, 1581 
Cell, cells, 
concentration, 452 
electric, see Batteries, 67-119 
electrolytic, 444 
voltaic, 444 
Cells, Standard, 207-208 
Celluloid, 800 
Cement, 209-211 
conductivity, thermal, 718 
costs, 210 
hydrolytic, 234 
properties, 209 
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Cement, continued, 
quantity in concrete, 232 
specific gravity, 1338 
specific heat, 707 
weight, 1838 
Cementation process, 1403 
Centi-, as prefix, 1755 
Centigrade, temperature scale, 1564 
thermometer, 1754 
Central utice telephone equipment, 1539 
Centroid, delinition, 942 
Chafee gap for high-frequency oscilla- 
tions, 1556 
Chains and Chain Drive, 212-213 
Channels, open, How through, 740 
standard, properties of, 1436 
Characteristic curves, see name of appa- 
ratus 
Charcoal, 555 
Charge, electric, 
nelism, 390 
Charging current, condenser, 18 
detinition, 400 
formulas, 182 
indicator, 1105 
tables, 191-194 
Chemical equations, 440 
Chemical equivalent, definition, 437 
Chestnut, see Poles, 1062 
C hezy's formula, 740 
Chimneys, 214-219 
breeching, 218 
costs, 218 
cross section, 216 
draft, 214 
foundations, 218 
height, 214 
stability, 217 
Chlorine, production, 434 
Choke cuils, 87 r 
definition, 1305 
Chromic acid cell; 70 
Churches, lighting of, 762 
Circuit Breakers, 220-227 
connections, 1496 
COSls, 227 
definition, 1339 
dimensions, 227 
heating test, 1339 
insulation test, 1339 
rating, 225-227, 1339 
rupturing test, 1339 
Structures for protecting, 1488 
Circuit, circuits, 
electric, 
Alternating Currents, 10-29 
Distribution Lines, 352-362 
Distribution Systems, 363-376 
Electricity and Magnetism, 383-423 
grounding of, see Grounding of Elec- 
tric Circuits, 699-703 
Telegraph, 1516-1524 
Telephone, 1530-1550 
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Coin-collecting 


Circuit, Circuits, continued, 


electric, 
Transient Electric Phenomena, 1653-1656 
Transmission Lines, 1657-1683 
Trolley Systemy, 172071727 
Wiring of Buildings, 1938-1963 
magnetic, dlectricity and Magnetism, 
Principles of, 404 424 
various types of telephone and telegraph, 
deunitions, 1354 
(see also name of Apparatus) 
Circle, area, 017 
area of segment, 947 
circumference, 947 
cquation, 323 
Circle diagram, induction motor, 1003 
Clamps, conductor, with suspension in- 
sulator, S23 
Clark standard cell, 207 
Classitication of machinery, 
standard, 1300 
Clearance, in steam engines, 1381 
Transmission. Lines, 1085, 1699-1704 
Cleats, 1032 
Climax resistance wire, 1935, 1936 
Clocks, electric, 1965 
Cloth, varnished, see Cambric, Varnished, 
(81 
Clutches, magnetic, 495 
Coal, 
analysis, 558 
classification, $37 
Costs, 561, 1135 
handling, 1123 
handling machinery, see Conveyors, 292- 
245 
heating value, 559 
for locomotives, 531 
smoke, 1286 
Storage, 561, 1122 
specifications, 560 
unloaders, see Unloaders, Coal and Ore, 
177571777 
weathering, S61 
Coal gas, $92, 594, 603 
Coal tar pitch, Soo 
Coasting period, 1174 
Coasting of trains, 1132 
Codes, telegraph, 1515 
Coercive force, definition, 897 
Cotfer-dam, 317 
Coherers, 344 
Coil, coils, 
circular, magnetizing force, due to, 41t 
and condenser, oscillations in, 1654 
establishment and decay of current in, 
1653 
inductance of, 783 
induction, see Induction Coils, 793-796 
winding, see Electromagnet Windings, 
484-439 
Cail pitch, definition, 620 
Coin-collecting devices for telephones, 1562 
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‘Coke Conduit intuit 


Coke, 555 Condensers, Electric, continued, "Xd a 
Collectors, Current, 228-229 and coil, oscillations in, 1654 gouni 
Collector-rings, heating, 1314 costs, 243 ET 
Color relations of vision, 1786 definition, 398 E 
Colorimetry, 1050 displacement current, 18 1j 
Column, columns, 1449-1455. impedance of, 18 zh 
cast iron, 1448 . leakage current, 18 EN 
concrete, 237 synchronous (or rotary), see Molas, | -zyn 
costs, 1445 Synchronous, 1022 " 
definition, 1428 definition, 1301 E 
eccentric loading, 3449 use with transmission line, 1667, 1675 -3;, 
formulas, 1445 testing, 241 Sd 
loads allowed by building laws, 173 types, 239 4 Fauld 
properties, tables, 1452-1455 for wireless station, 1851, 1852 ET 
steel, 1447 Condensers, Steam, 244-250 do 
timber, 1448 choice of type, 245 ies 
Combinations, see Permeutations and Com- classification, 244 Sn 
binalions, 1038 costs, 250 UN 
Combustible, definition, 555 dimensions, 247 | cx 
Combustion, heat of, table, 728 location, 250 “std 
Commutating machines, A.I.E.E. classi- pumps, 245, 248, 249 | 30 
fication, 1301 Steam Engines, 1385-1388 un 
Commutating pole, see Interpoles Steam Turbines, 1397 srt 
Commutation, 655, 660 vacuum, 246 * 
i requirements, 1315 water required, 246 s 
Commutators, 655, 665, 666 Condensite, 800 TN 
heating, 1313 Condensive, definition, 13, 1297 n 
Compensated series motor, 955 Conductance, see Resistance and C xn 
Compensator, compensators, ance, Electric, 1219-1226 rise 
Auto-Transformers and Compensators, 63 and capacity, relation between, 399 cu 
definition, 276, 1301 definition, 390 is 
line drop voltmeter, definition, 1305 effective, definition, 12 1s 
starting, 1367, 1368 effective, of condenser, measurement, |...’ 
Complex Quantities, 230-231 814 ahi 
in a-c. calculations, 230 equivalent, of solution, 439. T5 
Components, in-phase and quadrature, 17 and resistance, relations in a-c. circuit, 19 |.. 
Compound wound, see name of apparatus Conduction, thermal, external, 721 IN 
Compounding test of d-c. machines, 679 internal, 717 iz 
Compression, definition, 1418 Conduction current, definition, 389 At 
Compressors, see Blowers and Compressors, Conductivity, E 
133-135 electric, «x 
Conant bond tester, 155 conversion factors, 1770 3 
Concentration of solution, definition, 439 of copper, 1858 A 
Concrete, 232-235 Standardisation Rules of te ux 
conductivity, thermal, 719 A I.E.E., 1335 Es 
costs, 1235 definition, 390, 1219 bs 
mixing, 233 of electrolytes, 444 Cx 
proportions of ingredients, 232, 234 of fused electrolytes, table, 470 t| 
specific gravity, 1838 Electron Theory, 506 XC 
specifications, 232 per cent, standards, 1858 "t 
strength, 234 values, see name of material i 
stresses allowed by building laws, 174 thermal, sn 
weight, 1838 Electron Theory, 506 ni 
Concrete, Reinforced, 236-238 at high temperatures, 565 "t 
formulas for reinforcing, 237 . temperature coefficient, 718-720 LT 
loads, allowable, 238 values, tables, 718-720 " 
Condensation, cylinder, 1383, 1385 Conductor, conductors, «At 
Condenser water system, 1124 contact, definition, 1342 h 
Condensers, Electric, 239-243 definition of, 387, 1891 61 üt 
admittance of, 18 propagation of waves over, 1835, 183 j 58 
capacity formulas, 184 stranded, definition, 1891 t 
charge and discharge, 399, 1653, 1656 (see also Wires and Cables, 185857193 4, 
charging current, 18 Conduit for building wiring, 1955 L 
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^ Conduits 


"we Conduits and Conduit Lines, Under- 
iru ground, 251-265 
costs, 263 
current-carrying capacity of conductors, 
1909 
installation, 260 
installation of cables, 1925 
maintenance, 262 
rod. Tepalts, 263 
rodding and wiring, 257 


Taw” specifications, 257 
splicing chambers, 253 
terminology, 261 

iB | 


types of conduits, 252 
^£ «7 — Cone, cones, area, 948 
fusible, 1144 
» vision, 1754 
volume, 948 
Connected load, definition, 1299 
Consolidation type of steam locomotives, 


850 
3 Constant-current distribution systems, 363 
Constant-potential distribution systems, 

304 


Contact conductors, definition, 1312 
Contact rail, see Rails, Track aud Third, 


PE 1342, 1572 
awae Contactors, for starters, 1366 
: Continental code, 1516 


wat Continuous current, definition. 38a, 1296 
Contracts, see Specifications and Contracts, 
, 1290-1294 
. x4 Control, 
desks, 1479 
. of d-c. motors, 966 
e:17 . of induction motors, too8 
fe, of mill motors, IG — 
of motors for machine tools, Ray 
muss? of railway motors, see Control Systems 
for Railway Motors, 266-275 
Control Systems for Railway Motors, 


eq 266-275 
] ax. motors, 274 
; Costs, 273 


high voltage, d-c. motors, 274 
M induction motors, 275 
ar, multiple unit control, 266, 269-274 


P specifications, 273 
ot Sprague-General Electric control, 266, 
qm 270 
terminology, 266 
" type K, 267 
M" Weight, 273 


a Westinghouse unit-switch system, 266, 
zx 271 
' Controllers, 276-778 


ia Aulomobiles, Electric, 58 
i ) Costs, 278 

ar a Crane motors, 311 

ae definitions, 276 

Mem. d-c. motors, 276 

aN " Elevators, 513 


Copper 


Controllers, continued, 
induction motors, 277 
railway, 266 
Controller period, 1174 
eilicieney during, 1173 
Conversion factors, see Unils and Con- 
version Factors, 1750-1774 
tables, 1757 1772 
Converter station, see Sub: lations, 1462~ 
t471 
Converters, Synchronous or Rotary, 
279 ul 
application, 279 
Costs, 201 
current in, 282, 284 
deanitions and A.L EE. classification 
01 Uy pes, 1501 
design, 235 
CINERGY, 1315-1320 
heating, 1307-1114 
insulation tests, 1321 1327 
in lizhtinz plants, 883 
losses, 1315 1320 
motor, see Motor-Convertors, 949 
vs. Motor-yenerator, 279 
operation, 290 
principles of action, 280 
in railway substations, 1466 
rating, 230. 1305 
vs. fectiflers, 279 
regulation, 1328 
specifications, 289 
speeds, 201 
starting, 200 
terminology, 230 
tetti, 257 
transtormers for, 1616 
voltage ratios, 284 
voltage regulation, 290 
weights, 291 
Conveyors, 292-295 
Cooking by electricity, see Henting and 
Cooking by Electricity, 732-733 
Cooling, see name of apparatus 
Cooling Systems for Power Stations, 
246 
Cooling towers, 296 
Copal, 800 
Copper, 297-300 
Alloys, 7-9 
resistance, see Wires, Resistance, 1935- 
1937 
vs. aluminum, 31 
aluminum equivalent, 1868 
annealing, 2y8 
atomic weight, 512 
boiling point, 709 
cables, see Wires and Cables, 1858-1934 
conductivity, electric, 299, 1223, 1858 
Standardization Rules of A.I.E.E., 
1335 
conductivity, thermal, 720 
corona formation, 301~304 
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Copper 


Copper, continued ,, 
cost, 1707 
current-carrying capacity, 1881, 1908 
defects in drawing, 297 
density, 298, 1859 
elastic limit, 1687, 1878 
electrochemical equivalent, 443 
in electrochemical series, 449 
electrolytic, 432 
elongation, 298 
expansion coefficient, linear, 723, 1689, 
1878 
fusion, heat of, 709 
hydrometallurgy, 431 
lake, 297 
loss, see name of apparatus 
melting point, 709 | 
modulus of elasticity, 298, 1687, 1878 
in overhead construction, 352 
plating, 425 
production, 432 
properties, 298, 1687 
refining, 429 
required in various distribution systems, 
369 
resistivity, electric, 299, 1223, 1858 
rolling mill processes, 297 
sheet, weight per square foot, 580 
Skin Effect, 1281-1285 
specific gravity, 298, 1838 
specific heat, 707 
temperature, coefficient of 
electric resistance, 299, 300, 1223, 
1859 
thermal conductivity, 720 
temperature-resistance formufas, 
1222, 1859 
tensile strength, 298, 1687, 1878 
tinning, 1893, 1899 
transparency to X-rays, 1968 
tubes made by electrolysis, 1428 
weight, 298, 1687, 1838, 1858 
wires, see Wires and Cubles, 1858-1934 
Copper-clad steel wire, see Wires and 
Cables, Bare, 1872, 1878 
skin effect in, 1285 
Cord, definition, 1892 
Core-loss, definition, 902 ~~ 
effect of wave form on, 908 
measurement, see Magnetic Testing, 920- 
_ 927 
(see also name of apparatus) 
Corliss valve, 1378 
Corona, Electric, 301-304 
formation on aluminum, 32 
at insulators, 824 
theory of, 508 
Corrosion, by electrolysis, 477 
in reinforced concrete, 237 
Corrosive efficiency, 475 
Cosine, hyperbolic, table, 750-753 
natural, table, 1709-1715 
Cosine law, 764 
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Curvature fines 


Costs, see name of apparatus, instrument: -s ea: 


Cross-magnetizing force, see Armatur 
reaction i 
Cross-span systems, definition, 1343 En 
Crucible process, 1403 
Cubic equation, 519 
Current, currents, 
Alternating Currents, 10729 
balances, sce Balances, Current, 66 `, 
charging, see Charging current 
collectors, see Collectors, Curren, 23$, 
229 tee 
in complex notation, 23 
conversion factors, 1768 i 
electric, definition and properties, jr s 
389 " 
density, see name of apparatus 
measurement of, see Measurements, des i. 
trical E 
meter for water flow, 743 
transformer, see Transformers, Ini hy. 
ment, 1638-1652 . ti 
Current-carrying capacity, r 
bare wires and cables, 1881 n 
bonds, 150 D 
insulated wires and cables. | 
formulas, 1907 _ i 
tables, 1908, 1944 E 
resistance wires, 1937 j 
Curtis turbine, 1394 Fs 
Curvature, angle of, 44 
avcrage angle of, 1175 E 
energy required for, 1168 D 


or structure ie 
Coulomb, definition, 384 ny. 
international, definition, 1773 “ley ¢ 
Counter-clockwise convention, 1297 EG 
Counterpoise, definition, 1356 E 
Couple, definition, 938 MI 
Couple-gear wheel, 55 ad 
Couplers, in wireless, definitions, 1356, : ny 
1357 ppm 
Coupling, in wireless, definitions, 1356 — : i: 
Coupling coefficient, definition, 1356 aet, 
Coupling shaft, 894 ven 
Couplings, Direct, 305-306 SIC 
Cranes, 307-312 oss, 
costs, 312 ); f 
definitions, 307 ` wend 
electric, 309-312 NW 
hand operated, 307 zu 
in railway substations, 1469 aa 
Creosote treatment of poles, 1069 | ki 
Crest factor, definition, 11, 1297 = 
of sine-wave, IS - i 
Cross Arms, 313-316 E 
attachment of insulator pins, 816 x 
attachment to poles, 1073 i. 
costs, 316 | 
dimensions, 314, 315 pm 
specifications, 316 i” 
strength, 313 i E 
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Curves 


Curves, equations of, 523 
in pipes, tow through, 1059, 1061 
railway, definition, 1202 
trolley construction at, 1732-1735, 1739 
Cutouts, automatic, 1952 
Distribution Lines, 360 
Curve-tracing ammeters, 35 
Cycle, detinition, 1296 
Cyclic magnetic state, 914 
Cyclic processes, 1570 
Cycloid, area, 947 
Cylinder, area, 947 
volume, 947 
Cylindrical bearings, 120 
Cypress, see Poles 1062, and Timber, 1587 


Dans law, 714 
Damping, 
constant, 
composite, 1679 
definition, 1553 
natural, 1670 
in electric circuits, 1353, 1655 
of electric instruments, 36 
factor, definition, 1356 
Dams, 317-324 
appendages to, 323 
Costs, 323, 1109 
carth, 318 
foundations, 317 
masonry, 319 
reinforced concrete, 322 
types, 317 
Daniell cell, 68 
Dead coils, 657 
Dead-load test, 678 
Death, from electric shock, indication of, 
1256 
Deca-, as prefix, 1755 
Decayed poles, repair of, 1077 
Deci-, as prefix, 1755 
Decimal Equivalents, 325 
Decimal sheet metal gage, 577 
table, 579 
Decomposition, electrolytic, 453 
voltage, 453-458 
Decrement, definition, 1357 
Defects in timber, 1065, 1587 
Deflections, stringing, of transmission line, 
1695 
Degree, 
electrical, definition, 1296 
Magnetic, definition, 1209 
mechanical, definition, 1299 
Delany telegraph system, 1523 
De Laval turbine, 1393 
Delta connection, 28 
Transformers, 1612 


Demagnetizing force, see Armature reaction 


Demagnetizing a test sample, 912 
Demand, definition, 1209 
Demand factor, definition, 1299 
Demand Indicators, 326-330 


Dimensions 


Density, definition, 930, 1837 


surface, detinition, 931 
values, sce. Weights of Materials, 1838, 
15i 
Denolarizess, 67 
detinition, 445 


Depreciation, 331-341 


annual, formulas for, 335 
appraisal, methods of, 331 
investment of fund, 534 
life of properties, 337 
maintenance charges, 333 
present value, 3354 
scrap value, 333 
sinking fund, 334 
table of recommended rates, 338-3 19 
(see also name of apparatus or structure) 
Derivatives, 342-343 
Desin, see name of apparatus or structure 
Despatching of Trains by Telephone, 
ASI 
Detectors, Electric Wave, 344-350 
coherers, 344 
crystal, 448 
definition, 1356 
electrolytic, 446 
Magnetic, 3.45 
thermal, 346 
vacuum, 350 
Waves, Electromagnetic, 1833-1836 
Deterioration, definition, 331 
Determinants, 521 
Detinning, 432 
Detroit River Tunnel locomotives, 874, 876 
Deviation, wave form, 1315 ; 
Diamagnetic substance, definition, 412 
Diclectric coethicient, see Dielectric. con- 
stant 
Dielectric, diclectrics, 
constant, definition, 395, 401 
measurement, 812 
definition, 387 
energy loss in, measurement, 814 
flus, 305-308 
hysteresis, definition, 401 
strength, detinition, 402, 810 
values, see name of material 
tests of machines, 1321-1327 
(sce also Insulating Materials, 
cellancaus, 797-809) 
Diesel oil engine, 595 
Dietzel process, 430 
Ditlerential equations, 524-526 
Ditferential gear, 56, 613 
Ditlerential motor, 957 
Ditlerentiation, 342 
Diffusers for incandescent lamps, 856 
Diffusing plates, 1041 > 
Dilatation, definition, 1288 
Dilution laws, 468 
Dilution of solution, definition, 439 
Dimensional formulas, 1756 
Dimensions, see name of apparatus 
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Dimensions 


Dimensions of geometric figures, Mensura- 
tion, 947-948 
Direct current, definition, 389, 1296 
Discharge recorders, 1105 
Displacement, 
angular, definition, 929 
current, 
of condenser, 18 
definition, 389 
magnetic, 407 
linear, definition, 929 
Dissociation theory, 460 
Distance-time curves, 1173, 1179 
Distant signal, 1271 
Distortion, Telephone Lines, 1553 
Distortion factor, definition, 1297 
Distributing frames, telephone, 1545 
Distribution constant, induction motors, 
991 
Distribution Lines, 352-362 
city lines, 353 
cost, 362 
Insulator Pins, 815-817 
Insulators, 818-825 
materials, 352 
Poles, 1062-1071 
records of circuits, 361 
service wires, 359 
Distribution and Transmission Sys- 
tems, 363-376 
` a-c. systems, 367 
balancing of load, 375 
circuits, typical city, 371 
copper, relative weights of, 369 
definitions, 1342 
Edison three-wire systeins, 300 ~ 
efficiency, 371 
. Lighting Plants, 862 
multiple or constant-potential systems, 
364 
regulation, 372 
series or constant-current system$, 363 
Thury system, 364 
Trolley Systems, 1727 
voltage, control, 373 
voltages commonly used, 370 
Distribution wiring in buildings, 1938 
Diversity factor, definition, 1299 
Distribution Lines, 356 
Lighting Plants, 859 
Door opener, electric, 1965 
Dossert connector, 1889 
Double-current generator, definition, 1302 
Draft, chimney, 214 
forced and induced, 377 
tube, 1794 
Draft, Mechanical, 377-378 
Smoke Prevention, 1286, 1287 
Drainage of underground conduit lines, 262 
Draw-bar pull, definition, 1165 
Drawbridge batteries, rox 
Dredges, Electrically Operated, 379-381 
Dressings for belts, 129 
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Drop wires for telephone lines, 1560 
Drops for telephone switchboards, 1539 
Drums, in electric. hoists, 734 
Dry batteries, see Batieries, Primary, 67-76 
Drying of transformers, 1633 
Drysdale permeameter, 919 
Drysdale-Tinsley a-c. potentiometer, 108: 
Du Bois permeameter, 918 
Ducts for air-blast transformers, 1634 
Ducts for underground cables, see Conduits 
and Conduit Lines, 251-265. 

installation of cables in, 1925 
Duplex wire, see Copper-clad steel wire 
Dust, electrostatic precipitation of, 510 
Duty of steant-driven pumps, 1141 
Duty-cycle operation, 1315 

definition, 1301 

of electric hoists, 735 
Dynamite, 530 
Dynamometers, electric, see Electrodyns- 

moneters, 473-474 

Dynamos, see Generators, Motors 
Dynamotors, 38e 

as balancers, 376 

definition, 1301 


Earth, influence on propagation of waves, 
1836 
Ebonite, see Rubber, 1247-1251 
Eburin, 801 
Economizers, fuel, 542 
Economy, 
Boilers, Steam, 137 
Steam Engines, 1384-1389 
Steam Turbines, 1396-1398 4 
Eddy-current, 
coefficient, definition, 906 | 
loss, calculation, 905, 907 
separation from hysteresis loss, 925 | 
1629 | 
Edison, l 
battery, see Batteries, Storage, Alkaline | 
Type, 71-86 | 
three-wire system, 366 i 
neutral from auto-transformer, 64 i 
telegraph system, 1521 
Edison-Lalande cell, 71 ; { 
Effective value, definition, t1, 1296 
of non-sinusoidal wave, 22 
of sine-wave, 15 
Efficiency, . 
all-day, definition, 1625 


conventional, definition, 1315 . 


definition of, 1300 
effect of wave shape, 1316 
plant, definition, 1315 
Standardization Rules of A1.B.E., 131$ 
thermal, definition, 1571 
values, see name of apparatus 
Elastic limit, 1418 
Elasticity, see Strength and Elastictty, 1415 


Elaterite, see Asphalt 
Electric care, see Cars, Electric, 103-10 
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5 Electric Electrolysis 
eo»... Electric drive, sce Molors, Industrial Ap- Electrochemical Processes, continued, 
plication of, 972-982 reduction, electrolytic, 433 
~ Electric Power Club, standards, 1360 retning, electrolytic, 428 
suas en Electric shock, see Shock, Riectric, 1255, | water. electrolysis of, 134 
: 1256 l winning of metals, electrolytic, 43r 
= Electricity and Magnetism, Principles , Electrochemistry, Principles of, 436- 
rods of, 333-423 i 472 
capacity, electrostatic, 398-402 cells, electrolytic, 444 La 
P charge, electric, 396 | cells, voltaic. 414 
: "T conductance, 340 | conduction, electrolytic, 46r 
" li " conversion factors, tables, 1757-1772 conductivity of electrolytes, 444 
f uà current, clectric, 437 contact. potentials, 446 
Í ` " dielectric, decomposition, electrolytic, 453 i 
» Ben coethcient or constant, 395, 40r definitions, 436 
m flux, 395 depolarizers, 446 . 
i strength, 402 dissociation theory, 460 
displacement current, 389 electrochemical equivalents, 442 
electric fields of force, 334 electrochemical series, 450 
electromotive force, 385 electrodes, 440, 445 
energy, electromotive force, 446, 450 
Yom AÀ" E ; : 
electric, 304 equations, chemical, 440 
tes of electrostatic field, 402 Faraday s laws, 4.40 
i of magnetic field, 418 heat of reaction, 450 
forces in electrostatic field, 403 notation, 434 
forces in magnetic field, 420-423 polarization, 445 
inductance, potential, contact, 440, 471 
T leakage, 417 solutions, 458 
` electromagnetic. 406 Electrode, electrodes, 
l self and mutual, 414-7418 of battery, definition, 67 
Tet Rirchhotf's laws for electric circuits, 393 calomel, use of, 472 
Kirchhoff's laws for magnetic circuits, definition, 438 
T 414 for dielectric tests, 810 
magnetic field, 404 for electric furnaces, 565 
energy and forces of, 418—423 for tlame arc lamps. 841, 847 2 
Es? magnetic flux, 404 normal calomel, 448 
dabo Magnetizing force, 408-412 normal by drogen, 448 
magnetomotive force, 403 reversible, 446 
"o nature of electricity, 383 test. 
i nature of magnetism, 423 alkaline batteries, 84 
ME Ohm's law, 391 lead batteries, 112 
permeability, magnetic, 412 Electrodynamometers, 473-474 
potential, electric, 336 W attmeters, 1816-1827 
of NT potential, magnetic, 412 Electrolvsis, E 
power, electric, 394 alternating-current, 458, 475 
* reluctance, magnetic, 413 definition, 437 
EO resistance, 340 in electrochemical processes, 433 
H units, 383 


Electron Theory, 506 
Electrifications of steam roads, 1162, 1164 in reinforced concrete, 237 i 


eat Electrochemical, underground conduit lines, 262 


“eel constant, definition, 438 voltage necessary, 475 
Faraday, 441 of water, 434 
equivalent, detinition, 438 (see also Electrolysis of Grounded Struc. 
et of elements, 442 lures, 475-483) 
TD series, 450 Electrolysis of Grounded Structures, 
Electrochemical Processes, Industrial, 475-483 
you 4247435 alternating-current, 475 
TEC chlorides, electrolysis of, 433 corrosive efficiency, 475 
"MT electroplating, 424 distribution of earth current, 476 
T electrothermal processes, 434 measurement, 477-480 
oar electrotyping, 428 passivity, 475 
excitation, electrolytic, 432 prevention, 480-483 
"mT galvanoplasty, 428 structures affected, 477 
] oxidation, 432 voltage required to produce, 475 
zo um 
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Electrolyte 


Electrolyte, electrolytes, 
for alkaline batteries, 77, 80, 83 
conductance, table, 465 
conductivity, 444 
definition, 437 
for lead batteries, 107, 114 
Electrolytic, 
arresters, 870, 1103 
condensers, 241 
conduction, 461 - 
decomposition, 453 
meters, 41 
oxidation, 432 
rectifiers, see Rectifiers, 1209 
reduction, 432. 
refining, 428-431 
separation of metals, 456 
solution pressure, definition, 472 
winning of metals, 431 
Electromagnet Windings, 484-489 
Electromagnetic radiation, 1833 
Electromagnetic waves, see Waves, Elec- 
tromagnelic, 1833-1836 
Electromagnets, Lifting and Plunger, 
490-500 
a-c. electromagnets, 496 
cone plunger, 492 
costs, 499 
dimensions, 499 
horseshoe, 494 
iron-clad, 491 
plunger, speed of, 495 
solenoid and plunger, 490 
weights, 499 
Electrometers, 501—503 
principle of, 404 
Electromotive force (e.m.f.), 
back, definition, 386 
contact, 446 
conversion factors, 1768 
counter, definition, 386 
definition of, 385 
and heat of reaction, 450 
magnetically induced, 406 
(see also name of apparatus) 
Electron Theory, 504-509 
Electrons, mass of, 508 
nature of, 504 
Electroplating, 424-428 
Electrostatic capacity, 
electrostatic 
Electrostatic field, energy of, 402 
mechanical forces in, 403 
Electrostatic generators, see Generators, 
Slatic, 688, 689 
Electrostatic induction coefficient, 183 


see Capacity, 


Elevators, Electric, 513-517 Ital 


batteries, 98 azak, 
control equipment, 514 en, 
` energy consumption, 515 mit d 
power required, 513 iten 
specifications, 515 aapne 
Ellipse, area, 947 s; Al 
equation, 523 «nt d 
Ellipsoid, volume, 948 Tt 
Elmore process, 428 X. 
E.m.f., see Electromotive force a 
Empire cloth, 801 | vmm 
End-cells, 89 i 
Endosmose, 518 zx 
Endothermic reaction, definition, 439 E 
End-play device, 290 tn 
Energy, DEW 
consumption, see name of apparatus Lu 
consumption by electric train, cake |o 
lation, 1177 Lm 
analytical method, 1191-1193 LR 
approximate method, 1177-1179 E 
step-by-step method, 1179-1187 e 
tests, 1175, 1198 Due 
conversion factors, 1766 b 
definition, 938 Sur 
electric, definition, 394 m 
clectrostatic, definition and formulis, | x; 
402 Sa 
free, definition, 1570 m 
intrinsic, 1567 i 
of magnetic field, 418 |a 
principle of the conservation of, 939 i E 
requirements of railways, 1165-1200 Ec 
transfer constant, definition, 1679 QU 


Engineering, cost, 1114 EM 
Engineering societies, see list in Stondardi — ius 
sation Rules and Standard Spons |: 
tions, 1359-1362 . tg 
Engines, gas, see Gas Engines, 595-00? 1 
pumping, 1139-1142 re 
steam, see Steam Engines, 1370. ux 
English system of units, definitions. 
1750 
Entropy, definition, 1371, 1569 oo S 
Epsilon (e), functions of, see Exponcnas z 
Functions, 532-535 | 
value of, 524, 886 
Epstein method of core-loss test, 922 E 
Equalizer connection, Generators, Diret ' E 
Current, 685 d. 
synchronous converter, 287 ES 
Equations, 519-526 res 


chemical, 440 Wü 
cubic, 519 5 
curves, 523 mt 


determinants, 521 p 


Electrostatic Precipitation of Sus- differential, 524 ' 
pended Particles, 510 quadratic, 519 A 
Electrotyping. 428 simultaneous, 520 p 
Elements, Chemical, 511-512 Equilibrium, conditions for, 941 l 
definition, 436 equations of, 1422' n 
electrochemical equivalents, 442 Equipment line, maximum, 1573 Un 
/ 1984 
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Equipotential surface, 385 
magnetic, 413 
Equivalent, 
circuit, definition, 1353 
of transformer. 1610 
sine-wave, definition, 16, 1207 
tests; ALEE standard, 1307 
weight, definition, 137 
Errors of Observation, 527 «20 
Esterline, apparatus for testing iron rings, 
G25 
permeameter, 919 
Evaporation, equivalent, 136 
factor of, 136 
test of transformer oil, 1051 
Evaporator for gas producers, 6o) 
Evershed megger, 1027 
Ewing hysteresis tester, 925 
Excavation, cost, 1112 
Excello resistance wire, 1935, 1016 
Exchanges, private, telephone, 1547 
Excitation, calculation, see name of 
apparatus 
Exciters, batteries with, 01 
Capacity for a-c. generators, 1131 
drive of, 1097. 1049 
electrical connections, 1098, 1099 
time element of, 1047 
Exciting current, magnetizing and jin- 
Phase, components, 910 
Exothermic reaction, detinition, 439 
Expansion, due to heating, 722 
coefficient, table, 723, 724 
of rails, 152 
Exponential Functions, 552-555 
Exposure, definition, 13.49 
Explosives, 530-531 
Extensometer, 1835 
Eye, optical System of, 1784 


Factor of assurance, definition, 1337 
Factorials, 535 
Fahrenheit, temperature scale, 1564 
thermometer, 1753 
ans, 530-519 
centrifugal, 536 
disc, 536 
for mechanical draft, 377 
motor drive, 538 
(sec alio. Power Stations) 
Farad, definition, 398 
international, detinition, 1773 
Faraday, Faraday's, 
constant, definition, 438 
disc, 682 
effect, sos 
laws, 440 
value of the, 441 
Faure plate, 103 
Feed-Water Heaters and Purifiers, 
540-543 
Feed-water Systems, 1124 
eed-water, temperature of, elevation, 542 


Flywheel 


Feeders, 
for distribution svstems, 366 
boosted and non-boosted, 1723, 1724 
In buildings, 1040 
endosmase of, 518 
as protection against electrolysis, 483 
regulators 0212 
Ferro alloys, s72 
Ferro nickel wire, 1935, 1036 
Fery absorption pyrometers, 1148 
Fery radiation pyrometer, 1145 
Liber. properties, Sor 
liber wheels, strength, 554 
Liecid, mells, 
of force, see Electricity and Magnetism, 
SOM 425 
m.znetic, sec 404. 414 
theastats, 1242 
rotating, o1 
winding, see Windings, field 
Filters for gas producers, 609 
hinery process, JFron, Wrought, 834 
Fir, see diner, 1553 
Fire-Alarm Telegraph, sy4 -545 
wiring of building, 1965 
Fire test of oil, 583 
transformer oil, 1031 
Fireless cookers, electric. 733 
lischer-Hinnen method of wave analysis, 
15209 
Fi-h-ways, 323 
Fisher's spark gap, 1288 
Fixation of nitrogen, 572 
Flash boards, 323 
Flash point of oils, 888 
table, 725 
Flash test of transformer oil, 1031 
Vlatirons, gas and electric, 732 
Fleming's valve, 350 
Flexure, definition, 1423 
Flicker photometers, 1047 
Floors, live loads allowable on, 174 
Fluctuation of prime-movers, 1328 
Flues, boiler, 140, 1122 
Flue-gas temperature, 146 
Flumes, costs, 1110 
Klux, 
dielectric, 393-398 — 
conversion factors, 1767 
light, 1039 
measurement of distribution, 1048 
magnetic, 404 
conversion factors, 177t 
Flux density, 
dielectric, 395, 397 
magnetic, 405 
determination by ballistic methods, 
911-920 
usual values, see name of apparatus 
Fluxmeter, 546 
Flux-o-lite diagram, 765 
Flywheel effect, rotating 


parts of cars, 
158 
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Flywheels 


Flywheels for Load Equilization, 547—548 
Flywheels, used with electric hoists, 737 
Force, forces, 

coplanar, definition, 937 

definition, 935, 1751 

line of application, 936 

units, 936 
Form factor, definition, 11, 1297 

Magnetic Testing, 927 

of sine-wave, 15 
Formation, heat of, table, 726, 727 
Forming of lead battery plates, 105 
Formula weight, definition, 436 
Foundations, 

Chimneys, 218 

Dams, 319 

electrolysis of, 477 

safe loads on, table, 1120 

Steam Engines, 1390 

Towers for Transmission Lines, 1595 
Fourier's series, 1828 
Fractional pitch, definition, 620 
Fractions, common and decimal, 325 
Freezing mixtures, 711 
Freezing point, see Melting point 
Frequency, frequencies, 

alternating current, 10 

audio, 1356 

changers, 951 

definition, 1301 

definition of, 10, 1296 

for distribution used in U. S., 368 

group, definition, 1357 

harmonic motion, 944 

Lighling Plants, 861 

radio, 1357 
Frequency Indicators, 549-550 
Friction, 551-553 

angle of repose, table, 552 

of bearings, 122 

cocfficient for pulleys, 554 

kinetic friction, table, 552 

rolling friction, table, 552 

static friction, table, 552 . 
Friction Drive, 554 
Friction loss, see name of apparatus 
Frictional machine, electrostatic, 688 
Frog, railway. 1204 
Frund system, lighting schedule, 777 
Frustrum, of cone, 948 

of sphere, 948 
Fuels, 555-562 

air required for combustion, 556 

analysis, proximate, 555 

analysis, ultimate, 556 

calorimeters, 179 

coal, various kinds, 556-561 

consumption of locomotives, 881 

gascous. 562 

liquid, 561 

moisture in, 555 

oil, 561 

terminology, 555 
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Galvanoplasty, 428 
Gantries, 307 
Gas, 592-594 


Gas ls 


Fuller-board, see Pressboard 35 con 
Fumes, electrostatic precipitation of, 510 1 zh 


Fundamental wave, 22 erect, 
Furnaces, boiler, 136, 140 trate 
Furnaces, Electric, and Electric Fure — <i 
nace Products, 563-573 Eu 
electrodes, design of, 565 Sitio 
heat, distribution of, 563 x Engi 
industrial furnaces, 567 t hosti 
laboratory furnaces, 565 cassie 
in metallurgy, 569 ts, 
nitrogen, fixation of, 572 xm, 
size of furnace, 563 Arien 
walls, design of, 564 & idcon 
Fuses, 574-576 nun 


definition, 1340 Sat ¢ 


dimensions, 575 fre 
Distribution Lines, 360 ang, 
instrument transformer, 1645 "dst 
National Electric Code, 575 ins 
rating, 1340 P table 
specifications, 576 E zih 
telephone, 1534 28 Lig 
temperature, 1340 ust, V 
tests, 1340 mit; 
types, 574 dE 
Fusible metals, 8 dor 
Fusion, heat of, table, 709, 710 5 Me 
Aj Pr 

Gaze, of third or contact rail, definition zw 
1342 ants, 

of track, definition, 1572 imd 


Gages, Sheet Metal, 577-580 
Gages, Wire, 581-583 Isa 

basis of, 581 =: 

comparison of, table, 582 i 
Gaining of poles, 1074 "E- 
Galalith, 802 EXT 
Galvanizing for Iron or Steel, 584-585 ‘ 
Galvanometers, 586-591 x 

alternating-current, 537, 589 

ballistic, 586 

calibration, 912 
in magnetic testing, 912 

calibration, 590 

condenser tests, 242 

costs, 591 

damping, 586 

oscillographs, 1032-1035 i 

sensitiveness, 587 

shunts, 1258, 1259 

theory, 586 

thermo, 346 

types, 586 

with ohmmeters, 1027, 1028 

with Wheatstone bridge, 168 


comparison of different kinds, 594 
flow through pipes, 1059 

heating value, 593 

kinds, 592, 603 i 
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Gas 
Gas, continued, Generators, Alt 
molecular weights of, 712 continued, 
períect, laws oí, 712 core-loss, 637, O41 
saturated, 713 costs, 650 
Gas constant, values in various units, 713 currents, phase anc 
Gas-clectric power stations, see Power definition, 1302 
Stations, Gas-Flectric, 1087 | design, 619 625, 6; 
Gas Engines and Other Internal Com- , armature core, 6 
bustion Engines, 595-602 | armature windin 
classification, 595 bearings, bedtpdl it 
costs, 601 examples of, 646 
design, 597 field windings, 6. 
ethciency, 600 magnetic circuit, 
fuel consumption, 601 terminology, 614 
ignition batteries, 102 turbo-generators, 
power developed, 598 dielectric tests, 510 
Power Stations, Gas- Electric, 1087, 1088 dimensions, 650 
rating, $96 eflicieney, 648, 647 
regulation, definition, 1328 flux, calculation of, 
testing, 600 frequency, 618 
troubles, 601 friction, 637, 641 
Gas lighters, electric, 607, 1965 grounding, 645 
Gas Lighting, 6o; 607 heat runs, 643 
cost, vs. electricity, 607 heating, 639, 643, 1 
ignition, automatic, 607. 1965 high frequency, 15: 
kinds of gas, 603 : hunting, 643 
performance of illuminants, 604-606 induction, 616 
Gas Meters, 605 inductor, 617 
Gas Producers, 609-611 insulation tests, 64: 
construction, 609g load loss, 637, O42 
Costs, 611 losses, 636, 657, 64 
dimensions, 611 magnetic circuit, 6. 
performance, 610 magnetization curv 
Power Stations, Gas-Electric, 1087 operation, 645 644 
utilization of by-products, 610 parallel operation, t 
Gasoline-electric, sce Automobiles, Electric, performance, exam] 
50 performance, prede 
Gassing, of alkaline batteries, 73 639 
of lead batteries, 104 power-limiting re 
Gauge, see Gage rating, 617, 1305, I 
Gauss, definition, 40« regulation, calculati 
Gear, differential, 56, 613 detinition, 1323 
Gear ratio, eect on motor capacity, 1198 tests, 643, 15297) 
effect on speed, 1170 resistance, 633, 042 
Gears and Gearing, 612-615 saturation curve, 6, 
delnitions, 612 short circuits, 649 
design, 613 . single-phase genera: 
efficiency, 614 specifications, 649 
power transmitted, 614 starting, 647 
Gelatine, explosive, 530 synchronous, 616 
Gem lamps, 848 synchronous imped: 
Generators, 616-689 synchronous reactia 
A.LE.E. classification, 1302 synchronizing. 648 
Alternating-Current, 616-652 testing, 640- 645 
ampere-turns, 631 thermometers, imb 
armature reactance, 633, 643 voltage, usual valuc 
armature reaction, 635 voltage, phase and 
Checking calculations, 640 weight, 650 
classification, 616, 617, 1302 windage, 637, 641 
induction, 616 definition, 1300 
inductor, 617 Direct-Current, 653- 
synchronous, 616 applications, 653 
connections, phase, 645 arc-light generators, 
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Generators 


Generators, Direct-Current, continued, 


armature reaction, 658, 663-670 
armature inductance, 659 
brushes, 665 
commutating pole, definition, 653 
commutation, 660 
commutator, 655, 665 
compound, definition, 653 
compounding, 679 
core-loss, 673-677 
costs, 686 
definitions, 653, 1301 
design, 660-673 
armature core, 662 
armature windings, 663 
commutator and brushes, 665 
examples of, 679 
field winding, 671 
interpoles, 672 
magnetic circuit, 667 
speed, 662 
symbols, 661 
efficiency, 674, 1315-1320 
e.m.f. induced in armature, 654 
equalizer connections, 685 
excitation, 670-674 
formulas for lap, 656 
formulas for multiplex, 658 
formulas for wave, 657 
friction loss, 673-677 
heating, 675, 1307-1314 
of armature, 675 
of commutator, 665 
heat runs, 678 
homo-polar generators, 682—684 
installation, 684 J5 
insulation tests, 679, 1321-1327 
interpole, 653-672 
leakage coefficient, 667 
losses, 673, 1315-1321 
magnetic circuit, 667 
operation, 685 
parallel operation, 685 
performance, examples of, 680-681 
performance, predetermination of, 
673-676 
rating. 654, 1305, 1306 
reactance voltage, 665 
regulation, 675, 1327, 1329 
resistance, 665, 674, 677 
saturation curve, 677 
series, definition, 653 
types, 679 
shunt, definition, 653 
specifications, 684 
speed, 686 
stability factor, 669 
stray load-loss, 1320 
for telegraph systems, 1512 
testing, 676-679 
voltage, 654 
weight, 686 
windage foss, 673 
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Generators, Direct-Current, continued, 
windings, armature, 655 
double-current, definition, 1301 
gas 609 
Lighting Plants, 862 
motor driven, see Motor-Generators, 
950-952 
Power Stations, 1093, 1096, 1130 
Static, 688-689 
for train lighting, 867 
Geometrical progression, 1138 
German silver, 1935, 1936 
composition, 1935 
grades, 1935 
properties, 8, 1936. 
Gibbs-Helmholtz equation, 450 
Gilbert, definition, 408 
Gilsonite, see Asphalt 
Girder, girders, continuous, 1461 
costs, 1444 
definition, 1428 
formulas, 1444 
Glare, definition, 1785 
Glass, 
condensers, 240 
dielectric strength, 1852 
properties, 801, 818 
transparency to X-rays, 1968 
Globes for arc lamps, 840 
Gohmak, 802 
Gold, plating, 427 
refining, 430 
Goldschmidt alternators, 1855 
Governors, 
Gas Engines, 598 
Steam Engines, 1379 
Water Wheels. 1801, 1802 
dimensions, 1802 
rating, 1802 
specifications, 1802 
types, 1801 
Grade, grades, 
average equivalent, 1175 
energy required for, 1168 
maximum for given locomotive, 1171 
railway, definition, 1203 
Grade crossings, cost of eliminating, 1205 
Gram 
-atom, definition, 437 ` 
-calorie, definition, 705 
-equivalent, definition, 437 
-ion, definition, 438 
-molecule, definition, 437 
Graphite, 
conductivity, thermal, 565 
for lubricating, 887 
manufacture, 568 
resistivity, electric, 565 
Graphometer, 330 
Grassot fluxmeter, 546 
Grates and grate surface, boiler, 139 
Gravitational acceleration constant, 3, 939 
Gravitational units, definition, 1751 


4 


aalt 


1 -intion due t 


2 

| zat of, definitio 

cx, ee Densil 
dd accelerat 
s lubricating, 

iz Xem F 
is 

a Alphabet, 6 
zin pulling, | 
“aby retum ¢ 
mad Connectio 


V cosas, 19 


2.45 
x0 
“Ets, 094 
Antoni, Aller 
ing arreste 
“cooks of grou 
‘cmSaltons, | 
"Sat of gro 
dications, 6 
Si Oly 
as Groun 
Sito) 
zz Detect 
: 8-48 
zi wires, 86 
“IM smissio 
“ad tit 
“rating of E 
ES m. 701, 7 
EAN Tetum, 
ae d 
^ 7X eetric 
Tin 
edo Grou 
“tig, Bro 
nm, $3 
RCON, 330 
“TLS 
ZyPecha, 
ANID coe 
128 point 
MOR grayi 
t Sic resist 
"letture 


a 


Vlt 1338 
Ul pole 
Satan, radi 


| 
Crz: Gravity 


Green Dens. me oy Gravity, 
Yno, qm ome acceleration due to, 1751, 1752 
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Heat and Thermal Properties, 705-728 
balance, heat, boiler, 143 


56 .QUL ra 2 cell, 69 
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center of, definition, 931 
specific, see Density 


tor com ww her standard acceleration due to, 3, 930 
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Greases, lubricating, $37, 559 

Great Northern Railroad locomotives, 
876 

Greek Alphabet, 659 

Grip, wire pulling, ru26 

Ground, as return circuit, 703 

Ground Connections, 640-65 


conduction, 717 

combustion, heat of, 725 
evaporation, heat of, 1371 
expansion, 722 

tash point of oils, 725 
formation, heat of, 725 

freezing, peint, 708 

fusion, heat of, 703 

meltinz point, 753 

reaction, heat of, definition, 439 
reaction, heat of; and emf, 450 


itd p g 
for cable sheaths, 1931 solution, heat of, 725 
fie ep tom care, 645 specitic heat, 706 
utn design, 692 thermal capacity, 706 
eto vs on VÀ dimensions, 694 transfer of heat, 714 
à o. Generators, Alternatine-Current, 645 units, 705 
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lightning arresters. 872 

methods of grounding, 600 
Power-Stations, Hydroelectric, 1104 
resistance of grounds, 6yr, 692 
specifications, 605 


vaporization, 711 
Heat coils, telephone, 1534 
Heat run, see name of apparatus 
Heaters, see Feed-Water Heaters, $40 
Heating, 731 


om tests, 694 apparatus, 731 
iw uad (see also Grounding of Electric Circuits, of apparatus, see name of apparatus 
anch nte eos 699-701) of Buildings, 729-731 
— E Ground Detectors and Suppressors, heat required, 729 
NES ae Up A 646 648 of cars. power required for, 1199 


m fat emt e 


Ground wires, 869 
for transmission lines, 1634 


and Cooking by Electricity, 732, 733 
devices, current taken by, 1946 


va iA n ss Grounded structures, electrolysis of. 478 surface, boiler, 138 
DANS: Grounding of Electric Circuits, 6u9- 703 value, coal, 359 
AU ades qoe m Ss fire risk, 701, 702 definition, $55 
ie ground return, 703 gas, 593 
De. 09 hizh-voltage circuits, 702 oil, 501 
j : - shock, electric, 699-701 wires, see Wires, Resistance, 19385-1037 
See a S Transformers, 1614 Heating and temperature, A.LE.E. stand- 


dicar o OM 


(see also Ground Connections, 690-695) 


ards, 1307 


meter X Guard ring, 819 Hecto-, as prefix, 1755 

eee A a Gummon, 803 Hefner standard, definition, 1039 
MEM Güncottori.:s39 properties, 1043 
e cA -. Gun metal, 8 Helmholtz equations for coil and con- 
SD UNUS ate Gutta-Percha, 704 denser, 1653 

put id oP expansion coefhcient, 724 Hemlock, see Timber, 1587 

pepe + P a melting point, 709 Henry, definition, 415, 1773 

— 4 po specific gravitv, 1838, 1901 Hering's method of measuring leakage 
"T N E A specific resistance, 704. 1902 current 79 


temperature coctiicient of resistance, 


Herrick test car, 155 
Hertz, oscillator, 1833, 1835 


i 704 
ca aoe weight, 1838, 190r waves, 1833 
2 T tat G E zi a. ] ela li 
eun VE s uving of poles, 1075 Heyland circle diagram, 1004 
FONS Gyration, radius of, definition, 933 High-frequency oscillations, 48 


values for plane sections, 1424 


Hioc currents and voltages, 14 


arc as source of, 48, 1856 
generators, 1855-1857 
Hoepíner processes, copper, 43t 


M: 
svn them h motion, simple, 944 zinc, 432. — 
(ew ON waves, 22 Hoists, Electric, 734-738 
E n Harmonics, definition, 1829 drums, formulas, 734 
eS EUN 5 . in transformers, 1614 duty cycle, 736 
pce t Harp, trolley, 228 power required, 737, 738 
e o pt dé "S ' Head, definition, 739 specifications, 738 
ne eee et nT loss of, in pipes, 1058 (see also Elevators, 513-517) 
ree an Head-end system of train lighting, 866 Holburn-Kurlbaum pyrometer, 1147 
aau aio Y? 1989 
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Holden-Esterline core-loss tester, 925 
Holyoke testing flume, 1797 
Home signal, 1271 
Homo-polar generators, 682 
Hook switch, 1534 
Hooke’s law, 1418 
Hoopes’ conductivity bridge, 169 
Hopkinson test, 678 
Horn gap arresters, 869 
clearances over, 1095 
Hot well, 245 
Hettest spot correction, A.I.E.E. standards, 
1310, 1312 
Hot-wire meters, 35, 37 
Hughes telegraph system, 1527 
Humidity, definition, 714 
Hunting, 
Generators, Alternating-Current, 648 
Motors, Synchronous, 1022 
Hydraulic grade line, 1057 
Hydraulic radius, definition, 740, 1058 
Hydraulics, 739-744 
channels, flow through, 740 
current meters, 743 
formulas for flow, 740, 742 
hydraulic radius, 740 
measurement of flow, 742 
nuzzles, flow through, 744 
pipes, see Pipes and Piping, 1052-1061 
weirs, flow over, 741 
Hydrodynamics, definition, 739 
Hydroelectric power stations, see Power 
Stations, Hydroelectric, 1089-1118 
Hydrogen production, 434 
Hydrograph, 747 
Hydrology, 745-748 
hydrograph, 747 
mass curve, 748 
pondage, 748 
rainfall, 747 
rating curve, 747 
run-off, 745 
stream-flow, 746 
storage of water, 748 
Hydrostatics, definition, 739 
Hyperbola, equation, 523, 524 
Hyperbolic Functions, 749-755 
relations, 749, 754, 755 
table, 750-753 , 
in transmission line calculations, 1682, 
1683 
Hysteresis, 
angle of advance, 910 
coefficient, definition, 902 
coefficient, values, 904 
dielectric, definition, 239, 401 
exponent, definition, 902 
exponent, values, 903 
loop, definition, 897 . 
loop, determination, see Magnetic Test- 
ing, 911-920 
loss, magnetic, 
calculation, 903 
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Impedanc 
ce 
Hysteresis, continued, 
measurement, see Magnetic Teshy, yes Imp 
920-927 “jection of, 1 
measurement by fluxmeter, 546 = pet cent 
separation from eddy-current loa | <iett, de 


925, 1629 yal, defin 

‘ Leal, 21 

Is Ia resistance wire, 1935, 1936 * ! i'Mgitior 

I-Beams, standard, properties of, 1434 | z= end, 
Ice, collection on wires, 1687, 1690 unl) 
Ideal resistance wire, 1935, 1936 ine 
Ignition, for gas burners, 607 ~drenous, 

of gas engines, 597 rated [ 


Illuminating Engineering Society, stand wi, 10; 


ards, 1349-1352, 1360 mat dfa fe 
Illumination, zg thee: 
definition, 1040, 1349~1352 (Ne 
Gas Lighting, 603-607 m El; 
Interior, 756-763 xz third 
art galleries, 762 ction, 1 
churches, 762 CHhgs 
color, desirable, 757 iemminat 
direct lighting, 758 “<a Neel 
illuminants, 761 tir, ind 
indirect lighting, 761 ANNs, 1 
lumens, effective, table, 759 4 ios kin 
number of illuminants, 758-762 irane 
offices, 762 "ei 
reference surface, 756 cue, i 
show windows, 763 “Seton 
utilization factors, table, 758 Taiton 
Lamps, Arc, 837-847 Iste, | 
Lamps, Incandescent, 848-858 "euin 
Laws of, 764—771 zs ji 
cosine law, 764 ECT 
finite sources, 769-771 y Xt 
flux, calculation, 764 Ohr 
diagrams, 764-766 hr 
horizontal and vertical illuminat < teen 
766, 767 5 own 
illumination, calculation, 766, 709. , skui 
illumination constants, tables, 767-75 ° sjer; 
inverse square law, 764 ir 
normal illumination, 766, 763 Me 
point source, 764-768 "uw 
uniform illumination, 771 . LES 
quantity required for various servite — eg 
1787 6x 
Street, 772-778 Tr. 
cost, 777 E 
illuminants, 772-774 mda 
lighting schedule, 777 


mounting of lamps, 775 

spacing of lamps, 774-777 
Vision, Laws of, 1784-1788 
(see also Photometric Quantities, 1037 +i: 


1042) AE 
Impact, allowances for, 1437 "my 
definition, 1428 Maie 
Impedance, impedances, $n 
characteristic, definition, 1353 LIBER 
coil, detinition, 1533 UM 
in complex notation, 23 et 
XU 
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Impedance, Impedances, continued, 
detinition of, 12 
drop, per cent. definition, 1298 
equivalent, definition, 13 
mutual, definition, 1353 
in parallel, 21 
self, definition, 1353 
sending end, definition, 13545 
in series, 19 
to sine-wave current, 18 
synchronous, 635, 64», 10:0 
Impregnated paper, see Paper, Imprez- 
naled, 1056 1038 
Impulse of a force, definition. has 
Impulse wheels, 1791 
Incandescent lamps, see Lamps, Incan- 
descent Flectric, 848-558 
Inclines, third-rail, 
definition, 1572 
location, 1582 
Indeterminate Forms, 779 
Indiana Steel Co., equipment, 1414 
Indicator, indicators, 
diagrams, 1380 
various kinds, see name of indicator 
Inductance and Inductive Reactance, 
780-792 
armature, 654 
conversion factors, 1771 
definitions, 415, 780 
effective, 417 
external inductance, 785 
formulas for reactance. 730 
formulas for selt-inductance, 
bar, return neglected, 734 
circular coil, one turn, +82 
circular coil, many turns, 783 
concentric main, 751 : 
rectangle, 786 
Solenoid, lonz. 782 
Solenoid, short, 783 
strip, return nevlected, 73s 
three-wire transmission line, 791 
tube, return neglected. 785 
two-wire transmission line, 736 
wire, single, with ground return, 
742 
wire, single. return neglected, 784 
Wires, two parallel, 786 
formulas for mutual inductance, 
circular coils, one turn cach, 732 
Circular coils, many turns cach, 784 
Solenoids, coaxial, 783 
tube and interior wire, 786 
wires, two parallel, 785 
inductive drop in three-wire lines, 791 
internal inductance, 785 
leakage, 417 
linkages, 781 
mutual, definition, 414 
series circuits, total inductance, 781 
Skin Effect, 1281-1285 
stranding of wires, effect of, 736 


Insulating 


! Induc tance, continued, 


tables for straight parall 
inductance per 1000 ie 
Inductance per mile, 7 
25 cle reactance, 78: 
6o-cvcle reactance, 7c 
total. 417 
unit», 750 
Induction, 
apparatus, stationary, A. 
chassilication, 01154 
electromagnetic, 414. 413 
elictrostatie, between cit 
furnaces. S03, 571 
machines. A LEE class 
motors, poly phase. see df 
Induction, ns 1014 
motors, single phase, see 
Phase Induction, 101, 
revulators, 1212 
starter, detinition, 2765 
tests. standard of the \ 
watthour meters, 1309. 1 
Induction Coils, 793 -796 
construction, 744 
interrupters, 706 
operation, principles of, | 
telephone, 1353 
Testa coil, 790 
Inductive, deüinition, 13, 7 
Inductive disturbances in 
1353 
Inertia, 
center of, definition. a3t 
momat of, detinition, a: 
units, 432 
Values for plac sectio 
Influence machine, 653 
Injectors, 1139 
In-phase component, detini 
Input-output test. motors, 
Inspection sheds for electri 
Installation, see name of 
structure 
Instantaneous value, defini 
Institute of Radio Enzinc 
1356-1338. 1360 
Instrument, instruments, 
electric, see name of instr 
telegraph. see Velegraph i 
Apparatus, 1307-1512 
telephone, see Tele plo 
and Circuits, 1530-155 
transformers, see Transi 
ment, 1638-1652 
Insulating Materials, ] 
797-809 
classification, 797 
properties, 789-809 
selection, 797 
Insulating Materials, Te 
$14 
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Insulating 


Insulating Materials, continued, | 
apparatus and connections, 810, 811, 813 
dielectric constant, 812 
dielectric hysteresis, 814 
dielectric strength, 810-812 
electrodes, 810 
insulation resistance, 813, 814 
losses in, 814 

Insulation, 
of apparatus, see name of apparatus 
of magnet wires, 484 
on overhead lines, 352 
table of thicknesses, 487 
test of machine, see name of apparatus, 

1321-1327 , 
for wires and cables, 
thickness, 1895-1900 
- weight, 1901 

Insulation resistance, 
cables, 1901-1905 
definition, 1337 
of machinery, 1326 
measurement, 813 

Insulator Pins, 815-817 
attachment to cross arms, 816 
attachment of insulators, 816 
costs, 817 
iron, 816 
wooden, 815 

Insulators for Overhead Lines, 818- 

825 
attachment to pins, 816 
costs, 824 
definition, 387 
design, 818-820 
arcing distance, 818 
guard rings, 819 
leakage surface, 819 
petticoats, 819 
dimensions, 825 
distribution line, 820, 821 
forces acting on, 1697, 1702 
glass, 818, 825 
pin type, 821, 825, 1685 
porcelain, 818-825 
specifications, 824 
strain, 1076, 1729 
suspension type, 821, 825, 1685 
tests, 823 
weights, 825 LL 
Insulators for third rail, definition, 1572 
spacing, 1583 
testing, 1585 
Integrals, definitions and table, 826-828 
Intensity, of electric field, 384 
of magnetic field, see Magnetizing force 
Interest, Annuities and Sinking Fund, 
829-830 ae 
Interior illumination, see IHumination, 
Interior, 756-763 — ! 
Interlockings, see Signaling, Railway, 
1275-1280 
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Iron 


Internal combustion engines, see Gus In, c 


Engines, 595-602 sheet 
International Electrotechnical Commis | ™ 
sion, publications, 1361 we 
symbols, 1~3 sci 
Interpoles, definition, 654 | sel 
design, 672 | sedi 
effect on armature reaction, 672 [tess 
in multi-speed motors, 966 Fe 
Interrupters, induction coil, 794, 795 | Ned 
Interurban electric roads in U.S., 1163 — , "7 
Intrinsic brilliancy table, 1040 | ce 
Inverse square law, 764 the 
Inverted converter, 280 NES 
Ion, ions, Ting 
definition, 438, 460 i veri 
and electrons, 505 3 dia 
hydration, 464 . v 
migration, 461, 468 PM 
mobility, table, 466 : me 
solvation, 464 ada 
Ionic weight, definition, 438 n 
Ionization, zs 
coefficient, table, 468 = 
by collision, 508 pu 
and corona discharge, 304 oul 
definition, 460 ie 
degree of, 467, 468 Sal 
effect of temperature, 469 | l 
of gas, 507 di f 
from X-rays, 1967 c 
Iron, SL 
alloys, 832 iy 
atomic weight, 512 bs 
boiling point, 709 i Ked 
Cast, 831, 836 A 
Castings, 206 Ms! 
conductivity, electric, 1223 S 
conductivity, thermal, 720 3r 
composition, 831, 835 ba 
compressive strength, 832, 836 zh 
costs, 831 
current-carrying capacity, 1235 m 
density, 836 iih, 
elastic limit, 833, 835 d 
electrochemical equivalent, 443 dni 
expansion coefficient, thermal, 723 TM 
in electrochemical series, 449 Tom 
elongation, 835 Usb 
expansion coefficient, 723 Uni. 
friction coefficient, $52 ih 
fusion, heat of, 709 p 
Galvanizing, 584 " 
magnetic properties, 897-910 Us 
malleable, 833 ited 
melting point, 709 Sty 
modulus of elasticity, 833, 835 is 
Norway, 835 
Pig, 831 ils 
pipes, 1052, 1053, 1055, 1056 4s 
production, 831, 834 cd 
properties, 831-836, 897-910 ME 
resistivity, electric, 1223 wu 
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Iron 


Iron, continued, 
sheet, pipes, 1055, 1056 
weight per square foot, 578, 579 
weight per square meter, 578, 579 
specific gravity, 836, 1838 
specific heat, 707 
specifications, 831, 833, 836 
stresses allowed by building laws, 171 
173 
Swedish, 835 
temperature coefficient of, 
electric resistance, 1223 
thermal conductivity, 720 
tensile strength, 833, 835 
transparency to X-rays, 1968 
weight, 836, 1838 á 
welding, 150 
wires, 1233 
Wrought, 834-836 
(see also Steel, 1402-1410) 
Tron-clad battery, 105 
Automobiles, Electric, 56 
Iron-loss voltmeter, 926 
Isolated plants, batteries for, 96 
Isolit, 803 
Isothermal, expansion of gas, 713 
process, definition, 1568 
Ives colorimeter, 1050 


Jacks for telephone switchboards, 1539 
Jacobs’ telegraph system, 1520 
Joint, bonded, equivalent length, rs1 
Jointing conductors, bare, 1888, 1889 
insulated, 1927—1930 
Joule, definition, 394, 1773 
Joule's gas law, 712 
Joule's heat loss law, 395 
Junker calorimeter, 179 
Juniper, see Poles, 1062 
Jute, as cable filler, 1894 
insulating properties, 803 


Kanalstrahien, 507 
Kelvin, bridge, 168 
quadrant electrometers, sor 
Keys, telegraph, 1507 
ilo-, as Prefix, 1755 
ilogram-calorie, definition, 705 
ilovolt-amperes, definition, 12 
Kinetic energy, 940 
Kirchhoft's laws, a-c. networks, 24 
electric circuits, 393 
[ magnetic circuits, 414 
Knobs, 1955 
Koepsel permeameter, 919 
Krupp metal, 1935, 1936 
Kutter's formula, 741 
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Lay 


Lamps, 
Arc, 837-847 
candle power, 839, 841, 843, 846 
carbon, 838-840 
cost, annual, 847 
cost, first, 846 
efliciency, 839, 841, 843, 846 
à flame, 840 
globes, diffusing, 843 
inclosed, 838, 840 
intensified, 840-842 
intrinsic brilliancy, 1040 
life, 830, 841, 843, 846 
magnetite, 842 
mercury vapor, 845 
open, 838 
Power factor, 837, 839, 845 
quartz-tube mercury, 846 
reflectors, 839 
regulating mechanisms, 843 
resistance, steadying, 837 
street illumination, 772 
trimming, 847 
voltage drop, 837 
(see also Arc, Electric, 45-49) 
efficiency, definition, 1351 
gas, see Gas Lighting, 603-607 
intrinsic brilliancy, 1040 
Incandescent Electric, 848-858 
candle power, 850-854 
carbon, 848 
cost of lighting, 855 
diffusers, 856 
on distribution systems, 374 
efficiency, 850-854 
frequency, effect of variation, 855 
gem, 848, 850 
intrinsic brilliancy, 1040 
life, 850-855 
life tests, 1352 
Mazda, 852 
metalized carbon, 848 
` Nernst, 849 
nitrogen filled, 849 
performance, 850-855, 858 
ratings, 850, 1352 
reflectors, 857 
smashing point, 855 
standard, 1044 
street illumination, 773 
tantalum, 849 
tests, 1351, 1352 
tungsten, 849 
vacuum, 848 
voltage, effect of variation, 853 
specific consumption, 1351 
specific output, 1551 
standard, definition, 1350 
types, 1043 . 
Lancashire process, Iron, Wrought, 835 
Lava, 803 
Lavite, see Lava 
Lay of cable, correction for, 1335 
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Lead 


Lead, definition, 14, 1297 
Lead, 
batteries, see Batteries, Storage, Lead 
Type, 103-119 
refining, 431 
sheath for cables, 1894 
current-carrying capacity, 1910 
specifications, 1922 
test for faults, 1914 
sleeves for jointing cables, 1929 
Leakage, 
conductance, values, 1666 
current of condenser, 18 
current, definition, 400 
factor, definition, 620 
Electromagnets, 490 
Generators, Alternating-Current, 630 
Generators, Direct-Current, 667 
inductance, 417 
path between rails, resistance of, 1268 
reactance, see Reactance leakage 
steam engines, 1384 
surface, insulators, 819 
in telephone lines, 1552 
Least squares, method of, 527-529 
Leather wheels, strength, 554 
Leatheroid, see Fiber 
Le Chatelier’s optical pyrometer, 1146 
Leclanche cell, 71 
Leeson disk, 1046 
Left-hand rule, 422 
Lignite, 558 
Life of apparatus and structures, table, 
337-340 
(see also name of apparatus) 
Lifting magnets, see Electromagnets, Lifting 
and Plunger, 490-500 
Light, 
distribution, see Jilumination, Laws of, 
764-771 
measurement, see Photometry, 1043-1051 
Photometric Quantities, 1039-1042 
sources, color analysis of, table, 1786 
white, artificial, 1737 
Lighting, 
of cars, power required, 1199 
gas, see Gas Lighting, 603-607 
schedules, street, 777 
Substations, Lighting, 1462 
train, see Lighting of Trains by Elec- 
tricity, 865-868 
(see also Illumination, 756-778) 
Lighting Plants, 859-864 
Batteries, Storage, 77-119, 863 
Distribution Lines, 352-362, 860, 862 
Distribution and Transmission Systems, 
363-376 
diversity factor, 859 
Generators, 616-687, 862 
Illumination, Interior, 756-763 
Illumination, Street, 772—778 
Lamps, Arc, 837-847 
Lomps, Incandescent, 848-858 
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Locomotives {loom 


Lighting Plants, continued, comot 
Lighining Protectors, 863, 869-872 B wl 
load, load-factor, 859 Penns 
Motors, 953-1026 rating, 
Power Stations, 1087-1135 creciti 
prime movers, 861 seed, 
regulation, 864 tracti 
Substalions, 863, 1462 eight 

Lightning Protectors, 869-872 * ged 
arresters, 869 ikomo 

definition, 1340 ^ iata 
grounding, 693 ^ "ES 
in hydroelectric stations, 1095, 1103- , «i. 
1106 4 dor 
rating, 1340 . ge 
tests, 1340 terio 
choke coils, 871 rat 
for distribution lines, 360 rest 
ground wires, 869 Botnet 
Lighting Plants, 863 .o sect 
Power Stations, 1103-1106 JR TU 
rods, 690 orarit 
telephone, 1534 legari 

Limit turbines, 1791 farm 

Lincoln synchroscope, 1505 g uu 

Line, lines, table 
distribution, see Distribution Lins ing 

352-362 Lom, 
of electric force, 384 apt 
equation, 523 “Losses 
of force, see Electricity and Magnelim, ,— 41. 

Principles of, 383-423 ' d 
transmission, see Transmission Liws, d 

1657-1707 e 
as unit of flux, 405 t 

Link motion, 1379 à ES 

Linkages, Inductance and Inductive Re — ju 

actance, 781 Lube: 
magnetic, 406 am 

Litholite, 803 ` adl 

Load, loads, da 
allowable in buildings, 17r me 
curves, Lighting Plants, 859 qu 
dead and live, definition, 1423 ile 
diagram, railway, 1198 m 
equilization, flywheels for, 547 Luts 
factor, definition, 1298 " 

' Lighting Plants, 859 lum 
loss, Generators, Allernating-Current, 637 ! Leni 

test of, 642 £ 

Loading of telephone circuits, definitions, in 

1355 s 

Locomobile in steam-electric stations, 1125 — lu; 

Locomotives, Electric, 873-876 Lus 
adhesive weight, 1346 
characteristics of various, 876 M 
classification, 873 
control systems, 266-275, 873 May 
costs, 875 Ma 
Detroit River, 874 4 m 
dimensions, 875 d 


Great Northern, 876 
New Haven, 874 
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Locomotives 


Locomotives, Electric, continued, 
New York Central, 874 
Pennsylvania, 874 
rating, 1346 
specifications, 874 
speed, 1346 
tractive efiort, 876-1346 
weight, 876 
(see also Motors and Railways) 

Locomotives, Steam, 877-882 
characteristics of various, 878, 880 
classification, 877 
costs, 881 
design, 877 
operation, 881 
performance, 877 
rating, 877 
resistance of, 1168 
tractive effort, 877, 880 
weight, 878 

Log runs, 323 

Logarithmic decrement by radiation, 1848 

Logarithms, 883-886 
formulas, 883, 886 
natural, 886 
table of common, 884-886 

Long distance telephone calls, 1562 

Loom, flexible, 1959 | 

Loop tests for cable fault, 1915, 1916 

Losses in clectric machines, 

A.1.E.E. standards, 
classification, 1313 
determination, 1319 
evaluation, 1317 
table of, 1317 

(see also name of apparatus) 

Low-voltage release, 1363 

Lubricants and Lubrication, 887-891 
amount required, 891: 
of bearings, 123 
classification, 887 
methods of lubrication, 889 
qualifications, 887 
step bearings, 1793 
(see also name of apparatus) 

Lubrication, see Lubricanis and Lubrica- 

lion, 887-891, and name of apparatus 

Lumen, definition, 1039, 1349 

Luminous, 
flux, definition, 1349 
intensity, definition, 1039, 1349 
standard, definition, 1350 

Lummer-Brodhun photometer, 1046 

Lux, definition, 1040, 1349 


Machine Tools, Electrical Operation 
of, 892-896 

Maclaurin's series, 1253 

Magnesium, manufacture, 569 

Magnet, magnets, 
definition, 404 
electro-, see Electromagnets, 484-500 
permanent, 898 


Maintenance 


Magnetic, 
blow-out, 223 
field of force, 404-423 
due to electric current, 406 
energy of, 418 
forces in, 420-423 
force on wire in, 422 
Lorque on coil, 421 
flux, 404 
work done by varying, 407 
potential, definition, 412 
substance, definition, 404 
(see also Magnetic Properties, 897-910) 
Magnetic Properties of Iron and other 
Metals, 847-10 
B-II curves, typical, 899-901 
core losses, 902-900 
eddy-current loss, 905-909 
hysteresis loss, 897, 899, 902-904 
hysteresis loop, 897 
hysterctic advance, 910 
permeability, 412, 899-901 
1ententiveness, 898 
saturation, 808 
testing, see Magnetic Testing, 911-926 
wave form, effect of, 908 
Magnetic Testing, 911-927 
B-H curves and permeability, 911-920 
A.S.T.M. standard tests, 917 
ballistic method, 912-917 
bar and yoke method, 911, 915 
bismuth spiral, 920 
Burrows’ compensated bar and yoké, 
915 
permeamcters, various types, 918-920 
core-]oss, 920-927 
A.S.T. M. standard tests, 922 
Bureau of Standards Method, 924 
form of specimen, 922 
hysteresis, from loop. 920 
hysteresis, testers, various forms, 925 
iron-loss voltmeter, 926 
separation of eddy and _ hysteresis 
losses, 925 
wattmeter method, 920-925 
Magnetism, Electron Theory, 507 
Electricity and Magnetism, 404-423 
Magnetization curve, see name of appara- 
tus 
Magnetizing current, see name of ap- 
paratus 
Magnetizing force, definition, 408 
formulas, 409-411 
Magneto-generator, telephone, 1532 
Magnetomotive force (m.m.f.), 
conversion factors, 1772 
definition, 408 
Mahler calorimeter, 179 
Mailloux's formula for train resistance, 
1168 
Mains, for distribution systems, 366 
Maintenance, see name of,apparatus or 
structure 
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Manchester 


Manchester battery plate, 106 
Mandrels for rodding underground con- 
duits, 257 
Manganin, 1935, 1936 
Manhole for underground conduits, 251, 
256 
Manila rope, strength and weight, 1243 
Mantles, gas, 604 
Marble, properties, 803 
Marchese processes, 431 
Masonry, Bricks and Brick Masonry, 163, 
164 
friction coefficient, 552 
stresses allowed by building laws, 174 
Mass, 
center of, definition, 931 
curve, of stream flow, 748 
definition, 930, 1751 
effect've, 504, 509 
values, see Weights of Materials, 1838, 
1839 
Mathiessen’s standard for conductivity, 
1220, 1858 
Maxicator, 329 
Maxima and Minima, 928 
Maximum demand, definition, 1299 
indicators, see Demand Indicators, 326- 
330 
Maximum traction truck, 204 
Maximum value, definition, 10 
Maxwell, definition, 405 
Maxwell’s equations for electric and mag- 
netic fields, 1833 
Mazda lamps, 849 
Measurements, electrical, 
Ammeters, 34-40 xx te 
Ampere-Hour Meters, 41-43 
Balances, Current, 66 
Bridges for Electrical Measurements, 165- 
170 
Demand Indicators, 326-330 
Frequency Indicators, 549-550 
Ground Detectors, 696-698 
Ohmmelers, 1027-1028 
Oscillographs, 1032 
Potentiometers, 1078-1083 
Power-Factor Indicators, 1084-1086 
Sechometer, 1251 
Shunts, 1258, 1259 
Spark Gap, 1288, 1289 
Synchronizers and Synchroscopes, 1504 
1506 
Transformers, Instrument, 1638-1652 
Voltmeters, 1789, 1790 
Watthour Meters, 1806-1815 
Watimeters, 1816-1827 
Measurements, magnetic, see Magnetic 
Testing, 911-927 
Measurements, precision of, see Errors of 
Observation, 527—529. 
Mechanícal equivalent of heat, definition, 
706 
value in various units, 713, 1754 
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Moment ome 


Mechanics, Principles of, 929-946 


Yament 

conversion factors, tables, 1757-1772 m 
definitions of terms, 929-940 aic 
equilibrium, equations of, 941 ine 
motion, equations of, 942-946 Yger 
harmonic, 944 l liit 
rotation of particle, 943 drot 
rotation of solid body, 945 dp 
three dimensional, 945 Fila 


translation, 942 “bane 


Mega-, as prefix, 1755 Em 
Megger, 1027 Fon 
Megohmit, 803 i By 
Megohms constant, 1338, 134r " 
Melting point, table, 709, 710 | Yos 
Membranes, semi-permeable, 458 [sr 
Mensuration, 947-948 | Eia 
Mercury, dE 

ampere-hour meters, 42 M 


-arc rectifiers, see Rectifiers, 1209-1211 y x 


fulminate, 531 | Motor 

-motor watthour meters, 1808 j m 

-vapor lamps, 845 y 
Mershon’s chart, 1671 e 
Mesh connection, 26 k c 
Messenger construction, 1925 » 
Metallurgy, electric furnaces in, 569 h 
Meter constants, 1813 i 
Meters, electric, see name of meter ) l 
Metric system of units, definition, 1750 “ | 

multiples and submultiples, 1755 Ü ow 
Mho, definition, 390 bos 
Mica condensers, 239, 804 "e 
Micabond cloth, 804 
Miconite, 804 td 
Micro-, as prefix, 1755 * y 
Microfarads constant, definition, 1338 " 
Microphone, definition, 1355 ( 


Mikado type of steam locomotives, 880 
Milli-, as prefix, 1755 k 
Milliken telegraph repeater, 1510 p 
Millivoltmeter as ammeter, 37 l 
Mills, steel, see Steel Mills, 1410-1416 I 
Minerallac, 805 
Minima, see Maxima and Minima, 98. , 
Minnidoka project, costs, 1115 
M.m.f., see Magnetomotive force 
Modulus of elasticity, definition, 1419 
Modulus, section, definition, 1421 

values for plane sections, 1424 
Moebius process, 430 
Moisture, in transformer oil, 1029-1031 

in wood for poles, 1060 
Mol, definition, 437 
Mold for casting iron and steel, 206 
Molding, wooden and metallic, 1953 
Molecular weight, definition, 436 

of gases, table, 712 
Moment, 

bending, calculation, 1441 

definition, 1423 
of a force, ses Torque 
of inertia, see Inertia, moment of 


a. 


Aat 


Tm» 


Moment 


Moment, continued, 

of resistance, definition, 1421 

statical, 1421 

three moment equation, 1423 

Momentum, 
linear and angular, definitions, 934 
of rotating parts, 158 

Mond process, 610 

Monel metal, 1935, 1936 

Monocyclic system, 368 

Morse, chain, 212 

telegraph, apparatus, 1507 
code, 1515 
system, 1516 

Morse and Henning pyrometer, 1147 

Moscicki condensers, 240 

Motion, see Mechanics, Principles of, 
942-946 

Motor trucks, see Automobiles, Electric, 
50-62 

Motor, Motors, 

A-C. Commutator, 953-956 
applications, industrial, 978 
compensating winding, 955 
control, 274 
efficiency, 1315-1320 
heating, 1307-1314: 
insulation tests, 1321-1327 
losses, 1315-1320 
New Haven locomotive motors, 953 
rating, 1305, 1306 
repulsion, 955 
series repulsion, 956 
straight a-c. series, 954 
Thomson repulsion, 955 
Winter-Eichberg repulsion, 955 

-booster, definition, 1300 

Converters, 280, 949 
definition, 1301 

cranes, 310 

-curve period, 1174 

definition of, 1300 

Direct-Current, 957-971 
applications, 959, 972-982 
automobile, 52 
classification, 957 
commutating poles, 966 
compound, 958 
costs, 970 
current, calculation, 959 
design, 960, 963 
differential, 958 
efficiency, 961, 964, 1315-1320 
electromotive force, counter, 959 
heat run, 962 
heating, 1307-1314 
industrial use, see Motors, Industrial 

A pplications of, 972-982 
specifications for, 968 
installation, 967 

. insulation tests, 1321-1327 
losses, 1315-1320 
operation, 959; 967 


Motor 


Motor, Motors, Direct-Current, con- 


tinucd, 
performance, 970 
principle of operation, 959 
railway motors, specifications for, 968 
rating, 958-978, 1305, 1306 
regulation, 1328 
series, 957, 962-965, 975 
shunt, 957, 960-962, 975 
specifications, 968 
speed control, 966 
starting, 965; see also Starters, Motor, 
1363-1370 
testing, 961, 964 
troubles, 968 
voltage, 959 


weight, 970 
(see also Generators, Direct-Current, 
653-687) © 


Generators, 950 
Lighting Plants, 863 
(see also Substations, 1462-1471) 
generator, balancer, 375 
vs. synchronous converter, 279 
high voltage d-c., control of, 274 
induction, see Motors, Polyphase In- 
duction, 983-1013 and Molors, Single- 
phase Induction, 1014-1016 
Industrial Applications of, 972-982 
advantages of electric drive, 972 
Blowers, 134 
characteristics of motors, 975 
classification of motors, speed, 978 ; 
compressors, 134 
Dredges, 379-381 
efficiency, effect of, 974 
electric drive, advantages, 972 
Elevators, §13-517 
Fans, 536-539 
flywheels, 547-548 
group vs. individual drive, 972 
Hoists, 734-738 
Machine Tools, 892-896 
Printing Presses, 1136-1138 
Pumps, 1141-1142 
rating, 978 
selection of motors, 973 
Shovels, 1257, 1258 
size, determination of, 979 
specifications for d-c. motors, 968 
Steel Mills, 1410 
type, determination, 979 
Unloaders, Coal and Ore, 1775-1777 
Valves, 1778-1780 
Polyphase Induction, 983-1013 
.. applications, industrial, 972-982 
charactetistic curves, 1004 - 
control of speed, 1009-1011 
core-loss, 995 
costs, 1013 
current at stand-still, 997 
current taken by, 987 
definitions, 983 
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Motor, Motors, continued, 
Polyphase Induction, 
design, 988-992 
air-gap, 989, 993 
armature, 988 
examples of, 1005-1007 
flux per pole, 991 
magnetic circuit, 991, 992 
slots, 990 
efficiency, 992, 996, 1315-1320 
electromotive forces, 985 
excitation test, 1000 
exciting current, 992, 997 
faults, 1012 
field rotation of, 984 
frequency, 987 
friction, 996 
heat runs, 1002 
heating, 1307-1314 
impedance at stand-still, 997 
installation, 1011 
insulation tests, 1002, 1321-1327 
load test, 1001 
losses, 995, 1315-1320 
magnetizing current, 986, 992 
maximum output, 998 
operation, 1011 
performance, calculation, 1002-1095 
performance, examples, 1005-1007 
phase position, 1022, 1025 
poles, definition, 983 
power factor, 992, 996 
rating, 986, 998, 1305, 1306 
reactance, leakage, 994 
regulation, 1328 
resistance, 994, 996 
rotating flux, 984 
rotor, definition, 983 
‘rotor, losses, 1320 
short-circuit impedance test, 1000 
slip, 985, 996, 998 
slip, tests of, roor 
specifications, 1012 
speed, control, 1009-1011 
synchronous, 985 
usual values, 987 
starting, methods of, 1007 
torque, 997 
(see also Starters, Motor, 1366-1368) 
stationary torque test, 1000 
stator, definition, 983 
stray load-losses, 1320 
vs. synchronous motors, 1017 
temperature rise, 998 
testing, 1000 
torque, 985, 986, 997 
voltage, usual values, 987 
weights, 1013 
Railway, 
capacity, 1187-1190, 1348 
determination of, 1188, 1191-1198 
characteristics, 1191 
, coasting, effect, 1198 
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Motor, Motors, Railway, continued, 
control systems for, 266 
efficiency, 1315-1320, 1345 
equipment for railways, 1165-1200 
gear ratio, effect, 1198 
heat storage capacity, 1190 
heating, 1307-1314, 1344 
insulation tests, 1321-1327 
intermittent load, effect, 1189 
losses, 1315-1320, 1345 
maximum input, 1344 
over-all efficiency, 1172, 1173 
rating, 1305, 1344 
selection, 1190, 1347 
service requirements, 1348 

stand tests, 1347 
suspension of, 204 
temperature limits, 1344, 1348 
repulsion, 955 
series repulsion, 956 
Single-Phase Induction, 1014~1016 
efficiency, 1315-1320 
exciting current, 1014 
heating, 1307-1314 
insulation tests, 1321-1327 
Josses, 1315-1320 
performance, 1014 
power factor, 1014 | 
rating, 1305, 1306 
regulation, 1328 
starting, methods, 1015 
stalling torque, 1315 
Synchronous, 1017-1026 
applications, 977, 1018 
armature reaction, 1020 
calculations, 1020 
costs, 1026 
efficiency, 1021, 1315-1320 
excitation, 1020, 1021 
design, 1020 
dimensions, 1026 
heating, 1307-1314 
hunting, 1022 
impedance, synchronous, 1020 
vs. induction motors, 1017 
installation, xo25 
insulation, 1025 
insulation tests, 1321-1327 
lag due to load, 1022 
losses, 1021, 1315-1320 
operation, 1018, 1025 
output, maximum, 1023 
phase characteristics, 1021, 1024 
as phase-modifer, 1024 
phase position, 1018, 1025 
principles, ro18 
rating, 1305, 1306 
reactance, leakage, 1020 
short-circuit current, 1020 
specifications, 1025 


starting, 1023, 1025; see also Slafitrs, 


Motor, 1368 
stray load-losses, 1320 
1998 i 


hir 
‘wor, Motors, Syr 


^ stdronizing to 


s synchronous 
synchronous im 
testing, 1024 
torque, starting 
\-curves, 1021 
voltage, termi 
eight, 1026 
‘ee also Gen 
rent, 616-6: 
‘iee-phase ind 
Polyphase. 
watrol of rai 
with dywhee 
Etpe circuit, 
ole distribt 
"uple-unit co 
“pliers, 107 
imay bridge | 
"trph sys 
sin, varni 
nished, 18; 
‘cuual-induct 
P Inductive 
Ata, as pre 


Vath va 
‘tonal Ele 
1951 
cutent-cay 

wires an 
round cq 
tlicatic 
Mal E] 
books, 
‘tonal F 
NEI 
tuta ce 
‘tural g 
| MS gt 
Sal la 
east’ 
Mtr 
Neural, 
Us, ( 
é Cray 
q UM 
Ws Y 
i 
"Min 
Nickel 
re 
Nitro 
Nitto 
MTS 


"T 


Motor 


Motor, Motors, Synchronous, continued, 
synchronizing torque, 1022 
as synchronous condenser, 1024 
synchronous impedance, 1020 
testing, 1024 ` 
torque, starting, 1023 
V-curves, 102k 
voltage, terminal, 1017 
weight, 1026 
(sce also Generators, Allernating-Cur- 
rent, 616-652) 
three-phase induction, see also Motors, 
Polyphase Induction, 9853-1014 
control of railway, 275 
with flywheel, 547 
Multiple circuit, calculation, 21, 393 
Multiple distribution systems, 364 
Multiple-unit control of, 269 
Multipliers, 1078, 1790 
Murray bridge tests, 1915 
telegraph system, 1528 
Muslin, varnished, see Cambric, 
nished, 181 
Mutual-inductance, see /nduclunce and 
Inductive Reaclance, 730-792 
Myria-, as prefix, 1755 


Var- 


Naphtha vapor mantle lamps, 773 
National Electric Code (N.E.C.), 1360, 
I95I 
current-catrying capacity, 
wires and cables, 1908, 1944 
ground connections, 690, 701 
publications, 1360 
National Electric Light Association, hand- 
books, 1360 
National Fire Protection Association, code 
(N.E.C.), 1360, 1951 
Natural cement, 210 
Natural gas, 592, 594 
N.B.S. standard resistance, 1228 
Nernst lamps, 849 
Nernst's thermodynamic theorem, 452 
Network, a-c., solution of, 24 
Neutral, 
axis, definition, 1421 
Grounding of Electric Circuits, 699-730 
point of star connection, 26 
New York Central Railroad locomotives, 
874, 876 
Nichrome resistance wire, 1936 
Nickel, plating, 425 
refining, 430 
Nitrogen fixation, 572 
Nitrogen-Blled lamps, 849 
Nitroglycerine, 530 
Nobility of the elements, 45° 
Non-inductive load, definition, 1297 
Non-sinusoidal currents and voltages, 
formulas and relations, 22 
Notation, A.1.E.E. standard, 1, 1300 
Nozzles, deflecting, 1805 
flow of steam through, 1375 


insulated 


Oscillations 


Nozzles, continued, 
flow of water through, 744 
for impulse wheels, 1794 
N. Y, N.H. &H. R. R, 
catenary suspension, 1738-1740 
connections of distribution systems, 
1727 
locomotives, 874, 876 
motors, 953 j 
tests on resistance and reactance of rails, 
1725 


Ox, sec Timber, 1587 
Observation, errors of, see Errors of Obser- 
valion, 5277529 
Obsolescence, definition, 331 
Oersted, definition, 413 
Offices, lighting, 762 
Ohm, definition, 390, 1773, 1774 
Ohm’s law, 391 
Ohmmeters, 1027-1028 
Oil, 
burners, .140 
circuit breakers, see Circuit Breakers, 
220-227 
conductivity, thermal, 719 
engines, see Gas engines, 545-602 
flashpoint, table, 725 
Fuel, 561 
gas, 603 
for impregnating paper, 1037 
lubricating, 887, 888, 891 
specific gravity, 1839 
switches, see Circuit Breakers, 220~227 
Transformer, 1029-1031 
dielectric constant, 1029 
dielectric strength, 1029 
drying, 1633 
moisture, effect, 1029 
moisture, removal, 1030 
properties, mechanical, 1029 
testing, 1031 
of vitriol, 6 
weight, 1839 
Oiling systems for power stations, 1126 
Ontario Hydro-Electric Commission, costs, 
1116 
Ontario Power Co., control room, 1479 
Open-hearth process, 1402 
Operation, see name of apparatus 
Operator, Operator’s, 
paralysis, telegraph, 1507. 
speed, telephone, 1561 
telephone, A and B, 1545 
Ore unloaders, see Unloaders, Coal and 
Ore, 1775-1777 
Organization expenses, cost, 1114 
Oscillations, detection, 1832 
free, equations for, 1655 
free, of wireless circuit, 1846-1849 
transformer, 1844 
(see also Transient Electric Phenomena 
and Oscillations, 1653-1656) | 


1909 


Oscillator 


Oscillator, grounded, 1847 
Hertz, 1835 


rectilinear, 1847 
Oscillating current, definition, 389, 1296, 


1357 
Oscillographs, 1032-1035 
adjustments, 1034 
Braun tube, 161, 162 
connections, 1034 
costs, 1035 
moving-coil type, 1032-1034 
photographing, 1033 
types, 1032 
vibrator, 1032 
Osmosis, electric, see Endosmose, $18 
Osmotic pressure, definition, 439 
laws, 459 
theory, 458 
Ostwald calorie, 705 
Overload release, 1363 
Over-speeds,. I315 
Over-voltage, 456 
Oxidation, electrolytic, 432 
. Oxygen, production, 434 
Ozone, production, 435 


Pacific type of steam 
880 
Panama Canal, valve mechanism, 1780 
Panel, definition, 1428 
Panelboard, 1940 
Paper, 
condensers, 240 
Impregnated, 1036-1038 
application to conductors, 1893 
dielectric strength, 1913 
insulation thickness, 1899 
manufacture, 1036 
properties, electrical, 1037-1038 
properties, mechanical, 1037 
resistivity, 1902 
vs. rubber, 1999 
specifications, 1921 
weight, 1901 
insulating Properties, 805 
specific gravity, 1839 
weight, 1839 
Para rubber, see Rubber, 1247-1251 
Parabola, area, 947 
equation, 523 
Paraboloid, volume, 948 
Paraffin, insulating Properties, 805 
Parallel circuit, calculation, 21, 393 
Parallel operation, see name of apparatus 
Parallelogram, area, 947 
Paramagnetic substance, definition, 412 
Parsons turbine, 1394 
Passivity, 458, 475 
Pasted plate batteries, 103 
Path of change, thermodynamic, 1567 
Peak factor, definition, zr, 1297 
Peat, 555 


locomotives, 


m x 


Philadelphia 
Pennsylvania Railroad, 
contact rail construction, 1573 
locomotives, 874, 876 
Penstock, 1793 
long, pressure in, 1802 
Pentane standard, 1044 
Per cent drop, definition, 1208 
Percentage saturation, 1298 
Performance, see name of apparatus 
Period, definition, 10, 1296 ' 
harmonic motion, 944 
of oscillatory circuit, 1845 
Periodic law, 511 
Periodicity, definition, 10 
Permanent way for railways, 1201-1205 
Permanizing processes, for battery plates, 
107 ^ 
Permeability, 
bridge, 918 
curves, typical, goz 
definition, 899 
determination, see Magnetic Testing, 
911—920 ° 
factors affecting, 899 
magnetic, definition, 412 
maximum, 902 
measurement by fluxmeter, 546 
Permeameters, for shop tests, 918 
principle of, 423 
Permeance, magnetic, definition, 413 
Permutations and Combinations, 1038 
Petroleum, 561 
Phantom circuits, arrangement, 1548 
definition, 1354 
Phantomed cable, definition, 1355 
Phase, 
advancer, definition, 1301 
angle, 
constant, definition, 1678 
definition, 14 


of instrument transformers, see Trans» 


formers, Instrument, 1638-1652 


characteristics of synchronous motot, 


1021, 1024 
connections, 
Generators, Allernating-Current, 645 
Motors, Polyphase Induction, 987 
Transformers, 1612-1617 
converter, definition, 1301 
definition, 1296, 1298 
difference, definition, 14, 1297 
equivalent, definition, 1297 
in symbolic notation, 25 
harmonic motion, 945 
-modifier, definition, 1301 
see Condenser, Synchronous, 1667 
and Motors, Synchronous, 1024 


position of synchronous motor atmature, 


1025 


-shifting device for potentiometers, 1082 
“splitting, Motors, Single-phase Indu 


tion, 1051 


Philadelphia moonlight schedule, 777 
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Phono-electric 


Phono-electric wire, 1872, 1878 
Phosphorus, manufacture, 569 
Phot, definition, 1349 
Photometers, see P/iotometry, 1045-1050 
Photometric bar, 1047 
Photometric Quantities, 1039-1042 
absorption coefficients, table, 1042 
brilliancy, intrinsic, table, 1040 
candle, standard, 1039 
distribution curves, 1039 
illumination, 1040 
light flux, 1039 
luminous intensity, 1039 
reflection coeficients, table, 1041 
spherical reduction factor, 1040 
surface brightriess, 1040 
Photometry, 1043-1051 
bar, photometric, 1047 
color equalizing screens, 1047 
colorimetry, 1050 
definitions, 1349-1352 
flux distribution, measurement, 1048 
photometers, integrating, 1048, 1049 
portable, 1049, 1050 
stationary, 1045-1048 
photometric balance, 1043 
precautions in observations, 1051 
sector disks, 1047 
sight boxes, 1045 
standard lamps, 1043-1045 
tests, 1351 
Vision, Laws of, 1784-1788 
Photophone, 1252 
Pi (x), equivalent circuit, definition, 1353 
of transmission line, 1676, 1683 
value, 1051 f 
Pickling in electroplating, 424 
Picric acid, derivatives, 531 
Pinch effect in induction furnaces, 572 
Pine, see Poles, 1062, and Timber, 1587 
Pinion, 612 
Pins, insulator, see Insulator Pins, 815- 
817 
Pintsch gas, 603 
Pipes and Piping, 1052-1061 
bends, effect on flow, 1059, 1061 
costs, ITIO : 
‘coverings, 1056 
dimensions and weights, 1052-1056 
cast iron, 1053 
riveted, 1955 
sheet iron, 1054, 1055 
welded, 1053, 1054 
electrolysis, 478 
fittings, 1056 
- flow of air, 1059 
flow of steam, 1061 
flow of water, 1057 
formulas for dimensions and safe pres- 
sures, 1056 
as ground connection, 693 
Valves, 1778-1780 
effect on flow, 1059, 1061 


Poles 
Pipes and Piping, continued, 
water hammer, 1059 
wooden stave pipes, 1056 
Piping systems for steam power stations, 
1127 
Pitch, coil, 620, 656 
constant, definition and values, 630 
pole, 619, 662 
slot, 620 
Pitot tube, 743 
Pivot bearings, 120 
Plane sections, properties of, 1424 
Plant factor, definition, 1299 
Plant test, 1390 
Planté plate, 103 
Plates, electrostatic, capacity of, 185 
sheared, properties of, 1429 
Plating, clectro-, 424-428 
Platinum scale of temperatures, 1148 
Plow trolley, 229, 1748, 1749 
Plugs for telephone switchboards, 1539 
Plunger magnets, see Electromagnets, Lift- 
ing and Plunger, 490-500 
Polarization, definition, 67, 443 
Pole, poles, 
arc, definition, 619 
of battery, definition, 67 
changers, telephone, 1533 
held, 
Generators, Alternating-Currenl, 1624 
Generators, Direct-Current, 662 
of induction motor, 983 
North and South, definition, 404, 412 
pitch, definition, 619 
shoe constant, definition, 629 
Poles for Overhead Lines, 1062~1077 
costs, 1077, 1707 
Cross Arms, 313-316 
attachment of, 1073 
defects in wood, 1065, 1066 
distribution lines, 356 
forces acting on, 1071-1073 
framing, 1073, 1074 
gaining, 1074 
ground, depth of setting in, 1075 
guying, 1075 
hardware, 1073, 1075 
Insulator Pins, 815-817 
Insulators for Overhealed. Lines, 818-825 
life, 1070 
moisture content table, 1067, 1068 
pole line, design, 354: 
preservative treatment, 1068-1070 
repairing, 1077 
roofing, 1068 
seasoning, 1067, 1068 
specifications, 1071, 1074, 1075 
strain insulators, 1076 
strength, 1072 
taper, 1062 
weight, 1067 
wind pressure on, 1842 
woods used, 1062-1065 
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Pollak-Virag 


Pollak-Virag telegraph system, 1526 
Polyphase, definition, 1298 
Polyphase systems, 
current and voltage, relations in, 27 
definition, 26 
Pondage, 748 
Pony insulators, 820 
Porcelain, insulating properties, 805, 1818 
mechanical properties, 818 
Portland cement, 209 
Potassium, manufacture, 569 
Potassium chloride, electrolysis, 433 
Potential, 1768 
absolute electrode, 472 
coefficient, 182 
contact, 446 
contact, theory of, 470 
difference, electric, conversion factors, 
1768 
difference, magnetic, conversion factors, 
1772 
and decomposition voltage, 455 
electric, definition, 386 
electrode, table, 449 
energy, 941 
gradient, disruptive, 301 
magnetic, definition, 412 
transformer, see Transformers, Instru- 
ment, 1638-1652 
Potentiometers, 1078 
alternating-current, 1083 . 
phase-shifting device, 1082 
costs, 1083 
direct-current, 1079-1081 
null types, 1079-1033 
precision, 1083 
principle of, 1078 
for testing instrument transformers, 1647 
uses, 1078-1083 
Potheads, 1559 
Poulsen's arc generator, 1856 
Powder, explosive, 530 
Power, 
alternating-current, definition, r1, 1297 
component, definition, 17 
conversion factors, 1767 
definition, 941 
electric, definition, 394 
indicator, Ryan's electrostatic, 162 
limiting reactances, 1207 
of non-sinusoidal currents and voltages, 
22 : 
required, see name of apparatus 
of sine-wave current and voltage, 15 
in symbolic notation, 25 
three-phase, measurement, 1823-1826 
single-wattmeter method, 1823 
three-wattmeter method, 1825 
two-wattmeter method, 1823 
Power factor, 
angle, definition, 15 
definition, 12, 16, 1298 
effect on line regulation, 373 


Power factor, continued, 


Power " 


measurement by wattmeter, 1824 tá p 
for sine-wave current and voltage, 15 Wee b 
(see also name of apparatus) me i 
Power-Factor Indicators, 1084-1086 inis 
costs, 1086 fssin 
moving-coil type, 1084, 1085 "s n a 
moving-vane type, 1085 quss 
range, 1086 dns 
reactive volt-ampere indicators, 1085, ^... 
1086 hid i 
Power Stations, Hydroelectric, 1089- si 
1118 x 
apparatus, location, 1093 ul 
building, design, 1089-1093 ng 
building, location, 1089 Sspahn 
costs, capital, 1108-1116 T 
costs, operating, 111471116 m at 
dimensions, approximate, 1108-1114 . aa 
exciters, drive of, 1097 stad. 
exciters, location, 1093 Sine 
exciters, systems of, 1096-1099 ills 
foundations, 1091 bud 
generators, 1093, 1096 bag 
ground connections, 1104 (xm 
lightning arresters, 1095, 1103-1100 — i 
operation, 1107 ‘aati 
operating records, 1107 ' ge gk 
sectionalized bus, 1102 Sinis 
speed variation, 1800 ‘ating 
stations, list of important, 1117, 1118 di 
switchgear, 1094, 1101-1103 “ome 
transformers, 1093, 1100, IIOL "n 
transformer connections, 1101. n 
turbines, 1093, 1096 Her 
voltage regulation, 1099 "T 
wiring, 1106 hires: 


(see also name of apparatus) 


. Nea 
Power Stations, Gas-Electric, 1087-108 | 


costs, 1088 kun 
layout of station, 1087 unt 
units, number and capacity, 1087 Ihe 
Power Stations, Steam-Electric, IH? 5, 
1134 Tfi 
apparatus, location, 1125 NM 
boilers, capacity and, number, 1120 Moti 
boilers, spacing, 1121 l esi 
building, design, 1120 tet. 
building, location, 1119 Lom 
coal, handling and storage, 1122, 1123 Dang 
coal unloaders, 1775-1777 tl 
condenser water systems, 1124 iny 


cooling systems, 296 
costs, capital and o 
drainage, 1129 


ating, 113371135 — ,. 


economizers, 1122 Ii 
excitation, 1131 (dei 
feed-water systems, 1124 | Hx 
floor-space required, 1126 d 
foundations, 1119 i lj 
generators, 1130 "Sl 
ground connections, 1139 (o mp 
piping, 1127-1129 "xt 
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Power Stations, continued, 
valves, 1129 
wiring, 1132 
(see also name of apparatus) 
Powers, see Roots and Powers, 1241 
Precipitation, electrostatic, 510 
Precision, of instruments, see name of 
instrument 
of measurements, see Errors of Observa- 
lion, 527-529 
Prepayment meters, 1811 
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PERL Preservative treatment, for timber, 1068 
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Pressboard, 806 
Presses, printing, electric operation, 1136- 
1138 
Presspahn, 807 
Pressure, 
back, of steam condensers, 246 
mechanical, definition, 739, 937 
partial, 714 
osmotic, see Osmotic pressure, 
wind, see Wind Pressure, 1840-1 843 
Primary batteries, see Batteries, Primary, 
67-76 


“N — Prime movers, Lighting Plants, 861 
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pulsation in, 1300 . 
variation in, definition, 1299 
(see also Gas Engines, Steam Engines, 
Steam Turbincs) 
Printing Presses, Electrical Operation 
of, 1136-1138 
Printometer, 329 
Prism, volume, 947 
Producer gas, 593, 594 
Producers, gas, see Gas Producers, 609- 
611 
Progression, Arithmetical and Geomet- 
rical, 1138 n 
Prony brake test, motors, 961 
Propagation constant, definition, 1354 


Protective reactances, see Reaclance Coils, 
1206-1208 


Psychiloid, 807 
Puddling process, Iron, Wrought 834 
Pulleys, 128 
Pulsating current, definition, 389, 1296 
. Pulsation, in prime movers, definition, 1300 
test, 289 
Pulsometer, 1140 
Pumps and Pumping Engines, 1139-1142 
air lift, 1140 
duty, 1141 
efficiency, 1140 
electric drive, 1141 
for electrically operated dredges, 379 
injectors, 1139, 1141 
performance, 1140 
pulsometer, 1140 
slip, 1140 


$ types of pumps, 1139 


water horse-power, 1140 
ping-back, test, 678 
Puncture of dielectric, 402 


Railway 


Puncturing voltage, see Dielectric strength 
values, see name of materiai 
Pupin coils t551 
Purifiers, see Feed-Water Heaters, 540 
Purkinje effect, 1784 
Puzzolan cement, 210 
Pyramid, area, 948 
Pyrometers, 1143-1155 
calibration, 1154 
classification, 1143 
costs, I154 ` 
optical, r145 
platinum temperature scale, 1148 
precision, 1155 
range, 1154 
resistance, 1148 
thermoelectric, 1150 
total radiation, 1144 


Quadded cable, definition, 1355 

Quadrant electrometer, sor 

Quadratic equation, 519 

Quadrature, definition, 15 
component, definition, 17, 1297 

Quantity of electricity, 
Ampere-Hour Meters, 41-43 - 
conversion factors, 1767 
definition, 384 

Quarter-phase, definition, 1298 

Quarter-phase system, definition, 28 
distribution, 367 

Quartz tube mercury arc lamps, 846 


Radiating powers, table, 716 
Radiation, 
electromagnetic, 1835 
of heat, 715 
logarithmic decrement by, 1848 
specific luminous, definition, 1350 
sustained, definition, 1358 
(see also Heat and Thermal Properties |. 
and Waves, Electromagnetic) 
Radiators, cast-iron, 731 
Radical, definition, 436 
Radio, S/andardization Rules of A.I.E.E., 
1356 
Radius of gyration, see Gyration, radius of 
Rails, Track and Third, 1156-1158 
bonded, impedance to signal currents, 
1267 
composition, 1156 
expansion, 152 
resistance and reactance, a-C., 1724 
resistance of rails, 1156, I158 
wear, allowance for, 1157 
(see also Steel, 1402-1409) 
Railway, Railways, 1402-1409 
A.LE.E. standards, 1341-1349 
Electric, Traction Systems for, 
1164 
analysis of project, 1161 
applications, 1159 
historical development, 1159 
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Railway, Railways, Electric, continued,. 
interurban roads in U. S., 1163 


steam roads, electrified in U. S., 
1162 

steam roads, electrified in Europe, 
1164 


systems of electric traction, 1160 
Energy Requirements and Motor 
Capacity for, 1165-1199 
acceleration, 1169. 
acceleration constant, 1169 
adhesion coefficient, 1171 
analytical method of predetermining 
energy and motor equipment, 
1191-1198 
average characteristics, 1191 
braking, 1169 
coasting, 1174, 1198 
current, R.M.S., 1187 
curves, 1168, 1175 
distance-time curves, 1173 
draw-bar pull, 1165 
efficiency, over-all, 1172 
energy consumption, calculation of, 
1177-1187 
from tests, 1176, 1198 
forces acting on train, 1165 
gear ratio, 1170, 1198 
grades, 1168, 1171, 1175. 
heating, power required, 1199 
lighting, power required, 1199 
load diagram, 1198 
loads, substation and power station, 


1199 
motor capacity, 1187-1190 
power ratio, 1170 z 


power required, 1172 
resistance, train, 1166-1168 
speed, average and schedule 1175 
speed-time curves, 1173 
step-by-step method, 1179 
stops, duration, 1175 
tractive effort, 1165, 1170, 1171 
train diagram, 1198 
train resistance, 1166-1168 
voltage, average, 1187 
Location and Permanent Way for, 
1201-1205 
construction of permanent way, 1205 
cost of permanent way, 1205 
definitions of terms used on maps and 
profiles, 1202 
field location, 1202 
office study, 1202 
maintenance of permanent way, 1205 
preliminary survey, 1201 
reconnoissance, 1201 
motors, 
Motors, Alternaling-Current, 953-956 
Motors, Direct-Current, 957-971 
Motors, Polyphase Induction, 983-1013 
rating, A.I.E.E. standards, 1345 . 
regulating batteries for, 9o 
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Railway, Railways; continued, | taclance 
signaling, see Signaling, Railway, 126-9 suia 


1280 | otir 
substations, see Substations, Railway, | zing 
1463-1471 vaight, 1 
track, see Rails, Track and Third, 1156- ias. 

| 1158 cmatur 
track bonds, see Bonds, Railway Track, |. s 
148-157 | old 
Rainfall, 745 "els, 


Range, electric, 733 


Rankine cycle, 1382, 1396 a 
Rateau turbine, 1393 dm 
Rates, telephone, see Telephone Trafic anf dem 
Rates, 1561 a 
Rating of electrical machines, Mes 
A. I E.E. standards, 1305 2. 
continuous, 1306 kms 
nominal, 1307, 1343 A 
short-time, 1307 o 
(see also name of apparatus) js 
Rating plate, information to be given o, bu 
1333 lesle 
Ratio coils, of Wheatstone bridge, 166 hon 


of instrument transformers, see Tren- LR 
formers, Instrument, 1638-1652 SRI 


Rebonding, 156 pus 
Roller bearings, 120, 121, 123 
Reactance, Ss 

armature, 
definition, 13 Dp 
ap 


drop, per cent, definition, 1298 
equivalent, definition, 13 
external, with converter, 290 


inductive, see Inductance and Indwlit a 
Reactance, 780-792 A d 
leakage, calculation, see name of ap i 
paratus i 
per cent, 1206 à 


power limiting, see Reactance Coils, 1101 
and susceptance, relation of, in at 
circuits, 19 
synchronous, 635, 642 
transformer, calculation, 1623 
voltage, Generators, Direct-Current, 666 `` 
Reactance Coils or Reactors, 1206-1208“ 
applications, 1206 t; 
costs, 1208 
definition, 1305 
dimensions, 1208 
efficiency, 1315-1320 
heating, 1307 
insulation, tests, 1321-1327 
iron-core reactance coils, 1206 
losses, 1315-1320 "in 
per cent reactance, 1206 A ra 
power-limiting reactance or protec? <<. 
coils, 649, 1207 | 
definition, 1341 n 
heating test, 1341- 1 » 
insulation test, 1321-1327 E 
rating, 1341 : 
rating, 1206, 134% 
I 
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Reactance Coils or Reactors, continued, 
in railway substations, 1407 
short-circuit, kv-a., calculation, 1207 
starting single-phase motors, 1015 
weight, 1208 

Reaction, reactions, 
armature, see Armature reaction 
upon structures, 1422 

calculation, 1437 
wheels, 1791 

Reactive, component, definition, 17, 1297 
factor, definition, 1297 
volt-ampere, definition, 1297 
volt-ampere indicators, ro85 

Reactor, reactors, see Reaclance Coils, 

1206-1208 
definition, 1300, 1305 

Réaumur temperature scale, 1564 

Recalescence point of steel, 708, 1.403 

Receivers, telephone, 1530 
definition, 1355 

Reconnoissance for railway project, 1201 

Recorders, telegraph, 1508 

Recording instruments, definition, 1305 

Rectifiers, 1209-1211 
crystal, 348 
eletrolytic, 1210 
mechanical, 1211 
mercury-arc, I209-1I21I 

applications, 1 209 
capacity, 1210 
connections, 1209 
costs, 1210 
dimensions, 1210 
efficiency, 1210 
operation, 1209 
polyphase, 1210 
regulation, 1329 
vs. synchronous converter, 279 
Weight, 1210 

Reduction, electrolytic, 432 
factor, spherical, definition, 1351 

Redwood, see Timber, 1587 

Reference surface, definition, 756 

Reference temperature, sec Temperature, 

ambient 

Refining, electrolytic, 428-431 
steel, 570 

Reflecting powers, 716 

Reflection coefficients, definition, 1350 
of light, ro4r 

table, 1041 

Reflection of heat, 715 

Reflectors for incandescent lamps, 857 

Refraction, electromagnetic waves, 1834 

Registers, telegraph, 1508 

Regulation, i 
arc lamps, 843 
Distribution Systems, 372 
Lighting Plants, 864 
speed, of industrial motors, 974 
speed, of water wheels, 1800-1805 


Resistance 


Regulation, continued, 
Standardisation Rules of A.I.E.E., 1327- 
1331 
voltage, of power stations, 1099 
voltage, see Regulators and name of 
apparatus 
Regulators, 1212-1215 
A.L.E.E. classification, 1304 
costs, I 213 
definition, 1304 
feeder, 374, 1212 
field, 1213 
induction, 1212 
potential, 1212 
step-tvpe, 1212 
Tirrill, alternating-current, 1214 
direct-current, 1213 
voltage, definition, 276 
(see also Relays, 1216-1218) 
Reichsanstalt standard resistance, 1228 
Reinforced concrete, see Concrele, Rein- 
forced, 236 
Reinforcing bars, 236 : 
Reluctance, magnetic, definition, 413 
Regenerative braking, 160 
Reiays, 1216-1218 
costs, r216 
definite time-limit, 1217 
inverse time-limit, 1217 
overload, r218 
overvoltage, 1217 
rating, 1218 
revcrse-current, 1217 
reverse-load, 1218 
telegraph, definition, 1355, 1508 
Lcic phone, definition, 1355 
track, 1204-1266 
(see also Regulators, 1212-1215) 
Remanent magnetism, definition, 897 
Renold chain, 212 
Repair sheds for electric cars, 202 
Repairs, see name of apparatus 
Repeaters, telegraph, 1509 
telephone, 1534 
Repeating coil, definition, 1356 
telephone, 1534 
Reservoir, storage, 748 
Residual, charge, 4ot 
currents, 454 
magnetism, 897 
Resin, 807 
Resistance, car, 54 
moment of, definition, 1421 
thermal, see Conductivity, thermal 
train, 1166-1168 
transition, 445 
Resistance and Conductance, Electric, 
1219-1226 
annealed copper standard, 1220 
boxes, see Resistors, 1229 and Rhaostats 
1231-1235 
calculation of resistance, 1221-1222 
conductivity, definition, 1219 
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Resistance and Conductance, continued, 
conversion factors, 1769 l 
critical, definition, 1357 
definition, 390 
effective, definition, 12 
equivalent, definition, 13 
furnaces, 563 
insulation, measurement of, 645 
insulation resistance of machines, limits, 
1326 
internal, of primary battery, 67, 72 
internal, of storage battery, 83, 115 
internal, test for, 111 
leads of a-c. series motors, 954 
Matthiessen’s standard, 1220 
per cent conductivity, 1220 
relations in a-c. circuits, 19 
resistance drop definition, 391 
resistance drop, per cent; 1298 
resistivity, definition, 1219 
measurements, 1222 
of metals, 1223-1224 
.of solutions, 1226 
units, 1220 
of water, 1225 
Skin Effect, 1281-1285 
specific electric, see Resistivity 
test of bonds, 155 
temperature coefficient, 
definition, 1221 
measurement, 1222 
of metals, 1223-1224 
of solutions, 1226 
of water, 1225 


LJ 


units, 1220 
wires, see Wires, Resisance, 1935- 
1937 
(see also name of apparatus) 
Resistivity, 


definition, 390, 1219 
electric, conversion factors, 1770 
electric, at high temperatures, 565 
measurement, 1222 
of insulators, see name of material 
of metals, table, 1223-1224 
of solutions, table, 1226 
units, 1220 
values, see name of material 
of water, 1225 
Resistor, definition, 1300-1341 
Resistors, Standard, and Resistance 
Boxes, 1227-1230 
arrangement of coils, 1229 
boxes, 1229 
costs, 1230 
mercury resistance, 1227 
N.B.S. standards, 1228 
Reichsanstalt standards, 1228 
(see also Rheostats and Resistors, 1233- 
1235) 
Resonance, 
curve, definition, 1357 
definition, 1355 
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Resonance, continued, tobber, 


in parallel circuit, 21 € plia 
in series circuit, 20 nmp 
Resonant circuit, Frequency Indicators, sa | du 
Respiration, artificial, 1255 lielect 


Retardation, coil, definition, 1355 dilect 
of trains, 1181 espans 
Retentiveness, definition, 898 ‘apuri 
Reversible process, definition, 1568 insula 
Rheostats and Resistors, 1231-1240 manui 
carbon rheostats, 1233-1235 | mecha 
commercial types, 1231 + neür 
definition, 276 i 5p 
design, general, 1231 NS 
field rheostats, 1232  . rel 
laboratory types, 1233 rest 
temperature rise, 1231 pel 
water rheostats, 1236-1240 ME 
design, 1238-1240 . temp 
types, 1236-1237 | n 
wire rheostats, iron, 1233 * tran: 
wire rheostats, submerged, 1235 vulc 
(see also Resistors, Standard, 1229-1230) eg 
Rhodemine enamel, 845 tuno! 
Right-handed screw rule, 406 mu 
Right-of-way, : 
way 


for railways, 1201 
for transmission lines, 1683 
cost, 1706 & 
Ringers, telephone, 1531, 1538 vig, 
Road surface, effect on energy consump ' ‘om 


tion of automobiles, 54 slur 
Robertson telegraph, 1526 cur 
Rodding of underground conduits, 257, 20 `, Í 
Roller.chains, 213 r 
Romapac continuous rail, 150 E 
Róntgen rays, see X-Rays, 1967-1969 
Roofs, live loads allowable on, 174 " fat 
Root-mean-square, current of railway im 

motor, 1187, 1194 (PN 


value (R.M.S.), definition, 11, 1296 df 
Roots and Powers, 1241 


Ropes and Rope Drive, 1242-1246 
friction coefficient, 1245 Ni 
manila rope, 1243 Xn 
power transmitted, 1243-1246 P. 
steel rope, 1242 e : 
strength, 1242, 1243 ; | : 
tension and sag, 1246 - " 
weight, 1242, 1243 2 

Rotary converters, see Comveritrs, Syr | X 

chronous, 279-291 Y 
Rotating field, Motors, Polyphase Indy: | s 
lion, 984 - T v 
Rotation, see Mechanics, Principles 9 : 
943-945 , 
reversal of, Motors, 960 T ` 

Rotor of induction motor, definition, 983 y 


Rousseau diagram, 765 
Rowland, electrodynamometer, 474 
. telegraph system, 1528 
Rubber, 1247-1251 

adulterants, 1248 
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Rubber, continued, 
application to conductor, 1893 
compounding, 1248 
conductivity, thermal, 719 
dielectric constant, 1251 
dielectric strength, 1250, 1911 
expansion coefficient, 723 
impurities, 12.47 
insulation thickness, 1898 
manufacture, 1248 
mechanical tests, 1914 
melting point, 710 
vs. paper, 1909 
production, 1247 
reinforced, 1894 
resistivity, 1249, 1902 
specific gravity, 1901 
specifications, 1919 
temperature coetlicient of resistance, 
1250 
transparency to X-rays, 1968 
vulcanizing, 1249 
weight, 1901 
Run-off, 745 
Ryan’s, electrostatic power 
, 162 
wave indicator, 161 


indicator, 


Sag, calculation, 1692-1700 
Salom process, 432 
Saturation, 
curve, 
full-load, definition, 643 
no-load, definition, 640 
typical, 632 
(see also name of apparatus) 
factor, definition, 1299 
magnetic, definition, 898 
percentage, 1298 
of steam, definition, 1371 
of steam, table, 1373 
Scalar quantities, definition, 929 
Scott connection, 1615 
Scrubbers for gas producers, 609 
Seasoning of timber, 1067 
Sechometer, 1251 
Secondary batteries, see Batteries, Storage, 
77-119 
Section modulus, see Modulus, Section 
Sections, plane, properties, 1424 
Sediment in lead batteries, 109 
acting, definition, 1358 
elective ringing s 
Selenium, i- E ystems, 1538 
light cells, 1252 
Self-inductance, see Inductance and In- 
ductive Reactance, 780-792 
Self-induction, definition, 41 
Selector bus- oy 
r bus-bar system, 176 
Maphores, 1268 
Parators for lead b 


atteries, 109 
Separators, Steam, 1253 


Signaling 


Series, 
circuit, calculation, 392 
distribution system, 363 
generators, 679 
-parallel control of railway motors, 266 
wound, see name of apparatus 
Series, Mathematical, 1253, 1254 
binomial theorem, 1253 
Fourier's series, 1828, 1829 
Maclaurin’s series, 1253, 1254 
Taylor’s series, 1253 
Serpek process, 573 
Service box for underground conduits, 251, 
255 
Service wires, 359 
Settings, boiler, 140 
Shading coils, Electromagnets, 499 
Motors, Sinzle-phase Induction, 1015 
Shafting, 1254 
Shafts, Generators, Alternating-Current, 626 
Sharp-Millar photometer, 1050 
Shear, calculation, 1438 
definition, 1418 
nature, 1423 
Shelf life of dry batteries, 72 
Sheet metal gages, see Gages, Sheet Metal, 
577-580 
Shock, Electric, 1255-1256 
burns and blisters, 1255 
death, indication of, 1256 
first ald, 1255 
from grounded and ungrounded cir- 
cuits, 699-701 
removal of victim from circuit, 1255 
respiration, artificial, 1255, 1256 
Shoe, third-rail, definition, 1572 
types, 228 
Shops, repair, for electric cars, 201 
Short-circuit, block, 38 
stresses, 1315 
Shovels, Electrical Operation of, 1257- 
1258 
control equipment, 1257 
motors, type and size, 1257, 1258 
Show windows, lighting, 763 
Shunt wound, see name of apparatus 
Shunts, 1258-1259 
ammeter, 36 
Ayrton and Mather, 1259 
construction, 1258 
costs, 1259 
universal, 1259 
use with alternating current, 37 
Siemens, electrodynamometer, 473 
gas, 592, 594 
Siemens and Halske processes, 431 
Sight boxes, 1045-1048 
Signaling, Railway, 1260-1280 
automatic block system, 1261-1275 
automatic stops, 1280 
block signals, location, 1271-1275 
blcck signals, mechanisms, 1268-1279 
bonds, impedance, 1266, 1268 


Signaling 


Signaling Railway, continued, 
classification of systems, 1260 
distant signal, 1271 
energy for track circuit, 1263 
home signal, 1271 
interlockings, 1275-1280 

apparatus, 1276-1278 
interlocking machines, 1278-1279 
non-automatic block system, 1261 
semaphores, 1268 
staff system, 1261 
track circuits, 1261-1267 
for electric road, 1262-1263 
impedance of, 1266-1267 
for steam road, 1261 
track relays, 1264-1266 

Silicon, manufacture, 568 

Siloxicon, 568 

Silundum, 568 

Silver, electrochemical equivalent, 442, 444 
plating, 427 
refining, 430 

Sine, hyperbolic, table, 750-753 
natural, table, 1709-1715 

-wave currents and voltages, 14 

Single-phase, definition, 1298 

Sinking fund, definition, 334 
Interest, Annuities and Sinking Fund, 829 

Sinusoid, equation of, 524 

Siphon recorder, 1509 

Sirocco fans, 536 

Six-phase, definition, 1298 

Skin Effect, 1281—1285 
copper-clad steel wires, 1285 
copper conductors, 1281-1284 
definition, 1355 
factors, affecting, 1281 
iron conductors, 1284 
strips and tubes, 1283-1284 
Transmission Lines, 1666 
wires, straight round, 1281-1283 

Slabs, concrete, 237 
continuous, 1461 

Slag cement, 210, 1402 

Slate, insulating properties, 807 

Sleet, formation on aluminum, 32 
removal from third-rail, 1584 
(see also Ice) 

Slide-wire bridge, 165 

Slip, 
of belts, 125 
of induction motor, 

calculation, 997 
definition, 985 
measurement, IOOI 
in pumps, 1140 
slipmeter, 1001 
use of stroboscope, roor 

Slipmeter, roor 

Slot factor, definition, 623 

Slot pitch, definition, 620 

Slots, see name of apparatus 

Sluice gates, 323 
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Smashing point, Lamps, Incandescent, Prycitica 


855 contrac 
Smoke, electrostatic precipitation of, $10  ! initi 
loss due to, 146 : bm of 
Smoke Prevention, 1286-1287 ints 
conditiong necessary, 1286 aliy 
Electrostatic Precipitation, 510 peci 
mechanical stokers, 1287 m 
methods, 1286 Stan 
steam jets, 1287 weal 
Smokestacks, see Chimneys, 214-219 isl 
Sodium, manufacture, 569 i E 
Sodium chloride, electrolysis, 433 URN 
Soils, bearing capacity allowed by build- f id 
ing laws, 175 L eniti 
bearing power, table, 1091 entr 
Solder, 9 limit 
Solenoid, solenoids, . + dme 
inductance of, 782 NT 
magnetizing force due to, 411 + en, 
simple, calculation of pull, 490 volur 
standard, for calibrating ballistic ga- “eric 
vanometer, 912 ytes, 
(see also Electromagnets, 484-500) vicin 
Solid angles, 44 à chan 
Solute, definition, 439 p 
Solution, definition, 439 , o 
heat of, table, 728 dte 
resistivity and temperature coefficient Ur 
of, 1226 “raat 
theory, 458 Me 
(see also Electrolytes) “roel 
Solvent, definition, 439 zea 
Sounders, telegraph, 1507 rue 
Space factor, Electromagnet Windings, 85 — ia 
in transformers, 1620 ia 
Spans, design, see Transmission Lines, 1692 ba. 
—1704 Sand 
trolley construction, see Trolley Systems, | San 
1718-1747 | 
Spark, | 5 
coils, see Induction Coils, 793-196 S 
|o 


electric, 402 
gap, effect on free oscillations, 1846 Y 
quenched, effect of, 1850 
Spark Gap for Measuring High Voll 
ages, 1288-1289 


i 
needle gap, spark-over voltages, 1325 ( 
sphere gap, spark-over voltages, 1320 i 

i 


x 
Standardization Rules of A.1.E.E., 133 | 4 
1326 d 
time of application of voltage, 1288 e 
Specific consumption, definition, 1351 h 
Specific gravity, i 
li 


Beaumé scale, 1887 
definition, 930, 1837 
table, 1838, 1839 
(see also Density) 
Specific heat, definition, 706 
table, 707 
Specific inductive capacity, see Dielectric 
constant 
Specific resistance, see Resistivity 


2 Specifications 


* Specifications and Contracts, 1290-1294 


contracts, 1293 
definitions, 1290 
form of, 1290-1292 
points to be covered, 1292, 1293 
policy to be followed, 1290 
specifications for machines, 1293, 1294 
standard, see Standardization Rules and 
Standard S pecificalions, 1359-1302 
(see also name of apparatus or structure) 
Speed, 
average and schedule, 1175 
classification of motors, A.I.E.E. Stand- 
ard, 1302 
control, see Control and Controllers 
control of d-c. motors, 960, 960 
-limiting device, 290 
-time curves, 1173, I179 
(see also name of appuratus) 
Sphere, area, 948 
volume, 948 "IL. 
Spherical reduction factor, definition, 10.10 
Spikes, electrolysis, 477 
Splicing, 
chamber, 251, 254-256 
protection of cables in, 1926 
conductors, see Jointing conductors 
of telephone cables, 1559 
Split-pole converter, 280, 291 
Sprague-Gencral Electric control, 270 
Spree-aluminum, 32 
Sprockets, for chains, 213 
gear, 612 
Spruce, see Timber, 1587 
Stability, conditions of, 942 
factor, Generators, Dircct-Current, 669 
Stacks, see C/timneys, 214-219 
Standard cells, see Cells, Standard, 207-208 
Standardization Rules of the A.LE.E., 
1295-1358 
abbreviations, r, 1300 
cables, heating, 1336 
cables, tests, 1336 
capacitance, 1338 
classification of machinery, 1300-1305 
instruments, 1305 
rotating machines, 1300 
Stationary induction apparatus, r304 
copper, conductivity, 1335 
definitions, 1296, 1341, 1349, 1352 
dielectric tests, 132r 
efficiency, 1315, 1345 
heating, 1307-1315 
illumination, 1349-1352 
insulation resistance, 1326 
losses, 1315-1321, 1345 
measurement, rotating machines, 1319 
measurement, transformers, 1320 
in various machines, 1317 
photometry, 1349-1352 ^^ 
radio, 1356 
railway apparatus, a 
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railways, electric, 134 
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Standardization Rules, continued, 
rating plate, 1333 
ratings, 1306, 1339, 1342 
regulation, 1327-1331 
requirements, additional, 1315 
spark gap, 1323 
switching equipment, 1339 
symbols, 1, 1300 
telezraphy, 1352 
telephony, 1352 
temperature, 1307-1315 
limits, 1312, 1344 
measurements, 1310 
operating, 1310 
transformer connections, 1331 
voltages, test, Measurement, 1323 
voltages, test, values, 1322 
wave form, 1315 
wires and cables, specifications, 1334 
wires and cables, stranding, 1335 
wires and cables, terminology, 1334, 
189r 
Standardization Rules and Standard 
Specifications, 1359-1362 
Standpipes, 1803 
Star connection, 26, 1612 
Starters, Motor, 1363-1370 
contactor starters, 1364-1366 
costs, 1370 
for d-c. motors, 1363 
definition, 276 
induction, definition, 276 
for induction motors, 1369 
starting box, 965, 1363 
starting compensator, 1367 
steps, resistance, determination of, 1369 
for synchronous motors, 1368 
(see also Controllers, 276-278, and Rheo- 
stals, 1231-1240) 
Starting, see name of apparatus 
Starting box, for d-c. motors, 965, 1363 
see also Starters, Motor, 1363~1370 
Stat-, as prefix for units, 383, 1753 
Static generators, see Generators, Static, 
688, 689 
Statical moment, definition, $421 
Stator of induction motor, definition, 983 
Steam, 1371-1375 
boilers, see Boilers, Steam, 147 
calorimeters, 180 
condensers, see Condensers, Steam, 244- 
250 
-electric power stations, sce Power Sla- 
lions, Steam-Electric, 1119 
Engines, 1376-1392 
classification, 1376 ' 
consumption, 1384-1339 
costs, 1391 
definitions, 1380 
design, 1377-1380 
dimensions, 1389 
economy, 1384-1389 
multiple expansions, 1385 
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Steam, Engines, continued, 
economy, . 
superheat, 1386 
vacuum, 1385 
efficiency, 1381 
foundations, 1391 
governors, 1379 
losses, 1383 
operation, 1391 
performance, definitions, 1380 
Rankine cycle, 1382 
rating, 1380 ; 
regulation of, definition, 1328 
specifications, 1390 
Steam, 1371-1375 
superheating, 1386 
testing, 1389 
vs turbines, 1395 
valves, 1377-1379 
weights, 1389 
entropy, definition, 1371 
flow through nozzle, 1375 
flow through pipes, 1061 
jets as smoke consumers, 1287 
saturated, engine efficiency, table, 1383 
saturation, definition, 1371 
separators, see Separators, Steam, 1253 
superheat, definition, 1371 
table for saturated steam, 1372, 1373 
table for superheated steam, 1374 
total heat of, definition, 1371 
Turbines, 1393-1401 
applications, 1393 
consumption, 1397 
costs, 1400 
Curtis, 1394 A 
De Laval, 1393 
design, 1393 
economy, superheat, 1398 
vacuum, 1397 
economy of combined turbine and en- 
gine unit, 1398 - 
efficiency, 1396 
impulse type, 1393 
losses, 1396 
low pressure, 1395 
oiling, 1399 
operation, 1399 
Parsons, 1394 
Power Stations, Steam-Electric, 1125 
Rateau, 1393 : 
rating, 1393 
reaction type, 1394 
vs. reciprocating engines, 1395 
reduction gear. 1395 
regulation of, definition, 1328 
specifications, 1399 
speed control, 1400 
Steam, 1371-1375 
step bearing, 1399 
testing, 1399 
types, 1393-1395 
Westinghouse double-flow, 1394 


Step 


Stearns telegraph systems, 1519 
Steel, 1402-1409 
alloys, 1407 
annealing, 900, 1403, 1404 
burning by arc, 48 
cables, 1880, 1881 
carbon, 1405 
castings, 206 
conductivity, electric, 1224, 1858 
conductivity, thermal, 720 
composition, 900, 1405, 1406 
compressive strength, 1406 
copper-clad, see Copper-clad steel wire 
costs, 1408 l 
critical temperature, 1403 
density, 1406, 1870 
elastic limit, 1687, 1878 
electrolysis of, 48r 
elongation, 1406 
expansion coefficient, linear, 723, 1687, 
1878 
freight rates, 1408 
friction coefficient, 552 
galvanizing for, 584 
heat treatment, 1403 
Magnetic Properties, 897-910 
manuíacture, 1402 à 
mechanical treatment, 1403 
melting point, 710 
metallurgy, 1403, 1405 
Mills, Electric Drive of, 1410-1416 
control, 1413 
load curves, 1411 
power required, 1410 
modulus of elasticity, 1406, 1420, 1687, 
1878 
pipes, 1052, 1055 
production in electric furnace, 570 
properties, 897, 910, 1687 
refining, 570 
resistivity, electric, 1224, 1858 
rope, strength and weight, 1242 
sheet, weight per square foot, 578, 579 
weight per square meter, 578, 579 
slag, 1402 
specific gravity, 1406, 1839 
specific heat, 707 
specifications, 1406 
stresses allowed. by building laws, 171 
173 
temperature coefficient of, 
electric resistance, 1224, 1870 
thermal conductivity, 720 
tensile strength, 1406, 1420, 1687, 1868 
weight, 1406, 1687, 1839, 1858 
welding, 150 
wires, 1870, 1871 
(see also Iron, 831-836) 
Stefan-Boltzman law, 715 
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Steinmetz method, induction motor calcu- 1 
lations, 1002 
Step bearings, 12 
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Step 


Step-by-step method, speed-time curves, 
, 1179-1187 
Steradian, definition, 44 
Stokers, Mechanical, 1417 
smoke prevention, 1286-1287 
Stonework, stresses allowed by building 
laws, 174 
Storage batteries, see Bulleries, Storage, 
77-119 
Storage reservoir, 7.48 
Stoves, electric, 733 
Strain, definition, 1418 
.. Strand, definition, 1892 
» Stranded conductors, commercial, 1875 
definition, 1891 
Stranding, flexible, A.T.E.E. standard, 1335 
Stray fields, effect on meters, 36 
Stray load-losses, definition, 1316 
Stray-power loss, 
Generators, Direct-Current, 674 
test of motors, 961 
Stream flow, 746 7 
Street illumination, see J//umination, Street, 
772-778 
Strength and Elasticity, 1418-1420 
compressive, see Compressive strength 
definitions, 1418 
tensile, see Tensile strength 
values for various materials, see name 
of material 
Stress, stresses, allowable in buildings, 171 
-diagram for trusses, 1457 
unit, definition, 1418 


Stringing stresses in transmission line, 1695. 


Stroboscope, for measuring slip, roor 
Structural shapes, dimensions and weights, 
tables, 1429 
Structures, electrolysis of, 475 
Structures, Simple, 1421-1461 
beams, formulas and costs, 1443, 1461 
bending moment, 1441 
columns, formulas and costs, 1445 
columns, steel, tables for, 1450-1455 
continuous girders, beams, slabs and 
trusses, 1461 
definitions, 1421 
girders, plate, formulas and costs, 1444, 
à 1461 
impact, allowances for, 1437 
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' plane sections, properties of, 1424 
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reactions, calculation of, 1437 
sections, plane, properties of, 1424 
shear, calculation of, 1438 
slabs, 1461 
structural shapes, tables, 1429-1436 
trusses, design of,.1456, 1461 
Stubs’ steel wire gage, 582 
Substations, Lighting, 1462 
Lighting Plants, 863 


j Switchgear Equipment, 1487-1503 
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Substations, Railway, 1463-1471 
alternating to direct current, 1464 
arrangement of apparatus, 1466 


Switches 


Substations, Railway, continued, 
costs, 1470 
definition, 1342 
economic considerations, 1463 
high voltage direct-current, 1471 
portable, 1470 
rating of machinery, 1342 
selection of apparatus, 1467 
for single-phase systems, 1471 
Switchgear Equipment, 1487, 1503 
types, 1464 
Sublimation, 714 
Submarine cables, see Wires and Cables, 
Insulated, 1895 
Superheat, definition, 1371 u 
table, 1374 
Superheaters, 141 
Superheating, effect on economy of engines, 
1386 
economy of turbines, 1398 
Superior resistance wire, 1936 
Surge, 
admittance and impedance, definitions, 
1678 
in cable, 1932 
om transmission line, 1678 
tanks, 1804 
Susceptance, definition, 13 
and reactance, relations in a-c. circuit, 19 
Susceptibility, definition, 899 
Suspension, direct, definition, 1343 
messenger or catenary, definition, 1343 
(see also Trolley Systems, Overhead. 1718— 
1747) 
Switchboard meters, installation, 39 
Switchboards, 1472-1482 
a-c. switchboards, typical, 1476 
control desks, 1479 
costs, 1482 
d-c. switchboards, typical, 1473 
panel switchboards, 1472 
pedestal and post type, 1479 
in railway substations, 1468 
Shunts, 1258, 1259 
specifications, 1500 
telegraph, 1512 
telephone, 1540-1548 
(see also Power Stations) 
Switches, 1483-1486 
brush, 1484 
definition, 1339 
disconnecting, 1484 
drum, 1485 
end-cell, 89 
field break-up, 290 
heating test, 1339 
hook, telephone, 1534 
insulation test, 1323 
knife, 1483 
oil, see Circuit Breakers, 220-227 
operation, batteries for, 93 
plug, 1485 
railway, 1204 
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Switches, continued, 
rating, 1339 
relay, 1218 
(see also Switchgear Equipment, 1487- 
1503) 
Switchgear Equipment for Power Sta- 
tions, 1487-1503 
converter stations, 1499 
costs, 1503 
direct control, 1487 
distant control, 1487 
out-door stations, 1497 
portabie substations, 1500 - 
railway substations, 1499 
structfires, 1488 
with step-down transformers, 1495 
with step-up transformers, 1488 
Symbolic notation, 22 
Symbols, Abbreviations and Symbols, 1-5 
A.LE.E. standards, 1, 1300 
LE.C. standards, 1 
photometric, 1352 
wiring, standard, 1942 
Synchronizers and Synchroscopes, 
1504-1506 
automatic, 1505 
costs, 1506 
definition, 1305 
dial, 1505 
lamps, 1504 
Lincoln, 1505 
station, 1477 
Synchronizing, frequency changers, 951 
Generators, Allernating-Current, 648 
Synchronoscope, see Synchronizers, 1504- 
1506 
Synchronous, 
converters, see Converters, Synchronous, 
279-291 
impedance, see Impedance, synchronous 
impedance test, 642 
machines, A.I.E.E. classification, 1302 
motors, see Motors, Synchronous, 1017- 
- 1026 
position, Motors, Synchronous, 1019 
reactance, see Reactance, synchronous 
Generators, Allernating-Current, 655 
Synchroscope, see Synchronizers, 1504-1506 
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T, connection of transformers, 1615 
equivalent circuit, definition, 1353 
of transmission line, 1675-1683 
Tackle, sce Blocks and Tackle, 131-132 
Tamarack, see Timber, 1587 
Tangent, hyperbolic, table, 750-753 
natural, table, 1709-1715 
Tanks for lead batteries, 108, 119 
Tantalum lamps, 849 
Taylor’s series, 1253 
Telautograph, 1526 
Telegraph, 
fire alarm, see Fire-Alarm Telegraph, 
544 
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Telephone, 
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Telephone Heh 


Telegraph, l phon. 
Instruments and Apparatus, 1507-151 4| "t 
costs, 1512 rece 
current supply, 1511 arc 
keys, 1507 repea 
recorders, 1508 reped 
relays, 1508 Mod 
repeaters, 1509 | «ntc 
sounders, 1507 telep! 
switchboards, 1512 trans 
transmitters, 1507 aS 
Lines, 1513, 1514 c MM 
transmission distance, 1514 ' Ds, 
wires and cables, 1513 - atten 
Systems, 1515-1529 cable 
Anderson, 1525 const 
automatic, 1524 osts 
Barclay, 1528 dito 
Buckingham, 1527 distu 
codes, 1515 cect 
Delany, 1523 | line 
duplex, 1518 , open 
Edison, 1521 tran 
Hughes, 1527 . tran 
Jacobs, 1520 í "raf 
Morse, 1516 . e 
Murray, 1529 . Our 
Phelps, 1527 QUU 
Pollak-Virag, 1526 | lang 
printing, 1527 st 
quadruplex, 1521 [ trun 
Robertson, 1526 eal 
Rowland, 1528 “shor 
simplex, 1516 E 
Stearns, 1519 itle 
telautograph, 1526 , 5 
Wheatstone, 1524 ` "Y 
writing, 1525 der 
(see also Telegraphy) —— 
Telegraphy, definitions, Sfandardisalon — E 
Rules of A.I.E.E., 1352 a 
wireless, see Wireless Telegraphy, 1844 : uj 


1856 
(see also Telegraph, 1507-1529) 


for dispatching trains, 351 
Instruments and Circuits, 1530-1550 
A and B operators, 1545 
batteries, 1532 
bells, 1531 
` central office equipment, 1539 s 
costs, 1550 E 
distributing frames, 1545 | 
free party circuits, 1537 
impedance coil, 1533 is 
induction coil, 1533 | e 
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joint telephone and telegraph circuits, & 

1548 t 
party line circuits, 1548 ( | 
phantom circuits, 1548 i a 
pole changers, 1533 7 
for power lines, 1684, 1706 e 
private exchanges, 1547 
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Telephone, instruments, etc., continued, 
protective devices, 1534 
receivers, 1530 
arc as, 47 
repeaters, 1534 
repeating coil, 1534 
ringers, 1531! 
switchboards, 1540 
telephone sets, 1535 
transmitters, 1531 
arc as, 47 
wiring of buildings, 1964 
Lines, 1551-1560 
attenuation, 1553 
cables, 1552, 1557, 1895 
construction, 1555 
costs, 1560 
distortion, 1553 
disturbances due to power lines, 1553 
electrolysis of cable sheaths, 475, 1560 
line constants, 1551 
open wire lines, 1551, 1556 
transmission distance, 1555 
transpositions, 1557 
Traffic and Rates, 1561-1563 
coin collecting devices, 1562 
counting calls, 156r 
development study, 1563 
long distance calls, 1562 
systems of rates, 1562 
trunking, 1561 
(see also Telephony) 
Telephony, definitions, Standardization 
Rules of A.1.E.E., 1352 
wireless, see Wireless Telephony, 1855- 
1857 
(see also Telephone, 1530-1563) 
Telpherage, 1563 
Temperature, 1564-1566 
absolute temperature, 1564, 1569 
ambient, correction for, 1309 
value, 1308 
conversion table, 1565 
critical, for steel, 1403 
elevations, A.I.E.E. standard, 1314 
limits, A.L.E.E. standards, 1307, 1312, 
à 1313 
' mean annual, 746 
measurement, of ambient, 1309 
by resistance, 1310 
by thermometer, embedded, 1311 
by thermometer, surface, 1310 
measurements, A.I.E.E. standards, 1310 
operating, 1310 
platinum scale of, 1148 
range in U. S., 1686 
rise, see Heating under name of appara- 
tus; also Standardization Rules of 
A.I.E.E., 1307-1314 
scales, 1564 
Standard for A.I.E.E., rating, 1306 
Standard of, 1753 
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Thermometers 


Temperature, continued, 
in transmission line calculations, 1694, 
1695 
(see also P yrometers and Thermometers) 
Temperature coefficient 
of electromotive force, 451 
of resistance, see name of material 
of resistivity, 
definition, r221 
of insulators, see name of materials 
of metals, 1223-1224 
of solutions, 1226 
e of water, 122: 
of thermal conductivity, table, 720 
(see Conductivity, temperature coeffi- 
cient of, and Resistance, temperature 
coefficient of) 
Tensile strength, 
of various substances, 1419 
values, see name of apparatus 
Tension, definition, 1418 
design of transmission lines, 1692-1704 
Tesla coil, 796 
Test voltages, for machines, 1321-1327 
Testing, see name of apparatus, instru- 
ment, or structure 
Therlo resistance wire, 1936 
Thermal capacity, see Specific heat 
Thermal properties, see Heat and Thermal 
Properties, 705-728 
Thermit processes, 150 
Thermocouples, as ammeters, 35 
e.m.f. of, 1152 
for pyrometers, 1151 
Thermodynamics, Principles of, 1567- 
2 E 
absolute thermodynamic temperature, 
1569 
adiabatic process, 1568 
Carnot’s cycle, 1571 
cyclic processes, 1570 
entropy, 1569 
first law, 1567 
isothermal process, 1568 
maximum work, 1570 
path of change, 1567 
reversible process, 1568 
second law, 1568 
thermal efüciency, 1571 
Thermoelectric power of thermocouples, 
1153 
of various metals with copper, 1936 
Thermo-galvanometer, 346 
Thermometers, see Temperature and Ther- 
mometers, 1564-1566 and Pyrometers, 
1143-1155 
costs, 1566 
embedded, tests, 649, 1311 
glass thermometers, 1566 
resistance thermometers, 1147 
scales, 1564 
surface, tests, 1310 
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Third 


Third rail, definition, 1342 
elevation, standard, 1343 
(see also Rails, T rack and Third, 1156- 
1158, and Third Rail or Contact Rail 
Systems, 1572-1586) 
Third-Rail, or Contact-Rail, Systems, 
1572-1586 
clearance diagram, 1580 
construction, types, 1573-1576 
contact, top and under, 1573-1576 
costs, 1585 
design, electrical, 1579 
design, mechanical, 1579-1583 
expansion stresses, 1584 
- Sage, 1572, 1579, 1585 
graphical method oí locating, 1582 
inclines, 1582, 1583 
installation, 1583 
insulators, 1583 
jumper, 1576 
location, 1579 
location on typical roads, 1581 
maintenance, 1584 
operation, 1584 
overhead trolley vs. third rail, 1577 
protection of third rail, 1343, 1573-1575 
Rails, Track and Third, I156-1158 
sectionalizing, 1582 
shims, 1584 
shoes, 228 
sleet, removal of, 1584 
terminology, 1572 
testing, 1584 
turnouts, 1582 
weight of third rails, 1579, 1581 — 
Thompson permeameter, 918 
Thomson, ammeter, 34 A 0mm 
astatic meters, 36 
repulsion motor, 955 
Thomson’s rule, electrochemical, 451 
Thomson-Houston arc machine, 682 
Three moment equation, 1423 
Three-phase, 
circuit, calculation, 28 
definition, 1298 
system, definition, 28 
system, of distribution, 368 
transformers, see Transformers, 1616 
Throttling calorimeter, 180 
Thrust bearings, 120 
Thury system, 364 
Thwing radiation pyrometer, 1145 


-Ticker telegraphs, 1527 


Tie motion, definition, 1573 
Tie wire, 353, 821, 1888 
Ties, railway, cost and life, 1205 
Timber, 1587-1593 
beams, design, 1590 
conductivity, thermal, 719 
costs, 1593 
decay, 1588 à 
defects, 1065, 1587 
friction coefficient, 552 


Timber, continued, 
names, standard, 1587 
preservation, 1588 
Preservative treatment, sees 
seasoning, 1067 
sizes, standard, 1590 
specific gravity, 1839 
stresses, allowable, tables, 1589-1592 
stresses, allowed by building laws, 173 
173 
weight, 1593, 1839 : 
(see also Poles for Overhead Lines, 10r 
1077) 
Time, standard of, 1753 
Time constant, of a coil, 1653 
of a condenser, 1653 
Time-curves, 1173 
Tin scrap, detinning of, 432 
Tinning conductors, 1893, 1919 
Tires, solid and pneumatic, 58 
Tirrill regulator, 1213-1214 
Top-contact third-rail construction, 1 
Toroid, magnetizing force due to, 411 
Torque, 
and angular acceleration, 938 
definition, 937 
stalling, of motor, 1315 
synchronizing, 1022 
Towers for Transmission Lines, 15- 
1605 
clearance, conductor to tower, 1595 
costs, 1602, 1707 i 
dimensions of typical, 1603-1605 | 
erection, 1602, 1704 i 
factor of safety, 1597 
flexible, 1594 
forces acting on, 1595-1601 
foundations, 1598-1605 
location, 1699-1704 
maintenance, 1602 
rigid, 1594 
specifications, 1601 
stresses in, 1597 
testing, 1601 (d 
uplift, 1599 
weights of typical, 1603 
wind pressure on, 1842 
Track bonds, see Bonds, Railway Trac 
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148-157 
Track, railway, see Rails, Track and Third, ` 
1156-1158 
Traction, electric, see Railways, Electric, 
1159 
Tractive effort, 
definition, 1165 
formula, 1170 
of electric locomotives, 876 
maximum, 1171 
of steam locomotives, 877 
Train, trains, 
diagram, determination of load, 1198 | 
dispatching of, by telephone, 351 
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Train 


Train, trains, continued, 
dynamics, see Railways, Energy Require- 
ments, elc., 1165-1200 
lighting, see Lighting of Trains by Elec- 
tricity, 865-868 
resistance, 1166-1168 
Transformers, 1606-1637 
air-blast, 1608, 1628, 1634 
air required for air-blast, 1634 
ambient temperature for, 1308 
angular displacement of windings, 1332 
Auto-Transformers and Compensators, 
63-65 
blowers for, 1634 
as booster, 374 
“bucking” of transformers, 1630 
bushings, 1621 
classification, 1606, 1608 
connections, 1331, 1467, 1612-1616, 
constant-current, 1611 
cooling, 1608, 1627 
copper loss, 1623 
core, 1619 
core loss, 1622, 1629 
core-type, 1607 
costs, 1635 
current, use with ammeter, 36 
definition, 1304 
definitions of terms, 1304 
delta connections, 1612, 1614 
design, 1617-1622 
examples, 1626 
dielectric tests, 810 


- drying, 1633, 1635 


eddy-current loss, 1629 
efficiency, 1315~1320, 1625, 1631 
equivalent circuit, 1610 
exciting current, 1629 
fundamental equations, 418 
grounded vs. ungrounded neutral, 1614 
heat run, 1630 
heating, 1307-1314, 1627, 1634 
hysteresis loss, 1629 
impedance, short-circuited, 1629 
installation, 1632-1635 
installed out-of-doors, 1094 
instrument, see Transformers, Instru- 
ment, 1638-1652 
insulation, 1621 
insulation tests, 1321-1327, 1631 
loading back tests, 1321 
losses, 1315-1320, 1622 
separation, 1629 
magnetic circuit, 1619 
magnetizing current, 1622 
marking of leads, 1331-1333 
no-load loss, 1320 
oil, 1633; see also Oil, Transformer, 
1029-1031, 
oil-cooled, 1608, 1627, 1633 
operation, 1608, 1635 
* oscillation, 1844 
parallel operation, 1333, 1630, 1634, 1635 
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Transformers, continued, 


performance, calculation, 1610, 1622 
examples, 1632 

pole, 358 

potential, with voltmeters, 1790 

power-limiting reactances with, 1207 

principles, 1608 

rating, 1305, 1306, 1608 

ratio, definition, 1304 

reactance, leakage, 1609, 1623, 1624 

regulation, 1323, 1625, 163r 

Regulators, 1212-1215 

resistance, 1628 

Scott connection, 1615 

shell type, 1607 

single circuit, 63-65 

specitications, 1632 

stray load-losses, 1321 

switchgear equipment with, 1492 

T-connection, 1615 

terminals, 1621 

terminology, 1304, 1606 

tests, 1628-1633 

theory, 1608 

three-phase, 1617, 1631 

V-connection, 1615 

vector diagram, 1610 

water-cooled, 1608, 1628, 1633 

weights, 1635 

windings, 1619 

for wireless station, 1853 

Y-connection, 1612, 1614 

(see also Power Stalions, 1089-1135) ^77 


Transformers, Instrument, 1638-1652 


accuracy, 1638, 1642 
applications, 1638 
costs, 1651 
current transformer, 1638 
characteristic curves, 1642 
design, 1641 
phase angle, 1638, 1642, 1644 
precision, 1642 
ratio, 1638, 1642, 1644 
tests, 1644-1647 — ee 
definition, 1341 
dimensions, 1651 
fuses, 1651 
grounding, 1650 
installation, 1650 
insulation tests, 1321-1327 
leads, resistance of, 1650 
operation, 1651 
with oscillographs, 1034 
phase-angle, correction factors, 1819- 
1821 
potential transformers, 1639 
characteristic curves, 1643 
design, 1641 
phase angle, 1640, 1643, 1647 
precision, 1643 
ratio, 1640, 1643, 1647 
tests, 1647-1650 
rating, 1642 
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Transformers, Instrument, continued, 
ratio, definition, 1304 
repairs, 1651 
specifications, 1650 
weights, 1651 
Transient Electric Phenomena and 
Oscillations, 1653-1656 
coil alone, 1653 
coil and condenser, 1654 
condenser and resistance, 1653 
damping, 1655 
time constant, 1653 
transmission lines, 1656 
Transil oil, 1029 
Transmission distance of telegraph lines, 
1514 
of telephone lines, 1555 
Transmission Lines, 1657-1707 
a-c. calculations, 1662-1682 
algebraic solution, 1681 
approximate methods, 
1668 
capacity, effect, 1667 
end-condenser method, 1673 
general equations, 1677 
hyperbolic solutions, 1682, 1683 


limitations, 


2 leakage conductance, 1666 


line constants, definitions, 1665-1667 

line constants, symbols, 1677-1681 

Mershon's chart, 1671, 1672 

middle-condenser (or T) method, 1675, 
1683 

preliminary design, 1662-1665 

simple impedance method, 1668 

split-condenser (or m or U) method, 
1676, 1683 : 

steady state solution, 1679 

unsymmetrical arrangements, appar- 
ent reactance and resistance, 1666 

capacity, formulas, 182-200 
susceptance, tables, 191-194 
tables, 187-190 


^... -Charging current, tables, 191-194 


clearances, 1685, 1699-1704 
conductor, 
heating, 1664 
mechanical characteristics, 1686, 1687 
size and weight, formulas, 
a-c. lines, 1662-1665 
d-c. lines, 1659-1661 
- -eonnections at power stations, 1102 
Corona, Electric, 301-304 
costs, 1706, 1707 
d-c. calculations, 1658-1662 
concentrated loads, 1658-1660 
distributed loads, 1660-1662 
Distribution Lines, 352-362 
efficiency, 1658 
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Transmission Lines, continued, 


electrical relations, fundamental, 1657, 


1658 
erection, 1704, 1705 
ground wires, 1684 
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inductance, formulas, 784-792 
tables, 787-790 
inspection, 1705 
Insulator Pins, 815-817 
Insulators, 818-825, 1685 | 
line constants, 
amplitude constant, 1678 
attenuation constant, 1678 
damping constant, composite, 1679 
damping constant, natural, 1679 
energy transfer constant, 1679 
phase-angle constant, 1678 
. surge admittance, 1678 
wave length constant, 1678 ^ 
mechanical design, 1683-1704 
broken conductors, 1704 
clearances, 1685, 1699-1704 
deflection, 1693-1699 
forces acting on suspended wire, 1689 , 
horizontal and vertical loading, tables, 
1690, 1691 
ice on wires, 1687, 1690, 1703 
insulators, forces acting On, 1697, 
1702 
loading curves, 1694 
maximum loading, 1688 
Poles, 1062-1077 
pull-up curves, 1694 
sag, 1692-1700 
side swing, 1693, 1700 
spans, stresses in, 1693-1699 
supports not fixed, 1698 
unequal lengths, 1697, 1698 
unequal loads, 1696, 1697 
stress-deflection chart, 1694 
stresses, 1693-1699 
temperature, effect, 1694, 1703 
temperature, range, 1687 
tension, 1692-1699 
wind pressure, 1688, 1690, 1702, 1840- 
1843 
operation, 1706 
Poles, 1062-1077. 
power loss, 1657 
regulation, definition, 13 28 
right-of-way, cost, 1706 
location, 1683 
plan and profile, 1700 
Skin-Effect, 1281-1285, 1666 
stranded conductors, stresses, 1686 
stringing stresses, 1695 
supporting structure, 1685 
sychronous condensers, 1667, 1675 
telephone circuits, 1684, 1706 
templates, use, 1700-1703 
tests, 1705 
towers, design, 1594-1605, 1685 
location, 1699-1704 
costs 1707 
transposition, 1705 : 
voltage loss, 1658 
wave length, 1678 
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Transmission Lines, continued, 
wave, incident, 1678 
reflected, 1678 
velocity of propagation, 1678 
Transmission systems, see Distribution and 
Transmission Systems, 363-376 
definition, 1341 
Transport ratio, 462 
Transmitter, telephone, definition, 1355, 


di 1531 


Transmitting sets, radio, rating of, 1353 
'Transposition, 357 
Distribution Lines, 357 
of power and telephone circuits, 1554 
Transmission Lines, 1705 
Trapezoid, area, 947 
‘Tree system of electric distribution, 365 
Triangle, area, 947 
Trigonometric Functions, 1708-1716 
definitions, 1708 
relations among functions, 1716 
tables, 1709-1715 
Trigonometry, 1717 
Trimming of arc lamps, 847 
Triple valve, 159 
Trolley, 
bow, 228 
wheel, 228 
wire, definition, 1343 
height, standard, 1343 
standard sections, 1873 
(see also Trolley Systems, 1718-1749) 
Trolley Systems, Overhead, 1718-1747 
applications, 1718 
catenary suspension, 
of Austrian State Railways, 1740 
costs, 1745, 1746 
design, 1735-1737 
of N. Y, N. H. &H. R. R., 1738-1740 
collectors, see Collectors, Current, 228, 
229 
conductors, electrical design, 1719-1727 
a-c. circuits, formulas, 1724 
boosters, 1723, 1724 
d-c. circuits, formulas, 1720-1723 
feeders, 1723, 1724 
potential drop, 1719 
reactance tables, 1725, 1726 
resistance, formulas, 1719-1723 
resistance, a-c., tables, 1725-1726 
construction, types, 1718 
costs, 1743-1746 
catenary suspension, 1745, 1746 
direct suspension, 1744, 1745 
extras, 1743 
direct suspension, costs, 1744, 1745 
design, 1729-1734 
erection, labor and equipment, 1737 
mechanical design, 1727-1 738 
catenary suspension, 173 5-1737 
CUIVES, 1732-1735, 1739 
direct suspension, 1729-1734 
Cars, 1728 
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Trolley Systems, Overhead, continued, 
mechanical design, 
hangers, 1736-1740 
height of wire, 1732 
poles, spacing, 1735 
pull-offs, 1729 
strain insulators, 1729 
stresses in spans, 1740 
suspensions, 1728, 1736 
trolley frogs, 1729 
turnouts, 1735, 1740 
repairs, 1742, 1743 
specifications, 1741, 1742 
testing, 1742 
third rail vs. trolley, 1577 
wheel, wear, 1742 
wires, sce Wires and Cables, 1873 
wear, 1742 
Trolley Systems, Underground, 1748, 
1749 
Buda-Pest, 1749 
London, 1749 
New York, 1748 
Trucks, car, 203, 204 
motor, Automobiles, Electric, so-62 
Trunk lines, Distribution Lines, 354 
telephone, 1543, 156r 
Truss, trusses, continuous, 1461 
definition, 1428 
design, 1456 
Tubes, porcelain, 1955 cm 
stcel, welded, 1055 
Tubing, for bus-bars, 176 
flexible, 1959 
Tudor battery plates, 106 
Tungsten lamps, 849 
Tuning, definition, 1358 
Tunnels, costs, 1111 
Turbines, steam, see Steam Turbines, 1393- 
1401 - 
Turbines, water, see Water Wheels and. . 
Their Settings, 1791-1799 
types, 1791 
'Turbo-generators, 627 eo 
Turnouts, rail, 1204 
with third-rail systems, 1582 
trolley construction at, 1735, 1740 
Two-number method, 1562 
Two-phase system, definition, 28, 1298 
distribution, 367 
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U equivalent circuit, definition, 1353. ^*^^ 


of transmission line, 1676, 1683 
Ulbricht integrating sphere, 1049 
Under-contact third-rail construction, 1573 
Underground conduits, see Conduits and 

Conduit Lines, Underground, 251-265 
Uni-polar, generators, 682 

machines, definition, 1302 
Units, Abbreviations and Symbols, 1-5 
Units and Conversion Factors, 1750-72 

ab-, as prefix, 1753 

absolute units, 930, 1751 
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Units 


Units and Conversion Factors, continued, 


conversion factors, calculation, 1755 
conversion factors, tables, 1757-1772 


acceleration, angular and linear, 
1762 

angles, plane and solid, 1760 

area, 1758 


capacity, 1771 
charge per unit area, 1768 
conductivity, electric, 1770 
current, 1768 
density, 1763 
electromotive force, 1768 
electrostatic field intensity, 1769 
energy, 1766 
flux, dielectric, 1767 
flux, magnetic, 1771 
flux density, dielectric, 1768 
flux density, magnetic, 1771 
force, 1704 
inductance, 1771 
length, 1757 
magnetomotive force, 1772 
mass, 1763 
potential difference, electric, 1768 
potential difference, magnetic, 1772 
potential gradient, electric, 1769 
potential gradient, magnetic, 1772 
power, 1767 
pressure, 1765 
quantity of electricity, 1767 
\ resistance, electric, 1769 
_! resistivity, electric, 1770 
speed, angular and linear, 1761 
time, 1760 
torque, 1764 : 
velocity, angular and linear, 1761 
volume, 1759 - 
weight, 1763 
work, 1466 
dimensional formulas, 1756 
electrical units, 1753, 1754, 1773, 1774 
electromagnetic, 1753 
electrostatic, 1753 
practical, 1773, 1774 
English system, 1750 
force standard, 1752 
fundamental units, 1750, 1752 
gravitational units, 936, 1751 
length, standard, 1752 
mass, standard, 1751, 1752 
^ mechanical equivalent of heat, 1754 l 
metric system, 1750 l 
pressure, relations, 1754 
stat-, as prefix, 1753 
temperature, standard, 1753 
time, standard, 1753 
Units, Practical Electric, 1773-1774 
legal units, 1773 
practical standards, 1774 
Universal shunt, 1259 
Unloaders, Coal and Ore, 1775-1777 
Unwin’s formula, 1059 


Volt 


U. S. standard sheet metal gage, 577 
table, 578 l 

U. S. steel wire gage, 581 

Utilization, efficiency of, definition, 756 

Utilization factor, values, 758 


V, connection of transformers, 1615 
curves of synchronous motor, 1021, 1024 
Vacuum, in condensers, 246 
economy of engines, 1385 
economy of turbines, 1397 
Valency, definition, 437 
Valuation, see Depreciation, 331-341 


Valves, 1778-1780 


classification, 1778 
devices for indicating position, 1780 
electrical operation, 1779 
flow through, 1059, 1061 
Power Stations, Steam-Electric, 1129 
for steam engines, 1377 
for water wheels, 1804 
Vapor, superheated, 712 
Vaporization, 711 
heat of, table, 709, 710 
Variation, in alternators, 1299 
in speed of prime movers, 1299 
Varley loop tests, 1916 
Varnished cambric, see Cambric, Var- 
nished, 181 
Varnishes, insulating, 808 
Vector quantities, definition, 929 
Vector representation, 16 
Vectors, 1781-1783 
addition and subtraction, 1781 
complex notation, 1782 
multiplication and division, 1782 
solution of transmission lines by, 1681 
Vehicles, see Automobiles, Electric, 50-62 
Velocity, angular, definition, 929, 1296 
linear, definition, 929 
Ventilation, forced, air ducts for, 1131 
of turbo-generators, 628 . 
of underground conduit lines, 262 
Venturi meter, 743 
Vibroplex telegraph key, 1507 
Virtual value, definition, 1296 
Viscosity of oil, 888 
Vision, Laws of, 1784-1 788 
acuity, 1785 
color relations, 1786 
duration, 1785 
the eye’s optical system, 1784 
foot-candles desirable, table, 1787 
Illumination, Laws of, 764-771 
luminous efficiency, 1784 
Purkinje effect, 1784 
visual efficiency, 1788. - 
Visual efficiency, definition, 1788 
Volt box, 1078 
Volt, international, definition, 385, 1775 


1774 de. 
Volt-amperes, definition, 12, 1298 
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Voltage, 
alternating, see Allernating Currents, 
10-29 
in complex notation, 23 
control in distribution systems, 373 
critical corona, 303 
decomposition, 453—459 
definition, 387 
for distribution, used in U. S., 370 
drop, allowed in distribution lines, 356 
drop, allowed in wiring of buildings, 1947 
gradient, definition, 387 
impressed, definition, 392 
induced, definition, 392 
of lighting plants, 861 
puncturing, see Dielectric strength 
rating of incandescent lamps, 850 
terminal, definition. 392 
test for machines, r321-1327 
Voltmeters, 1789-1790 
calibration, 1790 
costs, 40 
definition, 1305 
errors, 1789 
iron-loss, 926 
station, 1477 
types, 1789 
Volumes of gcometric figures, 947, 948 
Vulcabeston, 808 
Vulcanite, see Rubber, 1247-1251 
Vulcanization of rubber, 1249 


Wagons vs. automobiles, 50 
Walker balanced gear, 55 
Walloon process, Iron, Wrought, 834 
Wanner pyrometer, 1146 
Ward Leonard control system, 976 
Water, condensing, 246 
for water-cooled transformers, 1628 
flow through pipes, 1057 
resistivity and temperature coefficient, 
1225 
rheostats, design, 1237-1240 
rheostats, types, 1236, 1237 
variation of density with temperature, 
1837 
weight, 1839 
(see also Hydraulics, 739-744 and Hy- 
drology, 745—748) 
Water gas, 592, 594, 603 
Water hammer, 1059 
in long penstocks, 1803 
Water horse-power, definition, 1140 
Water Wheels and Their Settings, 1791- 
1799 
applications, 1791 
costs, 1799 
design, 1792-1796 
bearings, 1794 
draft tube, 1795 
gates, 1794 
nozzles, 1795 
runners, 1793 
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Wattmeters 


Water Wheels and Their Settings: 
continued, 
efficiency, 1799 
impulse type, 1791 
reaction type, 1791 
settings, typical, 1796 
testing, 1797-1799 
example, 1798 
Water Wheels, Speed Regulation of, 
1800-1805 
deflecting nozzles, 1805 
difficulties, 1800 
governors, 1801, 1802 
with long penstock, 1803 
methods, 1801 
regulation, definition, 1328 
speed variation, 1800 
standpipes, 1803 
surge tanks, 1804 
water hammer, 1803 
Waterproofing concrete, 233 
Waterproofing underground splicing cham- 
bers, 255 
Watt, definition, 394, 1773 
Watthour Meters, 1806-1815 
commutator type, 1806-1808 
accuracy, 1807 : ee 
adjustment, 1807 
costs, 1815 
definition, 1305 
house-type meters, table, 1811, 1812 
induction type, 1809-1811 
accuracy, 1810 ^ 
adjustments, x810 
phase compensation, 1810 
installation, 1814 
mercury-motor type, 1808 " 
accuracy, 1808 i 
adjustment, 1808 
prepayment meters, r8r1 
principle of operation, 1806, 1809 
repairs, 1815 
testing, 1812-1814 
constants, table, 1813 
portable test meter, 1814 
Watt-hours per ton-mile, see Railways, 
Energy Requirements, eic., 1165-1200 
Wattless component, definition, 17 
Wattless volt-ampere indicators, 1085 
Wattmeters, 1816-1827 
accuracy, 1822 
capacity of types, 1816 
compensation for loss, 1818 
connections to load, 1817 
costs, 1827 
curve-tracing as demand indicators, 326 
definition, 1305 
dimensions, 1827 
electrostatic electrometer as, sor 
errors, 1818 
graphic, 1826 
phase angle, equivalent, correction fac- 
tors, table, 1820,.1821 


Wattmeters / Wirelesgitore 
Wattmeters, continued, 2 Wheatstone bridge, 165 ^| Mire, see 
principles of operation, 1816 condenser teste, 243 Wires a 
as reactive volt-ampere indicator, 1084— galvanometer, best location, 168 alloys 
1086 precautions and care, 168 alumin 
stray fields, errors due to, 1822 precision, 167 coni 
test for core loss, 921 Wheatstone telegraph system, 1524 elsi 
testing, 1822 Wheels, fiber and leather, strength, 554 — | a 
three-phase power, measured by, 1823- water, see Water Wheels and Ther | moc 
1826 Seitings, 1791-1799 sua 
single-wattmeter method, 1823 Whyte classification of locomotives, 877 tab! 
three-wattmeter method, 1825 Wiedemann-Franz law, $06 sc 
two-wattmeter method, 1823 Wien's law, 1145 s0 
types, 1816 Wimshurst machine, 688 st 
Wave, Waves, ; Wind Pressure, 1840-1843 tens 
complex, definition, 1829 : allowance for, 1842 aang 
Electromagnetic, 1833-1836 lifting power, 1843 ad 
applications, 1833 _ on poles, 1071 NE 


. | 
relation between pressure and velocity, i62 


definition, 1356 rote 
1840-1842 og les 


Detectors, Electric Wave, 344-350 


energy, 1835 
equations, 1834 


on towers, 1596 . P ac 
velocity, actual and indicated, tab ij. à 


Hertz oscillator, 1835 1840 m 
index of refraction, 1834 on wires, 1688, 1690, 1842 l n 
indicator, Ryan’s, 161 Windage loss, see name of apparatus alk 


Winding distribution constant, definition, : 
and values, 629 | 
Windings, j di 
armature, 
Generalors, Allernating-Currehl, 622 i n 
Generators, Direct-Curreni, 655, 663 j 
chain, 622 i i 
drum, 6 l : 
Pn mae gee Eleciromagtel Wi ' 
ings, 484-489 ^ 
field, Generators, Alternating-Curret 625 y 
Generators, Direct-Current, 671 


propagation, 1835, 1836 
“heory, 1833 
fundamental, definition, 1829 
incident, 1678 
reflected, 1678 
velocity, 1678, 1834 
Wave Analysis, 1828-1831 
. Braun Tube, 161-162 
equivalent sine, 1297 
Fischer-Hinnen method, 1829-1831 
Fourier's seties, 1828 
integration method, 1829 ^" ^ 


Oscillographs, 1032-1035 lap, 622, 656 i 
Wave form, definition, 1296 multiplex, 658 T 
deviation, 1315 wave, 657 


(see also name of apparatus) 
Winning of metals, electrolytic, 43! 
Winter-Eichberg repulsion motor, 955 
Wireless Telegraphy, 1844-1854 

antenna, 1844, 1848 

charging transformer, 1853 , us 

condensers for transmitting station 198 — : 

coupled circuits, 1849 l LE 

electromagnetic waves, 1833-1896 8 

free oscillations, 1846, 1847, 1849 

period, 1845 ; 

power required, 1851 : 
quenched spark, 1850 T Is 

radiation logarithmic decrement, 1 7 

receiving circuits, 1844 

spark gap, effect, 1846 


effect on core-loss, 908 

standard, 1315 
Wave length, definition, 1678 

constant, definition, 1354, 1678 

meter, see Wavemeters, 1358 

relations for wireless telegraphy, 1845 
Wavemeters, 1832 

definition, 1358 
Weber, definition, 405 
Weber photometer, 1049 
Wehnelt interrupter, 796 
Weight, 

atomic, definition, 436 

definition, 930, 1751 

molecular, definition, 436 

(see also Weights of Materials, 1837-1839 
. and name of apparatus or structure) ' transmitting circuits, 1844 
Weights of Materials, Table, 1837- wave length, 1845 

1839 Wavemeters, 1832 

Weirs, flow over, 741 Wireless Telephony, 1855-1857 
connections, 1857 
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Welding of rails, 150 8 
outfit, 153 high-frequency generators, cid | 
Weston standard cell, 207 theory, 1855 | 
transmission distance, 1957 


Wetted perimeter, 740 
| 3020 
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Nire, see Wires and Cables, 1858-1934 
Wires and Cables, Bare, 1853-1890 
alloys of high tensile strength, 1872 
aluminum, 
conductivity, electric, 1858 
elastic limit, 1878 
expansion coefficient, 1878 
modulus of elasticity, 1878 
. stranding, 30 
tables of resistance and weight, 
solid, B. & S. G., Engish units, 1867 
solid, B. & S. G., metric units, 1369 
p. stranded, 1868 
tensile strength, tables, 1878, 1879 
arrangement on poles, 357 
braids, 1873 
brass, strength of, 1419 
bronze, strength of, 1419 
, Cables, stranded, 1873-1878 
capacity and charging current, formulas 
and tables, 132-200 
clamping, 1888 
copper, 
alloys, high tensile strength, 1872 
resistance, 1935, 1936 
conductivity, electric, 1358 
elastic limit, 1878 
expansion coefficient, 1878 
modulus of elasticity, 1878 
shipment, 1883 
specifications, annealed, 1883-1887 
specifieations, hard drawn, 1885 
tables of resistance and weight, 
solid, B. & S. G., English units, 
1859, 1865, 1866 
solid, B. & S. G., metric units, 186r, 
1865, 1866 
solid, millimeter gage, metric units 
1864 
solid, S. W. G., English units, 1863 
stranded, concentric-lay B. & S. G., 
English units, 1360 
stranded concentric-lay, B. & S. G., 
metric units, 1862 
tensile strength, tables, 1878-1880 
copper-clad steel, 
mechanical properties, 1878 
table of resistance and weight, 1872 
costs, 1889 
current-carrying capacity, 188r 
Distribution Lines, 352-362 
inductance, formulas and tables, 784, 
792 
installation, 1887-1889 
with pin insulators, 1887 
with suspended insulators, 1888 
irca, galvanized, 1233 
jrinting, 1888 
messenger, definition, 1345 
‘phono-electric, 1872, 1878 
C T see Wires, Resistance, 1935- 
caipment, 1883 
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Wires and Cables, Bare, continued, 
size, calculation, 355, 1658-1665, 1943~ 
IOSI 
size, specification, 1334 
span, forces, acting on, 1689 
specifications, 1883-1887 
Standardization Rules of A.I.E.E., 1334- 
1339 
steel, 
cables for catenary suspension, 1880 
conductivity, electric, 1858 
elastic limit, 1878 
expansion coefficient, 1878 
galvanized, 1880 
modulus of elasticity, 1878 
tables of resistance and weight, 1870, 
ISTI 
tensile strength, tables, 1878, 1879 
stranded, 
concentric-lay, 1873-1878 
component wires, 1874, 1875 
diameter of cable, 1874 
formulas for properties, 1876-1878 
factors affecting properties, 1873 
mechanical properties of cables, 1879 
rope-lay, 1876 
stresses in, 1686 
types, 1873 
stranding, A.I.E.E. standards, 1335 
for telegraph lines, 1513 
for telephone lines, 1552 
tests, 1882 
trolley, definition, 1343 
height, standard, 1343 
sections, standard, 1873 
tying, 1888 
wind pressure on, table, 1842 
(see also Wires and Cables, Insulated, 
1891-1934) 
Wires and Cables, Insulated, 1891-1934 
applications of cables, 1895 
asbestos, insulation thickness, 487 
burn-outs, 1931, 1933 
causes, 1931 
occurrence. 1932 
cables, see also Cables, 
power, 1895 
submarine, 1895 
telephone, 1895 
three-conductor, 
1906 
insulation resistance, 1902 
insulation thickness, 1900 
jointing, 1929 
Cambric, Varnished, 181 
dielectric strength, 1912 
manufacture, 1893 
specifications, 1921 
thickness of insulation, 1899 
weight of insulation, r9orz 
capacity, electrostatic, and charging cur- 
rent, formulas and tables, 182-200 
measurement, 1338 


impedance, table, 
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Wires and Cables, Insulated, continued, 
costs, 1933 
cotton covered, 

487, 1900 
current-carrying capacity, 
of conductors in ducts, 1909 
formula for, 1907 
of lead sheath, 1910 
tables, 1908 
dielectric strength, tests of, 1336 
enamel, insulation thickness, 487, 1900 
‘heating, 1336 
: impedance, 1905-1907 
inductance, formulas and tables, 784- 
792 
inspection, 1910, I914 
installation, 1559, 1924-1931 
. jointing, 1927-1930 
connectors, 1928 
insulation of joint, 1928 
lead sleeves, table, 1929 
three-conductor cables, 1929 
wiping, 1927 
messenger construction, 1925 
pulling into ducts, 1925 
terminals, 1931 
insulating materials, application to con- 
ductor, 1893 
comparison of, 1909 
weights, roo1 
insulation resistance, formula for, roor 
table for computing, 1904, 1905 
test of, 1337 
insulation, thickness, 1895-1900 
current practice, 1897-1900 
formulas for theoretical thick ^ez:.» A06 
life, 1933 
magnet, insulation, 484 
manufacture, 1892-1894 
copper conductors, 297, 1895 
insulation, various materials, 1893 
protective coverings, 1894 
armor, 1895, 1922 
braids, 1894, 1922 
lead sheath, 1894, 1922-1924 
weather proofing, 1894 
tinning, 1893, 1919 
N. E. C. table of current-carrying ca- 
pacity, 1908 
Paper, Impregnaled, 1036-1038 
dielectric strength, 1913 
manufacture, 1893 
specifications, 1921 
weight of insulation, 1901 

repairs, 1932 

resistance, 1905-1907 

Rubber, 1247-1251 
dielectric strength, 1911 
manufacture, 1893 
specifications, 1919 
thickness of insulation, 1898 
weight of insulation, 1901 

service connections, 359 


insulation thickness, 


202 


Wiri 


Wires and Cables, Insulated, contimis 
silk covered, insulation thickness, ae 
1900 
specifications, 1917 
. general features, 1918, 1924 
items to be covered, 1917 
Standardization Rules of A.I.E.E., 1 


1339 
stranding, A.I.E.E. standards, 1335 
submarine, 1513 
for telegraph lines, 1513 
for telephone lines, 1552, 1557-1 
table of resistance. weight and reacta 
of 600-volt, rubber-insulated cop 
1948 
temperature, effect upon carrying 
pacity, 1910 
temperature elevation, safe, 1330 — 
terminology, A.I.E.E. ender: I 
1892 
tests, 1910 
‘by exploring coil, 1917 
faults in sheath, 1914 
high potential, 1910-1914 
insulation resistance, 1914-1917 
loop, 1915, 1916 
weight, formula for, 1900 
(see also Wires and Cables, Bare, 1858 


] 


1890) | 

Wires, Resistance, 1935-1937 4 

composition, various materials, 193: 
1937 


current-carrying capacity, 1937 
properties, table, 1936 
Wiring, 
open, for bus-bars, 177 
station, Power Stations, Hydroelectri 
1106 
symbols, standard, 1942 
of transformer stations, 1496 
of underground conduits, 257, 260 
Wiring of Buildings for Light and 
Power, 1938-1963 1 
armored conductors, 1958 ; 
authorities governing installation, 195 
cleats, 1953 ! 
conduit, rigid, 1956 
conduit, flexible 1957 
costs, 1953-1963 
hardware, 1962 
methods of estimating, 1963 
wire, 1960 
wiring material, 1953-1959, 1961, iy 
current-carrying capacity, E. (4 
standard, table, 1944 à 
current taken by . 
arc lamps, 1945 . 
heating devices, 1946 a 
cipue lamps, 1944 
motors, d-c. and single-phase, 1945 
motors, three-phase induction, 1946 
distribution systems, 1938, 1939 
feeders, number, 1940 v 
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